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METHOD OF MATHEMATICAL PROCESSING OF RESULTS IN
POWERLIFTING FOR DETERMINING THE GREATEST ATHLETES IN THE
OVERALL SCORE

Abstract. Special coefficients and formulas used in powerlifting for determining the strongest
powerlifters, regardless of division into bodyweight categories, require changes from time to time for
more objective assessment of competitive results among all contestants. Lately, Wilks formula is used
for this. However, according to the ratings of the strongest powerlifters calculated using this formula,
representatives of light and heavy bodyweight categories predominantly win.

The purpose of the work is to develop and substantiate a mathematical model that describes the
statistical dependence of the results on the weight of the athlete's body.

The analysis of results in the powerlifting total of powerlifters (520 people) and data about their
bodyweight according to the materials of IPF World Men's Open Championships for the years 2012 to
2016 was carried out. The mathematical and statistical processing of the materials of the study was
conducted and creation of logarithmic regression model based on the least squares method. It is
shown that the relationship between the results of competitions in powerlifting and powerlifters
bodyweight is best described by the log-linear function. Methods of finding the coefficients of this
function are given here. It is proposed to convert powerlifters’ competitive results into conventional
values with the help of logarithmic coefficients, calculated on the basis of data of previous
competitions.

The application of a logarithmic coefficient for calculating relative results in competitions in
powerlifting allows to objectively choose the winners in the overall score.

Key words: powerlifting, logarithmic regression model, logarithmic coefficient formula, overall
score.

Introduction

Methods of determining the physically strongest man are actual for sports. The
distribution of athletes in bodyweight categories never took the issue of determining the
strongest athlete off from the table. Different tables of coefficients to balance the athlete’s
body weight and compare the scores of athletes from all bodyweight categories were always
proposed. In weightlifting, such calculations are made using the formula proposed by Roy
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Sinclair (1985).

The same problem exists in powerlifting too. As some studies show, special coefficients
and formulas used in powerlifting to determine the strongest lifters need to be changed from
time to time (Schwartz, 2005, Starodubtsev, 1993; Vanderburgh and Batterham, 1999). At
different times, calculations were made using different methods, and, as a rule, such formulas
were named after the authors: Hoffman, Schwatz, Malone, Glossbrenner, Reshel. Since 1997,
the International Powerlifting Federation (IPF) uses the formula proposed by Robert Wilks.

Recent studies (Kotendzhy, 2012; Kotendzhy and Stetsenko, 2009; Stetsenko, 2010)
show that, according to the ratings of the strongest powerlifters calculated using the Wilks
formula, preference is given to lighter and heavier bodyweight categories, which does not
correspond to the proportionality of representation of medium bodyweight categories that are
the most numerous. Besides, it has been found that powerlifters with lower body weight show
a higher level of relative physical strength compared to other powerlifters (Bal et al., 2010).
What is more, the powerlifting stereotype of mostly heavy men lifting extremely large
amounts of weights is simply wrong. There is a large amount of variation in both age, weight,
and sex (Ball and Weidman, 2016). In addition, other authors argue that there is an uneven
relationship between world records and body weight in various powerlifting exercises
(Dooman and Vanderburgh, 2000).

The medium bodyweight categories, as a rule, comprise a larger number of talented
athletes and are subject to tougher competition. Obviously, the relative level of achievements
of such powerlifters should be higher.

Thus, a more objective assessment of the relative performance in powerlifting and
determining winners in the overall score requires the working out of new methods to obtain
special coefficients.

The working hypothesis of the research is that the development of a mathematical
model of the relationship between absolute results and the athletes’ bodyweight according to
the materials of the world powerlifting championships will allow to objectively determine the
winners in the overall score without distribution in bodyweight categories.

The purpose of the paper is to work out a mathematical model describing the statistical
dependence of the results of powerlifting to suggest special formula for converting
powerlifters’ competitive results into conventional units and comparing them in the overall
score among all competitors.

Methods

Participants. The paper analyzes powerlifters’ competitive results and their bodyweight
based on the materials of the IPF Men’s World Open Powerlifting Championships, which are
available on the IPF official website (http://www.powerlifting-ipf.com/championships/
results.html). In total, 520 lifters, who took part in competitions during the years 2012 to
2016, were taken into account.

Indicators were recorded in three competing powerlifting exercises: squat, bench press
and deadlift. Performance of such exercises was regulated by the IPF rules, controlled by
experts, who were referees.

Statistical Analyses. As a mathematical model describing the dependence of the results
athlete’s weight, a model of logarithmic regression is suggested. Creation of a logarithmic
regression function was made by least squares method. The mathematical and statistical
processing of the research materials was performed using the least-squares method by means
of Microsoft Excel and Maple software packages.

Results

Analysis of the mathematical type of dependence. 1t is convenient to consider the
qualitative picture of the mathematical dependence of the powerlifting total on a powerlifter's
bodyweight using the records in bodyweight categories as an example. The graph of the
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dependence of Men's World Open records in the powerlifting total using special equipment
(as of May 1, 2017) on the powerlifter's bodyweight is shown in Figure 1. The mathematical
dependence can be written in the form of an empirical formula, which includes several
parameters (Demidovich et al., 2010). According to the characteristic shape of the curve, one
can assume that this mathematical dependence has a log-linear form

y(x):a+b-h1(x), (1)
where x is an independent variable that sets the powerlifters’ bodyweight;

a, b are constants that are selected in such a way that the curve (equation 1) passes as
close to the corresponding points as possible.
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Figure 1. Dependence of IPF Men's World Open powerlifting records in the total with the use
of special equipment on the powerlifters' bodyweight

In the graph, the dashed line shows the logarithmic curve, which is created by means of
the least squares method in Microsoft Excel (Carlberg, 2006). The equation of the logarithmic
curve is given as a function of x. It is obvious that this curve is very close to the values of
world records, which are marked by points.

The assumption that the dependence of the results on a powerlifter's bodyweight is log-
linear is well consistent with the data from the reference literature. It is known that the
relationship between an athlete’s muscle strength and his bodyweight is described by the
logarithmic function (Zatsiorskiy, 2009).

It is convenient to use a special coefficient to recalculate the results of competitions in
order to obtain relative values that allow comparing the achievements of athletes of different
bodyweight categories. Hereinafter this recalculation coefficient is called “logarithmic
coefficient”. Multiplication of the result on this coefficient should bring the value that is on
the logarithmic curve, to a certain conventional value that does not depend on the
powerlifter's bodyweight. Proceeding from the mathematical notion of the inverse function
(Spiegel et al., 2013), the described recalculation is possible, when the logarithmic coefficient
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is an inverse function of a log-linear dependence (1). This means that the logarithmic
coefficient must be equal to a fraction, the denominator of which contains a log-linear
dependence (equation 1), and the numerator contains some constant:

c
K, =——,
® g+b-In(x)
where K, is the logarithmic coefficient;

2)

c 1s a constant for valuating the logarithmic coefficient.

If the value of the logarithmic coefficient (equation 2), found as a result of processing of
a large number of data of different athletes, is multiplied by the corresponding result of a
particular athlete, then ideally we will obtain a relative value that will not depend on the
powerlifter's bodyweight. The comparison of such values for different athletes allows us to
choose the winner in the overall score.

Finding the logarithmic coefficient of the dependence using the least squares method.
Graphically, the results of the participants of the IPF Men’s World Open Powerlifting
Championships for the years 2012 to 2016 in the total, taking into account powerlifters'
bodyweight, that are shown in Figure 2, consist of 520 points, and have certain features:

1. The graph clearly shows that some results lie much lower than the compact data group,
and therefore fall sharply out of the general dependence. In order for such abnormal data
not to distort the general view of the formula, they must be discarded. The condition for
the discarding of such data can be formulated as follows: “If the result of a powerlifter of
the next weight category is less than the minimum result of the previous weight category,
then this result should be discarded.”

2. On the graph, there are vertical groupings of points, which are hereinafter referred to as
the “candlesticks”. “Candlesticks” are formed at the upper limit of bodyweight categories
as a result of the fact that athletes “adjust” their weight to a corresponding bodyweight
category. To get the functional dependence, the data grouped into “candlesticks” can be
replaced by average values.

3. The logarithmic curve shown on the graph describes well the tendency of increasing the
result, when the powerlifter's bodyweight is increased. This increase is unlimited, but the
increase of the weight results in the deceleration of the increase in the result, which is a
characteristic of a logarithmic dependence. In this case, individual results deviate from the
logarithmic curve by almost 30%, which can be explained by different levels of
powerlifter's special physical fitness.

The logarithmic curve has an equation, found by the method of least squares (Rawlings
et al., 2001) by means of Maple mathematical package (Westermann, 2014):

y =—1006.33314 + 411.44557 - In(x) (3)

Determination of the logarithmic coefficient. To find the logarithmic coefficient in the
form of equation 2 we can use the dependence (equation 3). The coefficients a and b will take
the following value:

a=-1006.33314; b =411.44557. (4)
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Then, we should find the valuation rate c.

The value of the valuation coefficient can be found for various reasons. For example,
the valuation coefficient can be chosen so that the relative result in the powerlifting total
corresponds to a value of 1000 kg. Alternatively, one can accept values that are on the
logarithmic curve for 100% of the result and bring the relative result in the powerlifting total
to a value of 100%. Further, the valuation coefficient was chosen in such a way that relative
results in the powerlifting total could be conveniently compared to the corresponding relative
values obtained with the help of Wilks coefficient in accordance with the IPF Technical Rules
(http://www.powerlifting-ipf.com/fileadmin/ipf/data/rules/technical-rules/english/ IPF_Techni
cal Rules Book 2016 1 .pdf).
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Figure 2. Dependence of the results in the total on the powerlifters’ bodyweight

To find the valuation coefficient by analogy with the Wilks formula in the first
approximation, we will assume that the ¢ = 500 coefficient, that is

o (®) 200 5)

X)= .
—1006.33314 +411.44557 - In(x)

The graphs of both coefficients are shown in Figure 3, which shows that the curves do
not overlap, they have no common points. For the correct comparison of the relative results
obtained with the logarithmic coefficient, with the corresponding results obtained using the
Wilks coefficient, it is necessary to change the value of the numerator in formula (5) so that
the graphs have a common point.

Assume that, so that the Wilks coefficient and the logarithmic coefficient have the same
value for the average bodyweight of lifters, who participated in the IPF Men’s World Open
Powerlifting Championships for the years 2012 to 2016.

The average weight of the participants of the competition is
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x,, = 95.290203. (6)

Now the adjustment coefficient s should be found from the equation

s-Kl, (xbp ) = Wz'lks(xw ), (7)
where Wilks(xbp) is the Wilks coefficient value for a powerlifter with a bodyweight of
x,, =95.290203 kg.
After performing the calculations we obtain the value of the correction coefficient:

s =1.07909587 . (8)

After substituting the found value into the equation
Klog (X) =S >kl(llog (X), (9)

we obtain a refined formula, which will determine the logarithmic coefficient

539.547934
log( )

X)= . (10)
—1006.33314 +411.44557 - In(x)
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Figure. 3. Dependence of Wilks coefficient (dashed line) and the first approximation of the
logarithmic coefficient (solid line) on powerlifters’ bodyweight

Discussion

Nature of the dependence of competitive results on powerlifters’ bodyweight. 1t is
generally recognized that for persons of approximately the same level of physical fitness, but
of different bodyweight, the absolute muscular strength increases with the increase in
bodyweight, but the relative muscle strength decreases. The decrease in the relative muscle
strength is due to the fact that a powerlifter's bodyweight is proportional to the volume of the
body (the cube of his linear dimensions); and the strength is proportional to the physiological
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section of the muscles (square of linear dimensions). Therefore, the mathematical dependence
of strength on bodyweight in theory should be of a logarithmic nature (Zatsiorskiy, 2009).

Cleather (2006) supports the thought about the nonlinearity of the dependence of the
result on bodyweight. Equations for each powerlifting exercise and broken down by gender
received by him by using regression analysis are of allometric (exponential) nature. At the
same time, Batterham and Keith (1997) suggest applying the allometric function as an
additional tool for scaling the differences in results only, depending on the body size.
Investigating the dependence of the results on powerlifters’ bodyweight, Markovi¢ and
Sekuli¢ (2006) identified gender differences and different values of the power coefficient of
the exponential function for various bodyweight categories. Obviously, the level of
manifestation of maximum muscle strength is influenced, in addition to an athlete’s
anthropometric data, by a number of important functional indicators of different systems of
his body. With relatively identical height-and-weight indicators, powerlifters can demonstrate
different results, both in total and in the same exercises.

Recently, scholars (Bishop et al., 2017; Haleczko, 2014, 2015; Haleczko and Korzewa,
2016), who suggested a new approach to determine winners in the overall score, conduct
researches quite intensively. However, some of the conclusions are generated by them as a
result of data calculations for 20 to 50 cases, which is, in our opinion, insufficient.

Comparison of powerlifters’ relative results obtained by using the Wilks formula and
the logarithmic coefficient formula. The analysis of the distribution of prize-winning places
in the overall score between participants in the IPF Men’s World Open Powerlifting
Championships for the years 2012 to 2016 shows that the best indicator is shown by
representatives of the lightest bodyweight category (up to 59 kg). In all of these
championships (5 cases out of 15, that is 33.3%), namely the representatives of this
bodyweight category were among the prize winners. Besides, in 4 championships out of 5
(80%) they took the Ist place. Representatives of the heaviest bodyweight category (over
120 kg), as well as those of the light bodyweight category, were prize winners in all the
championships. At the same time, representatives of bodyweight categories up to 66, 74, 83
and 93 kg appeared there only once (6.7%). Powerlifters of bodyweight categories of up to
105kg and up to 120kg were never found in such lists, although, according to the
quantitative membership of competitors, namely in the bodyweight category of up to 105 kg,
the highest indicator was recorded — 15.38% of the total number of competitors, and the
bodyweight category of up to 120 kg has the third indicator — 14.38% (Table 1). Such a
discrepancy, in our opinion, allows us to doubt the objectivity of choosing the best
powerlifters in the overall score by using the Wilks formula.

Table 1. Number of participants of the IPF Men’s World Open Powerlifting Championships
for the years 2012 to 2016.

. Total
Weight 2012 | 2013 | 2014 | 2015 | 2016 | participants
Category
number | %
Up to 59 kg 10 70 11 o 12 49| 8.19
Up to 66 kg 13] 10 s| 10| 14 55| 9.20
Up to 74 kg 16| 15| 14] 17| 11 73 | 12.21
Up to 83 kg 20 10] 16| 13| 17 77 | 12.88
Up to 93 kg 20 18] 19 17| 15 90 | 15.05
Up to 105 kg 20 12] 19] 22| 19 92 | 15.38
Up to 120 kg 16| 16| 20| 16| 18 86 | 14.38
More than 120 kg 16 18 12 17 13 76 | 12.71
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Figure 4 shows graphs of the Wilks coefficient and the proposed logarithmic coefficient
K log

Wilks

Wilks coefficient increase significantly with low values of a powerlifters’ bodyweight, which
give preference to powerlifters of light bodyweight categories. The graph of the ratio of the
logarithmic coefficient to the Wilks coefficient allows to better understand differences

between these coefficients.
For average weight of x, =95.77664773 kg, the values of both coefficients are the

. The values of the

and the ratio of the logarithmic coefficient to the Wilks coefficient

same, and for light and heavy bodyweight categories they differ by 10% or more. Moreover,
the more steep decline of the curve of the ratio of coefficients is observed in the range of light
bodyweight categories, to which Wilks coefficient, as it has already been mentioned, gives a
significant advantage.
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Figure 4. Comparison of the values of the logarithmic coefficient Klog and the Wilks
coefficient depending on a powerlifter's bodyweight

Anthropometric characteristics (weight and length of the body, fat layer) and a
powerlifter’s structure can affect his competitive results (Evangelista et al., 2015). In order to
achieve a greater value by using Wilks formula, an athlete needs to have a larger muscle size
(Keogh et al., 2009; Ye et al.,, 2013). However, for sportsmen of heavier bodyweight
categories, the need to reduce body weight to the limits of bodyweight categories is less
relevant, so the relative influence of their muscular component on the competitive result may
be not so strong. The logarithmic coefficient automatically takes into account such a feature,
and as a result, the values of heavyweight athletes’ relative results may deteriorate, which
gives them lower positions in the overall score.

The objectivity of the suggested approach may be approved by comparing the relative
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results calculated with the help of the logarithmic coefficient, with similar results obtained by
using Wilks coefficient. While applying the suggested approach, the results and the
distribution of places in the overall score change significantly with the alignment of
opportunities of different bodyweight categories (Fig. 5). It is seen that when calculating the
relative results with the help of the logarithmic coefficient, the values on the edges, that is, in
light and heavy bodyweight categories, change significantly. It turns out that athletes of those
bodyweight categories that are less numerous do not receive an advantage in the overall score.
For example, according to the results of 2016 Open World Championships, representatives of
bodyweight categories of up to 93, 74 and 120 kg could be among the top three winners.
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Figure 5. Comparison of values of men powerlifting world records in the powerlifting total
with the use of special equipment according to the Wilks coefficient and the logarithmic
coefficient K 1o,

Conclusions

The findings of this study suggest that the Wilks coefficient used in powerlifting for
determining places of competitors in the overall score, regardless of the weight, may not be
considered objective due to unreasonable dominance of representatives of light and heavy
bodyweight categories. The present study provided a novel analysis to convert powerlifters’
competitive results into conventional units using the logarithmic coefficients calculated on the
basis of mathematical and statistical processing of data of previous competitions. This allows
the representatives of the most numerous bodyweight categories to be among the top three in
the overall score. The proposed methods for finding the formula of the logarithmic coefficient
based on mathematical model of logarithmic regression allows to periodically refine this
coefficient on the basis of updated data of competitive results powerlifters.

By using analogous methods, the values of logarithmic coefficients for different
categories of competitions can be determined (by gender and age groups, separate bench press
competitions, competitions with or without the use of special equipment, etc.) as well for
different categories of competitions in weightlifting.

Since authors studied only two indicators (bodyweight and result in the total), our
results may be somewhat biased, and therefore require more extensive research.

The authors thank O. Kopayev and B. Onyshchenko for their statistical advice.
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I'YK Birauiii,

Uepkacbkuii ~ HalioHaNbHWHA  yHiBepcuTeT iMeHi  bormana  XMenbHUIBKOrO,  (aKyJIbTeT
OOUYUCITIOBANBHOI TEXHIKH, IHTENEKTYalbHUX Ta YMPAaBISIOUMX CHUCTEM, KaHIUIAT TEXHIYHUX HAYK,
noteHT kadenpu «IIporpamue 3a0e3nevueHHs aBTOMAaTH30BaHUX CUCTEM)

CTELEHKO AmnaroJiii,

Uepkachbkuii HalliOHAIBHUHM YHiBepcuTeT iMeHi borgana XMenpHHUIIBKOTO, HaBYAIbHO-HAYKOBUH
THCTUTYT BI3UYHOT KYJIBTYpPH, CIIOPTY Ta 3/I0pOB’S, KAHAUJAT HayK 3 (Pi3MYHOro BUXOBAHHSA 1 CIIOPTY,
JOLIEHT KadheIpy CIIOPTUBHUX JUCIUTLIIH

METOJIUKA MATEMATHYHOI OBPOBKH PE3YJIBTATIB Y NABEPJIGTHUHIY JIJIA
BU3HAUYEHHSI HAMKPAIIIUX ATJIETIB 3A 3ATI'AJIbHOIO OIITHKOIO

Anomauin. Bemyn. Memoio pobomu € po3pobra ma 0OIPYHMYEAHHS MAMEMAMUYHOT MOOeI,
KA ONUCYE CMAMUCMUYHY 3ATIeHCHICMb Pe3Yibmamie cnopmemena 6io eazu minda.

Poboua zcinomeza odocniddicenns noaseae y momy, wo po3poodKa MaAmemMamuyHoi mooleni
B3AEMO38 S13KY  MIJNC AOCONIOMHUMU  PE3YTbMAMAamMy ma 6az20l0 CHOPMCMEHIB8, GION0GIOHO 00
mamepianie ueMnioHamie ceimy 3 nayepiiQpmuney, 003604ums 00 EKMUBHO BUSHAYANU NEPEMONCYIE Y
3a2anbHOMY 3AIKY 6e3 po3nodiny no 8a206UX KAMe2OpPisX.

Memoou. Y pobomi ananizyiomscsi pe3yibmamu 3Ma2ans nayepiigpmepie ma ix maca miia Ha
ocHo6l mamepianie Misicnapoonoeo uemnionamy ceimy 3 nayepiighmuney ceped YoN08IKi6, AKI MONCHA
sHatmu Ha ogiyitunomy eeo-caumi IPF (http://www.powerlifting-ipf.com/championships/ results.html).
3acanom Oyno epaxosarno pesyromamu 520 nayepaigpmepis, sixi Opanu yuacmo y smacanusx 3 2012 no
2016 poxu.

Y axocmi mamemamuunoi mooeni, AKa ONUCYE 3ANEHCHICMb PEe3yIbmamie amiemis 6io ix eazu,
NPONOHYEMbCSE MOOEb No2apudmiunoi pezpecii. Busnauenns @yuxkyii rocapugmiunoi peepecii 6y10
3p0OAEHO  MemoooM HatmeHwux Keadpamie. Mamemamuuna ma cmamucmuyHa 0bOpoodKa
00CTIOHUYbKUX MAMEPIanié NPosooUulach MemoooM HAUMEHWUX K8aopamis 3a 00NoMOo2010 NaKemis
npoepam Microsoft Excel ma Maple.

Pesynomamu. Anmponomempuuni xapaxmepucmuxu (8aza i 008dcuHa miia, HCuposuil wap) i
CmMpyKmypa miia nayepaipmepa Modlcyms naU8aAmMu Ha 1020 pe3yibmamu 3maeanis. [l mozo, wjob
docsiemu OibuUX pe3yabmamie 3a 00nomo2oio opmyau Binkca, cnopmcemenosi nompiono mamu
Oinvwutl posmip m’szie. Ilpome Onist CHOPMCMEHIE V BANCKUX 8A208UX Kame2opisx nompebdba y
SHUICEHHI Macu Mina 00 Mexci 6420801 Kame2opii € MeHul aKmyaibHOi0, MOMY GIOHOCHUL GNIUS iX
M 5130601 CKIAO0B0I HA pe3yibmam 3Mazsanb Modce Oymu He maxkum cuibHum. Jloeapugmiunui
Koepiyichm aemoMamuyHo 6paxosye maxy ocooaugicmvs, i y NIOCYMKY 3HAYEHHS GILOHOCHUX
pe3yibmamie CNOPMCMEHI8 Y BadCKill 8a3i MOICYMb NOSIPULYBAMUCS, WO 0A€ IM HUMNCYI NO3UYii 8
3A2a1bHOMY PAXYHKY.

06 ekmugHicmsb 3anponoHO8aAH020 NIOX0OY Modice OYmMu NiOMEEPONHCEHOI ULIAXOM NOPIGHSIHHSL
BIOHOCHUX Pe3YIbmamis, po3pAxX08aAHUX 34 OONOMO20I0 02aPUPMIUHO20 Koediyienma, 3 noOIOHUMU
pe3yIibmamamy,  OMpuUManumMu  3a  0onomozow  Koegiyicuma Binkca. Ilpu  3acmocysamnmi
3anpPONOHOBAH020 NIOXO0Y Pe3yTbMamu ma po3nooil MiCyb y 3a2aibHOMY 3A1IKY 3HAUYHO 3MIHIOIOMbCS
3 GUPIBHIOBAHHIM MONCIUBOCMEN Y PIZHUX 8A208UX Kame2opisx. Ananiz HasedeHux epapixie nokasye,
wo npu 06YUCIEeHHI GIOHOCHUX PEe3YIbIMAmMiE 3a OONOMO2010 J02APUPMIUHO20 KOePIYICHMA 3HAYECHHS
Ha Mmedxci, mobmo y 1e2Kux i adCKux 6a208UX Kamezopisix, 3HAYHO 3MIHIOIOmMbCs. Y pesynvmami,
CHOPpMCMEHU 3 MEHWUX 8a208UX Kamez2opil He Ompumyloms nepesdaz y 3dealbHOMY DAXVHKY.
Hanpuxnao, 3eciono 3 pesynomamamu Biokpumozo Yemnionamy Csimy 2016 poxy npedcmasnuxu
sazosux kameeopiu 00 93, 74 i 120 ke mooxcymv 6ymu ceped mpbox nepemodicyis.
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Bucnosku. Peszynomamu yvoco odocniddcenus ceiowams, wo Koeiyienm Binkca, skuil
BUKOPUCTHOBYEMBCSL Y NAYepaipmuney 01 6USHAYUEHHST MICYb KOHKYPCAHMIE ) 3A2aNbHOMY 34K,
He3anexqcHo 60 8acu, He MOJCe 68aNCAMUCA 00 EKMUBHUM Hepe3 HeobepYHMOBaHe OOMIHYB8AHHS
npeoCcmagHuUKi6 lecKux ma 6AadICKUX 8acosux xame2opiil. Jlane 00CniodicenHs npeocmasuno HoGUll
aHAi3 Ol NePemBOPEHs KOHKYPCHUX pe3yibimamie noyepiipmepie y 00Ky WKALy 3 UKOPUCHAHHAM
J02apuMiYHUX Koe@iyieHmis, po3paxo8anux Ha OCHO8I MAMEeMAMUYHOT ma cmamucmuyHoi 06pooKu
JaHux nonepeouix 3macanv. Lle 003801s€ npedcmMasHUKAM HAUYUCTEHHIWUX Bd206UX Kame2opill
nocioamu nepwi Micys Yy 3a2aibHOMY 3aNIKY. 3anpononoeamni Mmemoou HOWYKy —@opmynu
no2apu@miunoeo  Koeghiyichma Ha OCHOGL MameMmMamuyHoi Mooeli Jno2apupmivnoi  peepecii
00360J15110Mb NEPIOOUUHO YIMOYHIOBAMU Yell KOepIyieHm Ha niocmasi OHOGIEHUX OAHUX Pe3YIbnamis
3Mazans nayepaigpmepis.

Buxopucmogyrouu  ananociuni  mMemoou, MOJCHA GUSHAYUMU 3HAYEHHS  JI02APUPDMIYHUX
Koe@iyicHmie 01 pi3HUX Kame2opill 3Ma2aHb (3a CMammio ma 6iKOSUMU 2PYRamMu, OKpeMi CIeHO06i
npecosi 3Maz2amHHsA, 3MA2AHHA 3 UKOPUCTAHHAM abO Oe3 BUKOPUCMAHHA CheyidnbHo2o 001a0HAHHSA
mowjo) y 8aXscKill amaiemuyi.

Knrouosi cnosa: nayepricpmune, nocapugpmiuna peepecitina mooensb, opmyna 102apu@dmithoco
Koeiyicnma, 3a2anbHa OYiHKd.

Ooepoicano pedakyieio 15.02.2017
Tpuiinamo oo nyonixayii 27.03.2017
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3ACTOCYBAHHS TONEPEJAHBbOI OBPOBKH 305PAKEHH 13
PACTPOBOI'O EJIEKTPOHHOI'O MIKPOCKOIIA VTSI HOKPAIITEHHSI
INEHTH®IKALIN CTPYKTYPHUX EJJEMEHTIB

Anomauin. Y pobomi onucano éniue nonepeouvoi 0OpoOKu  300paxceisb H4OMmupu@dasHo2o
spaska cucmemu Cu-Sn, wo ompumani i3 pacmposoeo eneKmpOHHO20 MIKPOCKONA, HA aHANI3
cmpyxkmypHux enemenmie. [lonepedus 0opobka 306pascensv 30iticniosanacs memoodamu I aycosoeo ma
Hepizkozo pozmumms. Onucamo aneopumm o0OpoOKU 300padicensb 3 3ACMOCYBAHHAM MAMPUUHUX

* CTaTTio HamMcaHO Yy paMKax IIpUKIanHoi  jaepxOromketHoi Temu MOH  Vkpainn  “Cunres
HAHOCTPYKTYPOBaHHX CIUIABIB 32 OCIMJIIOIOYUX HAIPYXKEHb Ta IX 3aCTOCYBaHHS B HOBiM TEXHOJOTIi 3’€HaHHS
MIKpOEIEKTPOHHUX KOMITOHEHTIB” (HOMep neprkaBHOI peectparii: 0117U000577).
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Ginempis. [Ipoananizosano 0OYiNbHICMb UKOPUCMANHHS KOJCHO20 I3 MemOo0ié Nonepeonboi oopooKu
300padiceny 01 AHANIZY PI3HO20 MUNY CMPYKMYPHUX eleMenmis (POo3paxyuky niow ¢az ma
BHAXOOJCEHHS KIIbKOCMI | PO3PAXYHKY PO3MIDI6 CIMPYKMYPHUX OedheKmia).

Knwuosi cnosa: memoou obpobku 300padicensb, pacmposa eilekmponua mikpockonis, Iaycose
PO3MUMMA 300pAdCEHD, HEPI3Ke POSMUMMA 300PANCEHD.

Beryn

Metou 06poOku 300pakeHb € OJJHUM 3 MPIOPUTETHUX HANPSAMKIB HAyKH 1 TeXHIkH. Lle
MOSICHIOETBCSL THM, IO 300pa)kK€HHS BUKOPUCTOBYIOTHCS $IK 3acCi0 OTpUMaHHS BI3yaJIbHOL
iH(popMaIlli B CHUCTEMax CIIOCTEPEKEHHS, TEXHIYHOTO 30py, TejaeOadeHHsl, aBTOHOMHHX
IHTEeNEeKTyaJIbHUX cucteMax 1 1H. Tomy Meroau oOpoOku Bi3yanbHOI 1H(poOpMalii, 10
3a0e3MeuyloTh MiBUIIEHHS Bi3yalbHOI SIKOCTI CIPUHHATTS 300pa’K€Hb, CTUCHEHHS JaHUX
g 30epiraHHs 1 mepeAadl IO KaHajlaX 3BSI3KY, a TaKOX aHaji3, pO3Mi3HABaHHS Ta
IHTepIpeTalis 30pOoBUX 00pa3iB A MNPUNHATTS PILEHHS 1 YHOPaBIIHHS MOBEIIHKOIO
ABTOHOMHUX TEXHIYHUX CHUCTEM TPAlOTh BCE OUTBII BaXKIUBY poJb [1-2].

Bbynp-sxa 3 npoueayp o6poOku Ta aHai3y 300paxeHb MICTUTb y CBOill CTPYKTYp1 eTan
nonepeHboi 0O0pOOKM, IO BKJIKOYAE 3rJaKyBaHHs, (UIBTpalLill0 MIyMiB, MiABUILIEHHS
pi3kocTi 1 KoHTpacTHOCTL. Kpim Toro, momepenHss oOpoOka 300pakeHb BKJIIOYae B cede
KOPEKIII0 HEIIHIHHOCTI JlaT4MKa, SCKPAaBOCTI, KOHTPACTy, YCYHEHHS TI'€OMETPHUUYHHUX
CIIOTBOPEHb, BUJIUICHHS IMEBHUX 00'ekTiB BiaHOCHO ¢ony [3]. YacTo, Ha maHoMy erari
3IIACHIOETHCS KOPEKIis 30ypeHb B 300pa’ke€HH1, pO3MUTOCTI 300paKE€HHS B pe3yJbTaTl pyXy
00'exTa, MOXMOOK BiJ CEHCOPIB ab0 B X0l Imepenadl curHamiB 300paxeHHs. EQexTUBHICTD
eTany IomnepenHboi (mepBUHHOI) 00poOKM 300pa’keHb CHPUYMHIOE 3HAYHUN BIUIMB Ha
pe3ynbTaT HACTYIMHHUX €TamniB oOpoOKu 300pa)keHHS, B T.4. CETMEHTallil0, MOP(OIOTITIHUN
aHaJi3 1 po3mi3HaBaHHS oOpa3iB. Tomy B cucremax Bizyami3alii HaWOUIBIIUN I1HTEpeC
MIPEJICTABISAIOTh JOCIIIPKEHHS B HAalpsIMKY BJOCKOHAJIEHHS METOJIB CaMe€ IONepeaHbOi
00poOKHU 300pakeHb [4].

VY mporeci Ae€TEKTYBaHHS B PacTpOBOMY €JIEKTPOHHOMY MIKPOCKOIMI Ha KOPUCHUI
CUTHAJI HAaKJIaJalThCs PI3HOMAHITHI IIYMU BHACIIIOK PO3CIIOBAHHS EJIEKTPOHIB Ha MEXax
CTPYKTYPHHUX €JIEMEHTIB (HampuKiaj, pi3HUX (a3 JOCHIIKYBAaHUX CIUIaBIB) Ta 00 €MHUX
nedekrax (HAMpUKIAN, 13-3a PO3CIIOBAHHS Ha TOTOJOTTYHUX HEPIBHOCTAX OLIsA mop abo
TpimiuH). ToMmy 3acTocyBaHHS BIINOBIAHMX METOJIB MONEPEIHbOI OOpPOOKHM 300pakeHb
BIJII'pa€ BaXJIMBY POJIb JUISl MOKPAIIEHHS aHaJli3y PI3HUX THUIIIB CTPYKTYPHHUX €JIEMEHTIB Ta
neQeKTiB.

OCHOBHOIO METOI pPOOOTH € JOCHIKEHHS BIUIMBY pPI3HUX BHJAIB IMONEPEIHBOT
KOMIT'tOTepHOi 1U(ppoBoi 00poOKM 300pakeHb 3pa3KiB, LI0 OTPUMAaHI Ha PACTPOBOMY
esleKTpoHHOMY Mikpockori (nani PEM 300paxeHHs), Ha pe3yabTaTH aHali3y IIUX 300pakeHb,
a TakoX Oe3mocepenHs peami3allis B €IMHOMY J0JaTKy Oa30BHX METOJIB MOMEPEAHBOT
00poOku Ta HacTynmHoro ananizy PEM 300paxens.

1. Onuc MeToaiB nepBMHHOI 00POOKHU 300paKeHb

OO6poOka 300pakeHb BIAITpa€ 3HAYHY POJIb B KOMIT'IOTEPHOMY aHaii3l HU(PpPOBHUX
300pakeHb, 30KpeMa B pO3Mi3HaBaHHI ¢parMeHTIB 300paxeHb. Bapro 3ayBaxuTu, mo B
BUIAJKY PO3TJSAY 300paK€HHS SK JBOBUMIPDHOTO CHUTHaNy (KOJM 300pa)K€HHS MOKHA
ONKCATU TEBHOI (PYHKIIEIO 3HAYEHHS SIKOT 3aJIEKUTh Bl JBOX MPOCTOPOBUX KOOPHMHAT),
BXKJIMBUM e€TarnioM B oOpoOui 300pakeHb € BUAUIEHHS KOpHCHOI 1Hpopmauii. Meroau
MoTnepeAHb0i  0OpOOKM  JO3BOJISIOTH 3MIHIOBAaTH 300pa)KEHHS TaKUM YHHOM, 1100
BJIOCKOHAJIUTU BUAUICHHS KOPUCHOTO CUTHAIY.

Sk B11OMO peanbHI1 CUTHAIM MOYKHA IPEICTaBUTH B BUIJISLIL JTIHIMHOT KOMOIHALIT ITyMYy
Ta KopucHoro curHainy. OJgHaK B Mpoleci BUAUIEHHS KOpucHOI iHpopmalii 13 cuUrHamty
BUHUKA€E P TPYAHOIIIB. Y BUIAAKY aHali3y pacTpoBUX LU(GPOBUX 300pa)k€Hb JOCUTH
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IIMPOKO BUKOPHUCTOBYIOTh PI3HOMAaHITHI aJrOpUTMH O0OpOOKH 300paxkeHb, 30KkpemMa (uIbTpU
3raaKyBaHHS Ta po3MUTTSA [4]. s 1boro Ha MpakTULl JOCUTh IIUPOKO BUKOPUCTOBYIOTh
MaTpUuHi QUIBTPU A NEpPEeTBOpPEeHHs 300pakeHb. HallOuiblll MOmMpEeHUM alropuTMOM
PO3MUTTS € Tak 3BaHe po3MUTTA 3a ['aycom. Posmutts 3a I'aycom — ¢uibtp mis oOpoOku
300pakeHb, 10 BUKOPUCTOBYE HOpMalbHUI po3noalt (po3noxain ["ayca) ans mepeTBopeHHs
3Ha4eHb Tpajaiii ciporo koasopy (mani 3I'CK) koxHOTO mMikcens 300pakeHHs. PIBHSIHHS 11t
3acTocyBaHHs po3noaury ['ayca B 2D mpoctopi mae Buriisin [S]:

1 2,2 2
G(u,V) — - e (u"+v7)/(207) (1)
2o

7€ U, V — BIICTaH1 JI0 MIKCEJIB MO JBOX HE3ICKHUX HAIMPsMKaXx BiJ BUOPAHOTO TIKCENA, O -
CTaHJapTHE BIOXHWJICHHs po3noauty ['ayca. [ljist ABOBUMIPHOTO BUTIAJKY AaHa (hopmysia 3a1ae
MMOBEPXHIO PIBHS, IO MA€ BUTJISA KOHIIEHTPUIHHUX K1JI.

96
| x*ffgg
Image Matrix_—_« 400 . 7
e § 0
%.‘%/ﬁ ! 400 Kernel Matrix
- Eag
AR E e
~1 40t 4 L Pl
{ : ot o |7 - _d -
4 o LAy ///
111'111 e
//
///
i Output Matrix

Puc.1. Cxema BruiuBy matpuuHoro ginstpa Ha 3['CK B Bubpanomy
eJeMeHT1 300pakeHHs [ 7]

OinpTp 'ayca MOXKHA MpeACTaBUTU y BUINISAAI MaTpU4YHOTo (UIbTpa, pO3MIpamMH IXr
(3a3Bmuail 3x3 um 5x5), 1e r — pagiyc po3MuTTs (r"=u’+v’). CyTh 3aCTOCYBAHHS MATPHIHOTO
¢biteTpa (muB. puc. 1) monsrae y mo4eproBoMy 3aCTOCYBaHHI MAacKH 3 MaTPHIll KOE(III€EHTIB
Ha BIAMOBIAHI 3HaYEHHS I'pajJalliif Ciporo KOJbOPy CYCIIHIX MIKCENIB Ta OOPaxXyHKY IX HOBHX
3Ha4eHsb [1]:

1 14 6 4 1
4 16 24 16 4
—|6 24 36 24 6
25614 16 24 16 4
1 4 6 4 1 )

[IpuBeaemMo METOMKY pO3paxyHKy MaTpHill ajis GuIbTpy Hepizkoro po3MutTs. Hexait

nesxa gynkuis f(x,y), 0<x<X . ,0<y<Y,

height € 00PA30M LH(PPOBOTO 300pAKCHHSL.

width >

3nilicauMo 3ropTKy 300paxkenns f(X,)) 3 Bukopucrannsm ¢Qinbrpa [ayca (2), Hanpukia,
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3 po3mipoM Marpuii 5x5. OTpumanuii 06pa3 OymeMo MO3HAYATH f(x, ¥) (Tyr oTpuMyeMO

300pa)Ke€HHs, 110 PO3MUTE 3a HOPMAJIbHUM 3akoHOM). Omepaii€lo BHUIUICHHS KOHTYpIB
300pakeHHsI HA3UBAIOTh TaKy OTEPAIliio:

fsharpen(xay):f(xay)_j(x’y) 3)

3BOPOTHOIO ONEPALIEI0 0 BUAUICHHS KOHTYpIB (Tak 3BaHe HEpI3KE PO3MHUTTS) MOXKHA
Ha3BaTH TaKy OTEPAIlio:

gunsharping ()C, y) = f(x) y) + k ’ f;'harpen (X, y) ’ (4)

ne k - geskuii xoedilieHT, MO0 BKa3zye Ha TU (GitbTpamii (st peryispHOTO HEPIZKOTO
po3mutts k=1). [lobynyemo MaTpuuHuii oneparop sjapa 3rOpPTKH Uil HEPI3KOT'O PO3ZMUTTS
npu k=1. Jlng nmoOyqoBM MaTpUYHOTO OIepaTopa siipa 3rOPTKHM BUKOPHUCTAEMO OIEpPaTop
TOTOXKHOTO BiJOOpa)keHHS 300pa)K€HHS. Y BUIIAJIKy PO3MIPHOCTI MATPUIIl AJpa 3TOPTKU 5X5
JAHUM ONepaTop MA€ BUTIISIAL

00000 00 0 00
00000 00 0 00
ﬁ=00100*=ﬁ0025600*, (5)
00000 00 0 00
00000 00 0 00

ne * - omeparris 3rOPTKH.
MatpuyHuil onepaTop 3ropTKM 3 BHUKOPUCTaHHSAM MaTpuul siapa ¢inetpa ayca mis
PO3MIPHOCT1 5X5 Ma€e BUTJIA;

ﬁvGauss —

I 4 6 4 1
4 16 24 16 4
6 24 36 24 6
4 16 24 16 4
I 4 6 4 1

Oneparop BUJIUIEHHS KOHTYPIB MO>KHA BUPA3UTH TAKUM YHHOM:
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00 0 00 1 4 6 4 1
LS00 0 00 416 24 16 4
Folever —f _FGes— — L 0 256 0 0|*———|6 24 36 24 6 |*=
256 256
00 0 00 416 24 16 4
00 0 00 1 4 6 4 1) (7

-1 4 -6 -4 -1

[ToGymyemo omepaTop peryyIsipHOTO HEPIZKOTO PO3MUTTS

00 0 00 1 -4 -6 -4 -1
00 0 00 . -4 -16 -24 -16 —4
éunsharping :ﬁv+ﬁvsharpen —— 10 0 25 0 0|*+—| -6 —24 220 —24 —6|*=
256 256
00 0 00 -4 -16 -24 -16 —4
00 0 00 1 4 6 -4 -1/ ©®
-1 4 -6 -4 -1 1 4 6 4 1
-4 -16 -24 -16 -4 4 16 24 16 4
:L -6 24 476 -24 -6 *:_—1 6 24 -476 24 6 |*
256 256
4 _16 -24 -16 -4 4 16 24 16 4
1 -4 -6 -4 -1 1 4 6 4 1

Omxe Marpuis s MEpBUHHOI O0OpOOKH 300pakeHb METO/I0M HEPIZKOT0 PO3MUTTS
IIpUHAMa€ BUTIISAA;

1 4 6 4
1|4 16 24 16
=6 24 —476 24
236 4 16 24 16

1 4 6 4

— Oy e

)

[Toxaxemo, mo onucani Marpumi (2) Ta (9) MOXXHa 3aCTOCOBYBaTH B IE€PBUHHII
00po61i PEM 300pakens sik QUIbTp M1 TOKpAIICHHS BUAUICHHS TPaHUIb PI3HOMAHITHUX
nedeKTiB.

2. PesyabTarn anauaizy PEM 300paskenn

Jst ananizy PEM 300paxkens Oyino CTBOPEHO MPOTPaMHUM MPOAYKT, IO IPAITIOE 3a
anroputMoMm: koxkHe PEM 300pakeHHs 3UnMTyBajoCs MOMIKCENIbHO 1 OyayBajacs ricrorpama
3I'CK Bix 0 mo 255, ne 0 BmoBiZae 4YOpHOMY KOJBbOPY, a 255 — Oimomy. Ilicis anamizy
ricrorpamu 3I'CK koxkHOMY 3 1 MIKIB cTaBUjacs y BIINOBIAHICTb neBHa ¢a3za. i anamizy
[IPOCTOPOBOrO po3noJLTy MeBHOi ¢azu noTpidHo obuparu iHTepBan 3['CK, mo Biamosizae

19



ISSN 2076-5886. Bicnux Yepracvkoeo ynisepcumemy. 2017. Ne 1-2

mikoBi 1iel dasm. Jlami, micas MmapaxyHKy KUTBKOCTI IMIKCENiB, IO BiAMOBimae oOpaHOMY
iaTepBanry 3I'CK, cTae MOKIIMBHM PO3PaxyHOK 3arajibHOT ILIOMII KOXHOI 3 (ha3.

Jlist  BCTAaHOBJIGHHS  OCOOJNMBOCTEHM  3acTocyBaHHs wmarpuis  (2), (9) Oymo
MIPOAHATI30BAaHO BIUTMB MoTepeHboi 00poOku PEM 300paxkeHHs doTHpH]a3zHOro 3paszka
cuctemu Cu-Sn Ha 3MiHY pO3IOILTY Ipajallii Ciporo KOJIbopy B HHOMY.

[Ticnst 06poOKM 300payKEHHST METOJIOM HEPI3KOT0 PO3MHUTTS 3 3aCTOCYBAHHSM MaTPHII
(9) (Puc. 20), pi3kicTh 300pakeHHS 3pOCiia 1 TPaHUIll TIOpP CTAU OUTBII OKPECIICHUMH, ajie
npu 1iboMy miku B rictorpami 3'CK (Puc. 2B) ymupmiucsa. Meton ['aycoBoro po3mMutTs 3
3aCTOCYBaHHSAM MatTpuii (2) J[ae TPOTHISCKHHHM pPE3YyIbTaT, PI3KICTh 300pakeHHS
sMmenmyethes (Puc. 21), a miku Ha ricrorpami 3I'CK ctaroTs Outb1r po3ainenumu (Puc. 2e).

Tak sk meton ["aycoBoro po3murts no3BoJisse Buaumty inTepan 3['CK meHoi dasw,
0 BHJTHO 3 ricTorpamu Ha Puc. 2e, To yist OuThI TOUHOTO po3paxyHKYy 1uiondi 6-CusSns (azu
OyJI0O BUKOPUCTAHO came MeTo1 ['ayCoBOro po3MUTTS 3 BAKOPUCTAHHSIM MATPHILi (2).

5000 -
4000
3000 1

2000

KinbkicTs nikceinis

1000 4

0 50 100 150 200 250
Komip

4000

KinpkicTs mikcelis

0 50 100 150 200 250
Komip
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Puc. 2. PEM 300paxxenHs yotupudazHoro 3pazka cucremMu Cu-Sn ta
ricrorpamu 3I'CK 10 06po0kwu (a, 6), miciist 00poOKH METOA0M
HEpi3KoTo PO3MHTTS (B, T') Ta ["aycoBoro po3mMurts (1, )

Ha Puc. 3 npoBeneno nopiBHssHHS PEM 300pakeHb 9oTHpH(A3ZHOTO 3pa3Ka CUCTEMHU
Cu-Sn 10 Ta micis monepenaHboi 00pOOKH MeToIoM ['aycoBOTO PO3MHTTS 3 BUKOPHUCTAHHSIM
matpuii (2). st mporo 3actocoByBaBcs iHTepBai 3['CK Bix 150 no 170, mio Bimosinae miky
0-CueSns (hasm. 3a3HaumMMO, IO OJMHUYHI ITIKCEITI 31 3HAYCHHSAMH TPajallii ciporo KOJIbopy,
SIK1 HaJIe)KaTh [IbOMY IHTEpBaJy, aJie B OTOYCHHI SIKUX 30BCIM HEMae MOAIOHUX 1M ITIKCEITiB, HE
BpaxoOBYBAJIMCSA. BUIHO TakoX, M0 MiCIs morepeaHboi 00pooku PEM 300pakeHHST METO0M
l'aycoBoro po3muttss BuauieHi obOmacti ¢a3u  0-CueSns cramm OUTBII  PIBHOMIPHO
3aIIOBHCHUMU ITIKCEISAMU 3 TIOMIOHMUMH iM 3HaYEHHSMH T'pajalii ciporo koipopy. Tomy, a0
00poOKM BiTHOCHA IUIOIIA BHJUICHOI oOyacti ckiamana 18,4%, a miciust oOpoOKH MeToI0M
l'aycoBoro po3mutts BoHa ckiana 22,3%, IO JOCUTh CYTTEBO 3MIHIOE pe3yJbTar
inmeHTrdIKaIii gas.

a 0
Puc. 3. PEM 300pakeHHs 4oTupudazHoro 3pazka cucremMu Cu-Sn 3 BUIAUICHOO
N-CueSns dazoro 10 (a) ta micis (6) 00pooku MeTooM ["aycoBOTO pO3MUTTS

Kpim HEeoOXimHOCTI BUAUICHHS U0l (a3 icHye moTpeba MOKpalieHHs imeHTHdikarii
TaKOTr0 THITY CTPYKTYPHHX €JIEMEHTIB, SIK 00’ €MHUX MycToT (Top Ta TpimmH). TyT y mpormeci
JICTCKTYBaHHS Ha PACTPOBOMY EJICKTPOHHOMY MIKPOCKOIT Ha TOIOJIOTTYHUX HEPIBHOCTSIX
HABKOJIO X 00’ €éMHHX Je(EKTIB BHHHKAIOTh PO3MUTTS KOHTYPIB. Taki epeKTH po3CiroBaHHS
BHHHKAIOTH 13-3a 3MIHU IHTCHCHBHOCTEH PO3CiIIOBaHHS SJIICKTPOHIB, IO MOTPEOye KOPEKIIil.

21



ISSN 2076-5886. Bicnux Yepracvkoeo ynisepcumemy. 2017. Ne 1-2

PEM 3o00paxennss yorupudaznoro 3pazka cucrtemu Cu-Sn Oynm mpoaHamizoBaHi Ha
BMICT neeKTiB B BHUTIAAI 00’eMHHX TycToT (mop). Ockinbku Mexi nedekriB Ha PEM
300pakeHH] YoTUpHdazHoro 3paska cuctemMu Cu-Sn 10 0OpOOKH PO3MHUTI, @ METOJT HEPI3KOTO
PO3MHUTTS IMiJICHITIOE JIOKAJIbHUI KOHTPACT 300pakKeHHsI Ha TUX AUISHKAX, JIe CIIOYaTKy OyiIu
MPHUCYTHI Pi3Ki 3MIHM TPAIiEHTa KOJIHOPY, TO JJIS OUIBII KOPEKTHOTO BUAUICHHS Ie(eKTiB
OyJ10 3acTOCOBaHO MaTPUITIO (9).

Ha Puc. 4 nposeneno nopiBHssHHS PEM 300pakeHb 4oTHpH(A3ZHOTO 3pa3Ka CUCTEMHU
Cu-Sn 10 Ta micis 0OpoOKM METOJOM HEPI3KOr0 PO3MUTTS 3 3aCTOCYBaHHsAM Matpwili (9).
st inenTHdikaIii mop 3acTOCOBYBaBCs IHTEpPBaAJ 3HAUCHB rpajallii ciporo koisopy Bix 0 10
50. Anaiiz PEM 300paxenHs yotupudaznoro 3paska cucremMu Cu-Sn Ha BMICT TTOp IMOKa3as,
mo 70 OOpOOKHM METOJIOM HEPI3KOTO PO3MHTITSA 3 3acTOCyBaHHAM MaTpuili (9) B 3pasky
Mictinocs 38 Takux IedeKTiB i3 CepemHBOI0 IUIOME0 52.8 MKM®. 3a3HAYMMO, WO B
pPO3paxyHOK Opamucs AePeKTH po3Mmip sSKuX OUThIMK 3a 15 mikceniB, a mmicist 0OpoOKH
300paKEHHSI METOJOM HEPI3KOTO PO3MUTTS KUIBKICTh JMe(eKTiB ckiana 53 i3 cepeaHbOr0
monero 43.8 Mrm’.

Taxum uymaoMm aHamizs PEM 300paxenHs dotupudasHoro 3paska cuctemu Cu-Sn
MoKasaB, IO Ticis oOpoOku MeTogoM ['aycoBOro po3MUTTS 3 3aCTOCYBaHHSIM Matpwili (2)
BHJIUICHAa 00JIaCTh CTaja OUThII PIBHOMIPHOIO IO PO3MOJIUTY I'pajalliii ciporo koymopy. o
00poOKM BiHOCHA IUTOIIA BHIUICHOI oOmacti ckiamana 18,4%, miciss oOpoOKM MeToa0M
l'aycoBoro po3murts BoHa ckiana 22,3%, IO JOCUTh CYTTEBO 3MIHIOE pe3yJabTar
imentudikarnii ¢asu. Takoxx PEM 300paxeHHs Oyjao MPOaHATI30BAaHO HA BMICT ITYCTOT
(medekTiB), Ta BIUIMB METOMIB O0OpOoOKH 300pakeHb Ha pe3ylIbTaTH aHaNi3y. byio
BCTAHOBJICHO, 10 monepeans oopooka PEM 300paxkeHHsS METOIOM HEPI3KOTO PO3MUTTS 3
3aCTOCYBaHHSIM Matpuili (9) CyTTEBO TOKpallye pe3yiabTaTH aHalidy pO3MIpiB Iop, 3a
PaxyHOK OUIbII KOPEKTHOTO BUAUIEHHS TPaHHIb TIOP.

- N 2 L3
e e o

%

a 0
Puc. 4. PEM 300pakeHHs 4oTupudazHoro 3pazka cucreMu Cu-Sn 3 BUIUICHUMH JIe)eKTaMu
1o (a) Ta miciis (6) 00poOKH METOI0M HEPIZKOTO PO3MUTTS

BucnoBku

Y po0oTi mpoaHaIi30BaHO 3aCTOCYBAaHHS METOJIIB MOTEPEIHLOI 00pOOKH 300paKeHb,
0 OTPHMAaHI 13 PacTPOBOTO EIEKTPOHHOTO MIKPOCKOIIA, B MPOIeCi TOCTIKEHHS (a30BOTO
CKJIaJy Ta BH3HAUCHHS pO3MOAUTYy TOp y uoTHpudaszHoMy 3pa3ky cuctemu Cu-Sn.
[IpoanasnizoBaHO 3aCTOCYBaHHS METOIY [ aycOBOTO PO3MHUTTS, METOAY HEPI3KOTO PO3MHUTTS
JUIST BUAUICHHS MeX (a3 Ta MABHINCHHS pPI3KOCTI KOHTYPIB TYCTOTHHX JC(EKTIB.
Po3pobieHo anroputMu momnepeaHboi 00poOKH 300pakeHHS 3 BUKOPUCTAHHSAM BiIOBIIHUX
MaTpuYHUX (QITBTPIB.
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[Tokazano, Mo Ha pe3yabTaTH aHAII3Y IUIONI (a3 BIUIMBAE HASBHICTH OUIOTO MIyMy B
PEM 3006paxennsx. s toro mo0 mo30ytucs Outoro mymy OyJ0 3acCTOCOBAaHO METO]
['aycoBoro po3MHTTS, SIKMH YCEpeIHIOE 3HAUY€HHs TIpajalii CIporo KOJbOPY B IMIKCEIsAX
300paKe€HHS BITHOCHO iX OTOYEHHS, 1110 JIa€ 3MOTY MOKPALIUTH PE3yAbTaT PO3PAXyHKY ILIOL]
¢as.

Y pob6oTi mokazaHo, 1o TomepenHs oO0poOka 300pakeHb YOTUPH(DA3ZHOTO 3pa3Ka
cuctemu Cu-Sn MeTOqy HEpI3KOTO pO3MUTTS Ja€ 3MOTY IMOKpAaIIUTH 1I1eHTU(IKALII0
TONOJIOTTYHUX Je(eKTiB. 30Kpema, OylI0 3’sCOBAHO, 110 32 PaXyHOK 30UIbLIEHHS JOKAIBHOTO
KOHTPAcTy B peE3yJbTaTl 3aCTOCYBAaHHS METOJY HEPI3KOTO PO3MHTTS 3pPOCTA€E TOYHICTHh
aHayizy nyctoT Ta nop Ha PEM 300pakeHHSX, OCKUIbKM rpaHuul nux aedexris Ha PEM
300pa)KEHHSX CTAIOTh MEHII PO3MUTHMH.
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ELEMENTS

Abstract. The paper describes the effect of pre-processing images of a four-phase sample of the
Cu-Sn system obtained from a scanning electron microscope on the analysis of structural elements.
Preliminary image processing was carried out using Gaussian and non-erosive methods. The image
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processing algorithm using matrix filters is described. The expediency of using each of the methods of
pre-processing images for analysis of various types of structural elements (calculation of phase areas
and determination of the number and calculation of the sizes of structural defects) has been analyzed.

Introduction. Image processing plays a significant role in computer analysis of digital images,
in particular in recognizing image fragments. It is worth noting that in the case of considering the
image as a two-dimensional signal (When an image can be described by a function whose value
depends on two spatial coordinates), an important stage in the processing of images is the selection of
useful information. Various pre-processing algorithms allow you to change the image so as to simplify
the selection of a useful signal.

Procedures of image processing and analysis contain a pre-processing step in their structure,
which includes smoothing, noise filtering, sharpening and contrasting. In addition, pre-processing of
images includes correction of non-linearity of the semsor, brightness, contrast, elimination of
geometric distortions, the selection of certain objects relatively to the background. Effectiveness of the
stage of the previous (primary) image processing has a significant effect on the result of the
subsequent stages of image processing, including segmentation, morphological analysis and pattern
recognition.

During the process of detecting in a bitmap electron microscope, the received signals impose
different noise on the received images due to the scattering of electrons at the boundaries of structural
elements (for example, the different phases of the investigated alloys) and volume defects (for example,
due to scattering at topological inequalities near pores or cracks). Therefore, the application of
different methods of pre-processing images plays an important role in improving the analysis of
various types of structural elements and defects.

Purpose. The main purpose of the work is to study the effects of various types of previous digital
image processing of samples taken on a scanning electron microscope (SEM) on the results of the
analysis of these images, as well as direct implementation in a single application of the basic methods
of preprocessing and subsequent analysis of SEM images.

Results. The paper proposes methods of preliminary processing of images obtained from a
scanning electron microscope for the study of a four-phase sample of a Cu-Sn system with bulk
defects. The application of the Gaussian blur method, the method of unsteady blurring for the
separation of phase boundaries and the sharpening of the contours of cavity defects has been
analyzed. To do this, algorithms for pre-processing images using various matrix filters were
implemented.

Conclusion. It is shown in this paper that the use of matrix filters for the pre-processing of SEM
images can significantly improve the results of their analysis.

1t is shown that the results of calculating the area of the phases are influenced by the presence
of white noise in the SEM images. To eliminate the effect of white noise, the Gaussian blur method is
used, which averts the value of the grayscale of the image peaks relative to their surroundings.

The work demonstrated that the preliminary processing of images of a four-phase sample of the
Cu-Sn system by the method of non-erosive blurring makes it possible to improve the identification of
voids defects: pores and cracks. In particular, it was found that the after increasing the local contrast
the accuracy of the analysis of three-dimensional defects on SEM images was increased as well. In
this case, the boundaries of hollow defects on the SEM images are blurred, and the method of erosive
blurring improves the process of their selection.

Key words: methods for image processing, scanning electron microscopy, Gaussian blur,
unsharp masking.
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PO3B’S13YBAHHSA ITPUKJIATHUX 3AIAY YMOBHOI OIITUMI3AIIIL 3A
JOIMOMOI'OIO METOAIB POUOBOI'O IHTEJIEKTY

Anomauin. Y pobomi poszensnymo memoo 6axmepianvhoi onmumizayii i memoo onmumizayii
32paclo  806Ki8, AKi BIOHOCAMbC 00 Memooi@ pouo8o2o IHMenNeKmy, a MmaKkodc Memoo
oughepenyianvroi esomoyii. Jlani memoou 6i0HOCAMbCsL 00 OIOIHCHIPOBAHUX AN2OPUIMIE ONMUMIZAYIL,
AKI THMEHCUBHO PO36UBAIOMbCSL 8 OCMaHKI poku. Memoio danoi pobomu € 3acmocysants mMemooia
POU08020 THMENEKMY ma Memooy OupepeHyianvHoi egomoyii 00 po36 u3V6aHHs 3a0ay YMOSHOL
onmumizayii inxcenepHozo cnpamyeanusa. Hasedeno nocmanosky npuxnaouux 3aoau onmumizayii
KOHCMPYKYIL pedykmopa i KOHCMPYKYIl HAMAXCHOI/KoMnpeciinol npyaxcunu. s ix uucenvHozo
D038 A3Y6AHHS GUKOPUCTIAHO MemoO wWmpapHux @yHKYid, AKull noaseac y nepexodi 00 3a0aui
besymosnoi  onmumizayii.  Ilpoeedeno  NopisHAHHA — HAOIUICEHUX — PO36 SI3Ki6,  OMPUMAHUX
PO32IAHYMUMU  MeMOodaMu  polio8o2o iHmenekmy i Memooom ougepenyianvhoi esonoyii, ma
PO38’A3Ki6, OMPUMAHUX THUUMU agmopamu. Bemanoesneno egpexmusnicms 3acmocy8ants 3a3HAYEHUX
Memo0dig 00 3a0ay makozo Mumny, OCKiIbKU 60HU He HAKIAOAIoMb 00MediceHb 00 8u2niady Yiibosoi
@YHKYIT, WO 6adNCIUBO NPU GUKOPUCMAHHI WMPADHUX QYHKYIL, I 3a2COU 3HAXOOMb HAOIUICEHUL
27100aNbHULL MIHIMYM.

Knrouoei cnosa: memoou poiiogozo inmenekmy, memoo OaKmepiaibHoi onmumizayii, mMemoo
onmumizayii 32pacio 806Kie, Memoo oughepenyianbrol esontoyii, 3a0aua yMosHol onmumizayii.

Beryn

Po3p’a3yBaHHs 0OaraTbOX akTyaJlbHUX MpoOJeM B pI3HUX [PUKIAJAHUX Ta
dbyHIaMEHTATBPHUX HayKax 3BOJAUTHCS 10 3a4ad riao0anbHOi onTuMizalii. YucenbHl MeToau
ONTHUMI3allll MOKHA YMOBHO PO3AUIMTH Ha JIETEPMIHICTUYHI 1 CTOXacTUYHI. JleTepMiHICTUYHI1
METO/IY, K [IPaBUJIO, BUMAaraloTh 3HAXOKEHHS IpajieHTa LUIb0BOT (QYHKIIIT Ta 3ajexarb BiJ
BUOOpPY MOYATKOBHUX 3HaueHb. OAHAK LLIbOBA (QYHKLIS y 3aJayax IJ100agbHOT ONTHUMI3aIii
Moxe Oyt HeaudepeHIIHOBHOIO, PO3PHUBHOIO, MYJIHTUMOJAIBHOK, ab0 HE MaTh
AQHATITHYHOTO OMHUCY, TUM CaMHUM YCKJIQJHIOIOUM PO3B’s3yBaHHs 3amadi. Jyis epexTuBHOTO
PO3B’s13yBaHHS MOAIOHMX 337a4 BUKOPUCTOBYIOTh CTOXACTUYHI METOJMH, SIKlI HE HAK/IaJaloTh
JOTATKOBUX 0OMEXEHb Ha TOCTAaHOBKY 3ama4i [ 1-2].

CroxacTH4H1 ONIYKOB1 aJITOPUTMHU TOYaIN IHTEHCUBHO po3BuBaTucs y 1980-x pp. [3].
Cepen Takux alropuTMIB Ba)JIMBE MICIE NMOCIAAIOTh aTOPUTMHU, HATXHEHH] pupoaoto. e
y cepeauHi MuHynoro ctoiirta J[. Xosmana ymepiie 3amporoHyBaB BHKOPHCTOBYBATH
MEXaHI3M €BOJIIOLII OPraHiyHOro CBITY U1 ONTUMI3alli TexHIYHUX cucreM. [li3Hime
3’SIBUJIMCS 1HIII aJITOPUTMH, 3aCHOBAHI1 Ha 17I€1 «IIPUPOJIHUX 00UKCIIEHbY. 3 IBUBCS HAIIPSIMOK
— poroBHii 1HTENEKT. JI0 HHOTO BIIHECITH TaKl MOHSATTS, SIK «MYPAIIMHUN» Ta «OJKOJTHMHUI)
piii, @ TaKOX AJIFOPUTM POIO YaCTUHOK [4].
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PoiioBuil iHTenekT (anria. Swarm intelligence) omucye KOMIUIEKCHY KOJEKTHUBHY
MOBEAIHKY JIELEHTPaIi30BaHOT CUCTEMH, 110 CaMOOpraHizoByeThcsi. CUCTEMHU KOJEKTHBHOIO
IHTENEeKTY, K MPaBUJIO, CKJIAJAIOThCS 13 MHOKMHU areHTiB (OaraToareHTHa CHCTEMa), 110
JIOKAJIbHO B3a€EMOJIIIOTh MDK CO0OOI0 Ta 3 HABKOJIMIIHIM cepeoBuieM. Cami areHTH 3a3BUYaii
JIOCUTD IPOCTI, ajie BC1 pa3oM, JOKaJIbHO B3a€MO/IIF0YH, CTBOPIOIOTH TaK 3BaHUM KOJEKTUBHUN
iHTeNneKT [S]. el iX moBeniHKu BUXOIATH BiJ MPUPOAH, a 0COOIUBO, Bif 010J0TTYHUX CHCTEM.
KoxeHn areHT ciinye Aye NPOCTHM IpaBWJIaM 1, HE3Ba)KalOUuM Ha Te, LI0 HEMAE SKOICh
[EHTPaATI30BaHOI CUCTEMHU YIPaBIIHHSA, MOBEAIHKH, fAKa O BKa3zyBaJia KOKHOMY 3 HUX Ha Te,
oo WOMy Ciifi poOWTH, JIOKaJIbHI 1, B JNEAKIA MIpl, BUMAIKOBI B3a€MOJIl MPU3BOIATH 0
BUHHUKHEHHSI IHTEJIEKTyaJbHOI TJ100adbHOI MOBEIIHKH, HEKOHTPOJIbOBAHOTO OKPEMHMHU
areHTaMu.

Anroput™mu, 3aCHOBaH1 Ha METO1aX POHOBOIO IHTEJIEKTY HaJleXKaTh J10 OUTbII IMPOKOTO
KJj1acy 0101HCTIIpOBaHUX aIropUTMiB. BloiHCIIpOBaH1 aNrOPUTMHU CTAHOBIATH OUIBIIICTH YCIX
QITOPUTMIB, HAaTXHEHHUW Npupojoro. TakuM YMHOM, MOXKHA CKas3aTH, IO aJIrOPUTMHU,
3aCHOBaHI Ha METOJAaX POMOBOTO IHTEJIEKTY € MIIMHOKUHOIO OI01HCIIIPOBAHUX AJTOPUTMIB, B
TOM Yac sK OIOIHCHIPOBAaHI  aNrOPUTMH € MIIMHOXHHOIO aJIrOPUTMIB, HATXHEHHUX
MIPUPOJIOIO.

Jlesiki 6101HCTIIPOBAH1 alTOPUTMU HE BUKOPUCTOBYIOTH pOiOBUH 1HTENekT. Hampukmnarn,
T€HETUYHI AITOPUTMH — O10THCIIIPOBaHI, ajieé HE Ha OCHOB1 poiioBoro iHTenekry. [IpoTe He Tak
Jerko kinacu(ikyBaTu MEBH1 aITOPUTMHU, TakKl K METOJ AuQepeHialbHOl eBooLii. Meron
mudepeHITiaabHOT €BOJIOIIT HEMA€E TMPSIMOTO 3B 3Ky 3 Oy1b-SKOI0 010JIOTTYHOIO IMOBEAIHKOTO,
ajie BIH Ma€ JIeIKYy CXOXICThb 13 T€HETUYHUMU aJTOPUTMaMM, a TAaKOXXK Ma€ KIIOYOBE CIIOBO
«EBOJIIOLIS1», TOMY HOTO MOYKEMO BITHECTH JI0 KaTeropii 6101HCIIpIpOBaHHUX AJITOPUTMIB.

O06’exTOM AOCHTIPKEHHS Y pOOOTI BUCTYIATh O101HCIIPOBaH1 aITOPUTMH ONTUMI3AILL].

Metoro naHoi poOOTHM € 3aCTOCYBaHHS METOJIB POMOBOrO IHTEIEKTY Ta METONY
nuQepeHLiaabHOI €BOJIOLIl 10 PO3B’s3yBaHHS 3aJad YMOBHOI ONTHUMI3allil 1HXEHEPHOTO
CHpPSIMYBaHHS.

1. Onuc MeToaiB poliOBOro iHTEIEKTY

Hexaii sanana ninsoBa dymkuis f(x)=f(x,x,,...,x

n

) Ha MHOHHI JOMYCTUMHUX
3HaueHb D C x". HeoOxinHO 3HAaWTH yMOBHMM I7100aNbHUN MIHIMyM QYHKUIl f (x) Ha
MHOXHHI D, TO6TO 3HAHTH Taky TOuKy X €D, mo:
f(x*):r){léian(x). (1)
ne x=(x,%,....x,) , D={x|x ela,b],ie L,n}.
3amaua MouIyKy MakcuMyMmy QyHKIIi f(X) 3BOIUTHCS 10 3a7adi MOUIYKY MIHIMYMY:
() =max f(x) = = min(~f (x)).

Memoo o6axkmepianvnoi onmumizayii / mMemoo onmumizauii nepemiieHHAM
oaxmepin (bacterial foraging optimization algorithm) 3acHoBaHMiI Ha MOJEIIOBaHHI
noBeiHKu ogHOTO Buny Oaktepid — E. Coli, sika € oaniero 3 HaitOUIbn BuBYeHUX. [laHuii
Meton OyB 3anpononoBanuil Jliy (Liu Y.) 1 ITaccini (Passino K.M.) y 2002 p., 1 moaemntoe
XEMOTaKCUYHY MOBEIIHKY OakTepiil, sIKI pyXaroThCsl MiJ BIUIMBOM IIOKMBHUX PEYOBHH,
MPUCYTHIX Y HABKOJIMITHBOMY CEPEA0BHILLL.

BuxopuctoByroun MexaHI3MM IepecyBaHHA (Takui SIK JDKTYTUKH) OakTepii MOXKYTh
MepeMillyBaTUCSl y HaBKOJMIIHBOMY CEpEIOBHUIII, SK XaOTHYHO (IepeKkupaTucs 1
obepraTucs), Tak 1 COpsAMOBaHO (IJIaBHO). 3aJ€KHO Bi MDKOAKTepladbHOT B3aEMOII,
OakTepii MOXYTb pOITHCS HaBKOJO JKepena DKl (TOOTO mpurAratucs), 1/abo MOXKYTh
OOpOTHCS OJIHA 3 OJTHOIO (TOOTO BIAIITOBXYBATHCH ).
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ANropuT™M BUKOPUCTOBYE HACTYIIHI TPU MPOLIECH:

1) xemotakcuc — OakTepii pyXawTbCsl M1 BIUIMBOM IOXUBHUX PpEYOBHH 1
MDKOaKTepiaabHOT B3aEMO/IIT;

2) penpoaykiis — jguiie Ti 0akrepii, siki Oynu eeKTUBHI MPOTIATrOM iX KUTTS, MOXKYTh
MOTPAIUTH Y HACTYITHE MOKOJIIHHS;

3) BUJANEHHSA-PO3KUA — 13 MaJlol0 HMOBIPHICTIO JesiKi OakrTepii 3aMIHIOIOTHCS
0akTepisiMH, Kl 3reHepOBaHi BUIIaJKOBUM YHHOM.

XKutrezgatHicte OakTepidd, 10 BUKOPUCTOBYETHCS B aJIrOpPUTMI O3HA4Yae, sIK OaraTo
0aKTepis MOXKE CIIOKUTH MOKUBHUX PEYOBUH MPOTATOM KHUTTS 1 HACKUIbKU €(pEKTUBHO BOHA
MO>Ke O0pOTHCS 3 LIKIUIMBUMH PEYOBUHAMU.

Anroput™m MeToly 6akTepiajibHOT ONITUMI3aLlll MOXKHA 3alMCaTH Tak [6]:

1. Inimianmizamis
1.1 3amaeMo mnapameTpu NPHUTATYBaHHA «,,.,[3,, Ta BUIITOBXYBaHHI «

repel >

B,opers T@paMETp & JUIs TeHepauii HOBOI mo3uiii Oakrepii, HMOBIPHICTH
BUJIAJICHHA - po3KUAy DPom > npu qyoMy
0<a,, <L0<p,, <1,0<a,,, (LB, )0.0<5<1.

[Ipu manux 3HayeHHsSX [, 1 BEIMKUX 3HAYEHHSX [, TOMYJALIS CXUIIbHA

attr repel
J0 BCJIIHNKOI'O p03CiIOBaHH$I y HpOCTOpi IOIIYKY, a IMPHU BCIWMKHUX 3HAYCHHAX

By 1MAIUX B, TOMYJSILIsS CXHIIbHA 110 TPYITyBaHHS y HEBEIMKHX 00J1aCTsIX

MOILIYKY.
1.2 3amaeM0 MakCHMaJIbHE YUCIIO iTepaliii BUIATEHHA-PO3KULY N, , PEIpOayKIii
N, xemotakcucy N, piBHOMIpHOTO pyxy N . , po3mipy nomymamii K,

JOBXXUHY BEKTOpY MO3uIii Oakrepii M , MIHIMaJIbHUX 1 MaKCUMalIbHHUX

3HA4YeHb JUIs BEKTOPY MO3MIIii x"].”i” X7 jelLM .

1.33anaemo uimeoBy oynkuito:  f(x)=f(x)+f, (x) > min, ne f(x) -
(dakTruHa 1MiTboBa (QYHKINIA, sIKa BIIOOpakae KUTBKICTh CIOKHUTHX MOKUBHUX
peuoBuH, f,(x) — moxarkoBa HiTbOBA (YHKIis, sika BiLoOpaxae B3aEMOJII0

OakTepii 3 IHIIMMU OaKTepiiMH,

K K M 2 K M 2
f‘2 (X) ZZ‘]('x’xj):_aattrzeXp _ﬁattrZ(xj _xij) +arepelzexp _ﬁrepeIZ(‘xj _‘xij) ’
i=l i=1 j=1 Jj=1

i=l1
1€ X — BEKTOp MO3ullii 6bakTepii.
1.4 CtBOpeHHs BUIIaJIKOBUM YMHOM BEKTOPY Kpaloi HO3MII:

*_ * * ¥ _min max min
X —(x],...,xM),xj—xj +(xj —X] )-rand().
1.5 CrBoproeMo BUXIAHY HOMyJALi0 P :

1.5.1 Howmep 6aktepii £k =1,P =%.
1.5.2 BunaakoBUM YMHOM CTBOPIOEMO BEKTOP MO3ULII X, :
X, = (xk],...,ka),
_ min max __ min\
Xy =X; +(xj X ) rand() .

1.5.3 SMxmo x, ¢ P, 10 PzPu{xk},k=k+1.

1.5.4 Sxmo k<K , To mepeiinemMo Ha Kpok 1.5.2.
2. Homep kpoKy BUIANECHHA-PO3KUY 1, = 1.

27



ISSN 2076-5886. Bicnux Yepracvkoeo ynieepcumemy. 2017. Ne 1-2

3. Homep kpoky penponykuii n,, =1.
4. XeMOTaKCHC:
4.1 Homep kpoky xemoTakcucy n, =1.
4.2 Homep Oakrepii k =1.
4.3 Ston. zf(xk).
4.4 Homep KpOKy pIBHOMIPHOTO PyXy 7 =1.

4.5 XaotnyHuit pyx (reHepairis BEKTOpy mo3umii x"

swim

W

BIJl BEKTOPY X, ):
451 X =x,+8-(x)" —x")(~1+2-rand (), jel,. M
X} = max { xfi" ,x;ew} ,X;" =min { xf"x,x;ew} jelLM
4.6 Sxmo f(x”"w) < f(x,), 10 X, =x"", mepexix Ha Kok 4.8.
<N,

swim 2

4.7 Slxmo n T0 n,. =n_ . +1,0epexinHa Kpok 4.5.

Sswim Sswim Swim
4.8 Sxmo k< K ,T0 k=k+1, nepexin Ha Kpok 4.3.
4.9 Slxmo n, < N,, 10 n, =n, +1, nepexig Ha Kpok 4.2.

5. Busnauutu Halikpaiy OakTepito 3a 3HaU€HHSAM I[UIbOBOT (PYHKIIIT

x = argminf(xk) .
k
6. Sxumo f(xk*)<f(x*), TO X =x..
7. Penpomykiris:
7.1 OGUUCANTH KUTTE3AATHICTH OAKTEPIi:

NC
S =Y., ke LK
n.=1 ‘
7.2 YnopsakyBatiu P 3a JKUTTE€3aTHICTIO, TOOTO S, <S§, ;.
7.3 bakrtepii 3 HaWOLIBIIOW >KUTTE3AATHICTIO TTOMHUPAIOTh, a KOXKHA 3 THX, SKI1
3aMIIMINCH AUIMThCA Ha JB1 6akTepii, T0OTO X, =X,k LK /2.
—+k
2
8. dxmo n,<N,,T0 n,=n,+1, nepexix Ha Kpok 4.
9. BunpaneHHSA-pO3KU/I;
9.1 Homep Gaxkrepii k£ =1.
9.2 dxmo rand() < p,, , T0o GaKkTepid IHINIATI3YETHCS, TOOTO
X, =x" +(x;7””‘ —x" ) and(), jel,M .
9.3kmo k< K,T10 k=k+1 , mepexig Ha Kpok 9.2.

10. fxmo n, <N, ,TO n,, =n, +1, nepexia Ha Kpox 3.

Po3B’SI3KOM € X .

Memoo onmumizauii 32pacto 6oekie (wolf pack search) zampomonoBanmii y 2007 p.,
Horo ifes 3amo3uyeHa 13 coliaIbHOT MOBEIIHKY 3rpai BOBKIB. [Ji1 BOBKIB TUIIOBUI CiIMEHHUN
CHOCI0 KMUTTSA: BOHU KMBYTh 3TpassMM — CIMEMHUMH Tpylamu, IO CKJIAJAIOThCA 3 Mapu
«BOXakKiB», iX poOAMYIB, a TaKOXX CTOPOHHIX OJMHOKMX BOBKIB. Bcepenuni 3rpai
CIIOCTEPIrA€ETHCS CTPOTO OKPECIICHA l€papXis, Ha BEPIIHHI AKOT 3HAXOJAUTHCS «BOXKAK» 3Tpali,
HaAIpaBJIAIOUMN IHIIMX OCOOMH HA IMOUIYK KEPTBU. BOBKM «JOCHIIKYIOTH)» MICLEBICTh Ha
HasBHICTh 3700M4i, KOJIM XTOCh 13 HUX IIOYY€E 3alax >KepTBU, MOYMHAETHCA il momryk. Yum
CWIbHIIIE BIIYYBA€ThCSA 3amax, TUM OJMKY€ BOBKM J0 JXKepTBU. TakuM YHHOM, BOHU
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MEPEeMILYIOTHCS Y HalpsSIMKY MOCHJIEHHS 3amaxy »kepTBU. [Ipuuomy, BOBKM MOJUIAIOTHCS Ha
HEBEJMKI TIPyNH, 1 KOXHA rpyna 3JIHCHIOE IMOUIYK B SKOMYCh II€BHOMY HAaIlpsMKY,
BIIMIHHOMY BiJ HalpsMIB HIIUX rpyl. Y MIACYMKY, KOJIM OJHH 13 BOBKIB 3Hal/ie )K€PTBY, BIH
MOJ]a€ CUTHAJ «BOXKAKy» Ta IHIIWUM, MO0 MOIUIMTHCS 3700M4Y4I0 3 BOBKaMH 3i 3rpai [2, 7].
Merto1 onTuMizalii 3rpa€ero BOBKIB IMITY€E MPOLIEC iX MOTIOBAHHS.

[Ipunyctumo, 1o MICLEBICTh, /i€ MOJIOIOTh BOBKM — II€ TOIIYKOBAa 00JIaCTh y 3aaadi
ONTHUMI3allli, a 4YacTUHKM — 1€ BOBKU. Hexail cmouarky 3reHepoBaHo N BOBKIB B
€BKJIIZIOBOMY MPOCTOPI PO3MIPHICTIO d , TOOTO MO3MIII0 KOKHOIO BOBKAa IPEICTABICHO Y
BUJ1 BEKTOpA X, = (X,,...,X, ), AKHI BU3HA4Ya€ OT0 KOOPIUHATH B IIPOCTOPL.

TakuM uymHOM, 3rpas (NOMyJALiA) ABJISE€ COOOI0 MHOXHUHY MOTEHIIMHUX PO3B’S3KIB,
KOOpPJIMHATH SIKUX, OHOBJIIOIOTHCSI HAa KOKHIN iTepallii, TOKH He 3HaiAeTbCs ONTUMaJbHUN
po3B’si30k. LlimkoBa dyHKIisE f(x) XapakTepu3ye HACTUIBKH CHJIBHO BiIUYBA€ThCS 3amax
KEPTBH, KOOPJIMHATH >KEPTBU 1 € IIYKAHOIO ONTHUMAJIbHOIO TOYKOI. «BOBKM» BHUKOHYIOTH
MOIIYK ONTUMAJIbHOT TOUKU O0’€ITHYIOUHUCH Y TPYIHU, Kl PyXarmThCsl B PI3HUX HaIpsIMKax 1
O0OMIHIOIOTBCSI MDK 00010 1H(OpMaIIi€ro.

ANTrOpUTM MOIIYKY MOKHA 0XapaKTEepU3yBaTH 3a JOTIOMOT'0I0 TPbOX MPABUIL.

1. «BoBKk» 13 HallKkpalluM 3HA4E€HHSIM IUIbOBOI (DYHKI[Ii Ha JaHOMY KpOLl — BOXak.
Axmo Ha HACTYHHIN ITepallli 3HaWIeTbCs 1HIIA OCOOMHA 3 KpalmluM 3HAYCHHSM IUIOBOT
GyHKIII, HDK y BOXaka, TO 3rpasi «<o0upae» HOBOI'O BOKaKa BIIIIOBIAHO.

2. PemTa BOBKIB BMBYalOTh MICLEBICTh HA HAsBHICTb KEPTBH, f(X;) XapaKTepusye, K
CWJIBHO BIJUYBA€THCS 3allax >KEPTBU i-M BOBKOM. Toni BennunHa GBest XapakTepusye siK
CHJIBHO BIIUYBA€ETHCS 3amax KepTBU BOXKAKOM 3rpai.

3. Boxak 3rpai «1oB1IOMJISIE» PELITI «BOBKIB» y 3rpai PO CBOE MICIIE3HAXO/HKEHHS, K
HaNOMMXK4y B1JICTaHb JO JKEPTBHU, LI00 TI MEpeMillagucs B HampsMKy 10 Hboro. Ha mpomy
eTari Bo)Kaka po3TiIsifaioTh, K )KEpTBY, TOOTO LIk JI0 AKOi BapTO Habmu3utucs. Toxal BOBKU
3rpal NepeMilllylOThCS B HaNpsSMKy BOXaka 3 KPOKOM sSfep, IO CIOYaTKy BU3HAYEHO,

puUYoOMy d -a KOOpJMHATA i -TO BOBKA Ha k +1 - i iTeparrii 00paxoByeThCs 3a HopmMyIoro:

(Gbestt —x})
HGbest{'} - x5, H ’ (2)

k+1 _ _k
X, =X, Tstep:

ne Gbest; — d-Ta KoopaMHATA BOXKaKa, BU3HAYEHOTO 3a k TONEPEHIX iTepalliid, |||| —

HOpPMa JUIs [IPOCTOPY MOLIYKY.

Hugpepenyianvna eeontoyia (Differential Evolution) — anroputm 06araToBUMIPHOT
ONTHMI3allili, SKUA BITHOCUTBCS JO KIacy CTOXaCTUYHUX METOMAIB ONTUMizamii 1
BUKOPHUCTOBYE J€SK1 1/1€1 TeHETUYHUX AJITOPUTMIB.

Meton nudepeHuianbHOT €BOMIONIT MPU3HAYEHUNM JJIs 3HAXO/KEHHS TJ100aJbHOTO
eKCTpEMyMY HeIU(EepeHIIMOBaHNX, HENIHIMHUX, MYAbTUMOIAIBHUX (DYHKIII Big O6aratbox
3MmiHHUX. MeTon OyB 3anponoHoBanuii P. Cropaom 1 K. Ilpaiicom, a Bnepiie ony0aikoBaHuM
Humu y 1995 p. [3].

B nouarkoBoMy BUIUIAII, METOJ MOXXHAa ONHMCATH HACTYMHUM 4YuHOM. Crodatky
reHepyeThCsl JIesika MHOXKMHA BEKTOPIB, SIKI Ha3uBalOTh NoOKoJiHHAM. Ilix BexTopamu
PO3yMIIOTh TOYKHU #-BUMIPHOTO IIPOCTOPY, B IKUX BHU3HAuUEHA IIbOBA (QYHKIIS, IKY HOTPIOHO
MiHIMI3yBatu. Ha KoOXHII ITepanii MeTOJy TIeHEpyeTbCcs HOBE IOKOJIHHA BEKTOPIB,
BUIIAJKOBUM YHMHOM KOMOIHYIOYM BEKTOpH 13 HONEPEAHBOrO MOKOIIHHS. UYHCIO0 BEKTOpIB Y
KO>KHOMY ITOKOJIIHH1 OJJTHAKOBE 1 € OJTHUM 13 TTapaMeTPiB METOY.
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HoBe nokoJIiHHS BEKTOPIB T'€HEPYEThCS HACTYITHUM YMHOM. J[JI KOJKHOTO BEKTOpa X; 31
CTaporo MOKOJIHHSA OOMpAaEThCA TPHU PI3HUX BHUIIAAKOBHUX BEKTOPH V|,V, ,V; 3a BUKIIOYECHHS
CaMOT0 BEKTOPA X, , 1 FTEHEPYIOTh TaK 3BaHUI MyTaHTHHUI BEKTOp V.

Hag MyTaHTHUM BEKTOPOM BHKOHYETBHCSI OIEpallis «CXpELIeHHS» (Crossover), ska
MOJISITA€E B TOMY, IO JEsKI HOTO KOOPAMHATH 3aMIHIOIOTHCSI BIAMOBITHUMHU KOOpPJMHATAMMU
BUXIJHOTO BEKTOPY X, (KO’KHA KOOPJMHATA 3aMIHIOETHCS 3 JIESKOI0 HMOBIPHICTIO, sIKa TaKOX
€ TMmapaMeTpoM MeTOAy). BekTop, oTpuMaHWii MICsi CXPEIICHHS, HAa3WBAETHCS MPOOHUM
BEKTOPOM. SIKIIO BiH BUABHMBCSA KPAallMM, HDK BEKTOP X, (TOOTO 3HA4eHHs LIbOBOI (QyHKIII]
CTaJl0 MEHIIMM), TO B HOBOMY IIOKOJIHHI BEKTOP X, 3aMIHIOETBCA HPOOHUM BEKTOPOM,
1HaKIIe — 3aauIaeTses X, [3, 6].

Anroput™m MeToay AudepeHITIaTbHOT €BOJIOIIT MOYKHA 3alMCaTH TaK:

Kpok 1. [nimiamizanis
1.1 3agamo mapameTp KpOCHHTOBepa p°, mapameTpu 6 1 «a A
reHeparii XpoOMOCOMH, PUIOMY O € [0;1],ae [0;1] .

1.2 3agamo MakcuManbHy KUIBKICTH ITepauii N, poO3MIpHOCTI
nonymsuii K, JOBXHHU XpoMOCOMH M , MakCUMalbHE YHUCIO
pi3HUIL L, MIHIMAJIbHE 1 MaKCUMaJbHE 3HAYEHHS I XPOMOCOMH

min max -
XX, ,jel,M.
1.3 3amaeMo 1UIHOBY (PYHKITIFO, € X — XPOMOCOMA.
1.4 BumaagkoBum YAHOM CTBOPIOEMO Kpamry XpPOMOCOMY

x :('xl ""’xM)’ X, =x;" +(x;m—x;m")-rand(), ne rand() -
(GyHKIIIS, 1110 TIOBEPTAE PIBHOMIPHO PO3NOAUICHE BUIIAJAKOBE YUCIO B
nianasoi [0;1].

1.5 CrBOproemMo BUXIIHY MOMYJIALi0 P :

1.5.1 Homep xpomocomu k =1,P =%.

1.5.2 BunaakoBum YUHOM CTBOPIOEMO XPOMOCOMU
X, X, = (xk],...,ka),
Xy = X0 (X1 =X ) rand()
1.5.3 Sxmo x, ¢ P, 10 P= Pu{xk},k =k+1.
1.5.4 SIxmo k<K , To mepeiinemMo Ha Kpok 1.5.2.
1.6 Buznauaemo kparnry xpoMocomy 3a IUTbOBOIO (QYHKITIEIO
k™= argminf(xk).
Kpox 2. Homep 1repanii n=1.
Kpok 3. k=1.
Kpox 4. x*" =x, .
Kpox 5. Bukonaemo apupmMeTudHuii KpOCUHIOBED:
5.1 nBoe 6aThKiB 00MpaeMO BUMAJIKOBUM YHHOM
il= round(l +(K —1) . rand()), i2= round(l +(K —l) . rand()),
npu yoMy il #i2, ne round() — QyHKIis, Ka OKPYIJIIOE YUCIO J0O
HaNHOJIMKIOro LUIOTO.

30



Cepis «Ilpuxnaona mamemamuxa. Ingpopmamuray

5.2 BUKOHYEMO CXpEIIeHHsI JBOX 0aTbKiB, TOOTO ais OaThkiB il Ta i2,
HaIaIoK Oyze npejcTasieHuit (x50, ):

Xij =Xk +(1_xk)'xi2k’ O, =a4;0y; +(1_Uk)'0i2ka

ne a, — Bunankose yucio, a, €|0,1].

cur __ min __cur cur __ : max __cur
53 X; —max{xj X },xj —mln{xj X }

Kpoxk 6. ko f(xk* ) < f(x*) ,TO X =X,
Kpok 7. SIkmo n < N , 10 n=n+1, nepeltu Ha Kpok 3
Po3B’s3k0M € X .

2. ITocTaHOBKA NPUKJIATHUX 32724 YMOBHOI onTUMi3amil
3aoaua onmumizayii KOHcmpyKuii pedykmopa
3ajaya onTuMizalii KOHCTPYKLII peAyKTopa MoJArae y MiHIMI3alli Baru peaykropa
(puc. 1) 3 ypaxyBaHHSIM OOMEXEHb Ha BUTMHU 3YyOIL[IB KoJieca, MOBEPXHEBOi HAIpPYrH,
MOTIEPEYH1 BIIXUJICHHS BaJIIB 1 HAIPYTH y Bajax.
HaBenemo ocHOBHI KOHCTPYKTHBHI IMapaMeTpu penykropa [8]:

b — mupuHa oOmuUBKY (X, );

m — MOJyJb KoJseca (X, );

Z —4ucno 3y0iB KoJeca (x; — Iii1a 3MIHHA);

[, — NOBXKUHHM IEPIIOTrO Baly MUK ITiJIIUITHUKAMU ( X; );
[, — TOBYKWHM JPyroro Bajay MK INIAIIUIHUKAMHU (X, );
d, — niaMeTp nepioro Baiy (x;);

d,— niameTp npyroro Baimy (X, ).

BBenemo HacTymHI MO3HAYCHHS:

0, — hakTHYHA HAaNpyra BUTHHY 3y0iB MIECTEPHI;
P, — (bakTH4YHA NOBEPXHEBA CTUCKYBAJIbHA HAIIPYTa;

B — xoediieHT IPYKHOCTI (3JICKUTH BiJl MOYJISI IPYKHOCTI) ;
fi».f, — BioxuieHHs s Bamis 11 2;

P — nepenana cuna;
M g,MS — MOMEHTHM 3TMHaHHA Ta oOepraHHs it BamiB 1 1 2

M, = M2 +0.75M ;

W, , W, — cuia omopy nepepisy.
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Puc. 1 Koncrpykiis pexykropa [8]

[Ipu 1bOMy MOBHHHI BUKOHYBATHUCh HACTYITH1 OOMEKEHHS:

yMOBa BUTHHY: O, =——>=<k_.
m’z
. 2BM
0OMeKEeHHs HATPYTH TIPH CTUCHEHHI: p , = —ap <P
m’z

MiHIMaJIbHA KUTHKICTH 3y0iB: z >17.

. . b
BITHOCH1 YMOBH IIUPUHU OOIIUBKH: 5 < —<12.
m

yMOBa po3MIpy : m (z] +z, ) <160.
onepeyHe BIJIXMJICHHS Baja 1 yepes

1 P
=—.—L<f =0.001.
48 EI, Jo

nomnepeyHe BIJIXMJICHHS Baja 2 qepes
1 PL

— .22 < £ -0.001.
/2 48 EI, Jon

1

3aMacHUi CTaH HAIPYrH TSt Bay 1: Oy = — <k

3amacHuil CTaH HANpyry 1A Bayy 2: 0, = WZZ <k,.
x2

CTaH NPOAYKTUBHOCTI: d, > 5.
yMmoBH KoHCTpyKuii: 1.5d,+1.9</,1.1d, +1.9<,.

B pe3ynbraTi oTpuMaEeMo 3aauy HEJIIHIHHOT ONTUMI3aLii:

£(x)=0.7854x,x; (3.3333x; +14.9334x, —43.0934) ~1.508x, (x; +x )+

+7.4777(x2 +X; ) + 0.7854(x4x§ +x5x72) — min
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27
g (x): ——1<0,
XX X3
397.5
gz(x):xxzx2 -1<0,
17273
1.93x;
& (x) =" <0,
Xy X3 X
1.93
g4(x):xxx4—1£0,
2743747
2
g (x)= LO 74506 116 9x10° 1<,
110x] X, X,
2
g (x)= LO_ 1 795.0% |4 y57 5100 ~1<0,
85x XX,
X,
g7(x):2—03—1£0,
S5x
g8(x):x—2—1£0,
1
X
gg(x)—ﬁ—léo,
2
1.5x,+1.9
g (x) =227y <o,
Xy
1.1x, +1.9
g (¥) =22 _1<o,
Xs

26<x,<3.6,0.7<x,<0.38,
17<x,<28,7.3<x, <823,
7.8<x,<83,29<x,<39,50<x,<55.

3aoaua onmumizayii KOHCMPYKUIT HAMAHCHOYKOMNPECTIHOT nPYyHCUHU
3ajaya nojsArae y MiHIMI3alil Baru HaTsSKHOI/KOMIIPECIMHOT MPYKMHH, KOHCTPYKLIIO
SAKO1 HaBEJIEHO Ha pHC. 2, 3 ypaXxyBaHHSIM OOMEXEHb MIHIMAJIbHOTO BIIXWJIEHHS, HAIpyru

3CyBY, YacTOTH TIIEPEHANpPyrd Ta OOMEXKEHb 30BHIIIHHOTO JiaMeTpa 1 KOHCTPYKTHBHHX
3MIHHHX.

[lepepaxyemMo OCHOBHI KOHCTPYKTHBHI ITapaMeTpu:
e d — miametp apoty (x,);
e D —cepenHiil flaMeTp KOTYIIKH (X, );
e N — KUIBKICTh aKTUBHHX KOTYIIOK ( X; ).

HaBenemo MaremaTnuHy MOCTaHOBKY ITi€i 3a1a4i [9]:
f(x) = (x3 + 2))c2x]2 — min, 3)

[ToBUHHI BUKOHYBATHUCH HACTYITHI OOMEKEHHS:
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XX
o Bigxmwienns: g (x)= l—ﬁ <0,
178x,

B 4x; — x,X, N 1
12.566(x,x) ) —x  5.108x]

e Hampyra CTUCHEHHSA: g, (x) -1<0,

140.45x
e wacrora: g (x)=1-———""-"<0,
Xy X3
S X, +X
e 3oBHilHil giamerp: g, (x)= 21—5‘—1 <0.
| ad -
< o
NN NN NF
. VY o,
L J J W/ W/ /
X
_. ‘_

Puc. 2 KoncTrpykiis HaTsSKHOT/KOMIpeCciiiHOT IpyKuHU [9]

HuxHs Ta BEpXHs MEX1 IPOEKTHUX 3MIHHUX BUOUPAIOTHCSI TAKUM YHHOM:
0.005<x,<2.0,0.25<x,<1.3,2.0<x,<15.0.

3. 3acTocyBaHHSA PO3IJISTHYTHX MeTO/iB POHOBOIO0 iHTEJIEKTY /10 PO3B’A3YBaHHS
3aj1a4 YMOBHOI onTuUMi3auii

Jlnst po3B’si3aHHS HABEJNEHUX TNPHUKIATHUX 3ama4d  (2)-(3) BHKOPHCTAEMO METOJ
mTpadHuX QyHKLIH, TOOTO MepexoAUMO 10 eKBIBAJIEHTHOT 3a/1a4i 0€3yMOBHOI MiHIMI3aLlil:

F(x)zf(x)+5(x|X)—>min, xXeR", (4)

0,s2xkmoxe X,

Je 5(x|X ): — iHauKatopHa (QYHKIS MHOXHHH X , a MHOXHHa X

400, akuo x ¢ X.
BHU3HAYAETHCS OOMEKEHHIMH HEPIBHOCTAMH 1/a00 PIBHOCTSIMU.

Po3risiHyTi MeTonM poMOBOTO IHTENEKTY, a came: MeToJ OakTepiaJibHOiI OonTHMI3allii
(BFAO), meron onrtumizauii 3rpaeo BoBkiB (WPS), a Takox wmeron nudepenmianbHoi
esomonii (DE) Oymu peanizoBani y cepegosuiii MATLAB R2014b. IIpoeaemo
MOPIBHSUIbHUN aHalli3 JaHUX METOJAIB MpH PO3B’SI3yBaHHI NPUKIATHUX 337a4 YMOBHOI
ontumizaiii. [Ipu nbomy KoxkeH MeTos 3actocyBaiu 10 pa3iB, Ta oOupaiu Kpamuii pe3yinbTaT
cepell OTpUMaHUX.

Pesynbratu 0OYMCIIOBAJIbHUX EKCIIEPUMEHTIB Ul 3a/adyl ONTHMI3alli KOHCTPYKIIii
penayKTOpa, a TAKOX PO3B’SI3KH, OTPUMaHI IHITUMU aBTOPaMU HaBEJIEHO y TaouI. 1.
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Taomums 1
3MIHH1 KOHCTPYKIIIT
Meton filx)
X, X, X, x, X, X, X,

WPS 3.15750 | 0.709276 | 17.000000 | 7.442233 | 7.963778 | 3.350354 | 5.286743 | 2.9048¢+03
DE 3.23800 | 0.700381 | 17.00000 | 7.307671 | 7.803623 | 3.350870 | 5.286763 | 2.8954¢+03
BFAO 3.84610 | 0.665184 | 15.895074 | 7.700917 | 8.221207 | 3.430979 | 5311854 | 2.8295¢+03
Qkatl’ta[g] 3.50612 | 0.700006 | 17.000000 | 7.549126 | 7.859330 | 3.365576 | 5.289773 | 3.0081e+03
g‘]la“g 3.49565 | 0.700000 | 17.000000 | 7.300000 | 7.712038 | 3.343372 | 5.285352 | 2.9901¢+03
%‘rﬁg] 3.50000 | 0.700000 | 17.00000 | 7.30000 | 7.670396 | 3.542421 | 5.245814 | 3.0195¢+03

Pesynbratu oOYMCIIOBAJIbHUX EKCIIEPUMEHTIB Ul 3a/adyl ONTUMI3alli KOHCTPYKIIIi
HATSKHOT/KOMIIPECIMHOT MPYKUHHU, a TaKOXX PpO3B’SA3KH, OTPUMAaHl IHUIMMHU aBTOpaMH 3a
JI0IIOMOT'0}0 METOJy POIO YaCTOK, FEHETUYHOTO aJIrOPUTMY HABEJIEHO y Talml. 2.

Tabmums 2
3MIHHI KOHCTPYKIIT
Meron byx f(x)
X, X, X3

WPS 0.051350587825182 | 0.406569118257710 7.430889946267433 0.010110622691547
DE 0.050000000000000 | 0.374432870716765 8.546569316461159 0.009872455563440
BFAO 0.062236761287400 | 0.649865776615723 9.640590240821823 0.029301687855993
PSO(Ha and | 5177¢ 0.357644 11.244543 0.0126747
Wang) [10]
GA
(Coello) [10] 0.051480 0.351661 11.632201 0.0127048
Constraint
correction 0.050000 0.315900 14.250000 0.0128334
(Arora) [10]

OtpuMaHi pe3ynbTaTH MOKa3aldM, M0 MpPH pPO3B’A3yBaHHI 3a7adul ONTHUMI3aLil

KOHCTPYKUII peAyKTOpa Kpalui pe3yabTaT OTPUMAHO METOJOM OaKTepiaJbHOTO MOIIYKY, a
IpU pO3B’A3yBaHHI 3aJlauyl ONTHUMI3alil KOHCTPYKIIi HATSKHOI/KOMIPECITHOT NpYXUHU —
MeToqoM  audepeHimianbHoi  eBomtomii.  Takok  BapTo  BIAMITUTH, 1O  METOJIOM
nugepeHLiaabHOl eBOIONII 3HAWACHO ApYruid 3a 3HAUYEHHSM Kpaliui pesyapTaT 1 A
MOTePEAHBOT 3a/1a41.

MosxkHa 3pOOMTH BHCHOBOK, 110 METOJAU POHOBOTO IHTENEKTY MOXYTh €(EKTUBHO
BHUKOPHCTOBYBATUCH JUIsl PO3B’sI3yBaHHA 33/1ad YMOBHOT ONITUMI3aIlli, 30KpeMa 1 MpUKIaJHUX
3aa4 1HXKEHEepHro chpsMmyBaHHs. llpu npomy Oulbll €(QEKTHUBHUM BUSBUBCS METOJ
mudepeHIiagbHOl  €BOJIONI, SIKAW BIAHOCHTBCS 1O €BOJIOWHHUX ainroputmiB. OTxe,
PO3MIISTHYTI METOIM MPOJACMOHCTPYBAIM CBOIO €(PEKTUBHICTh M KOHKYPEHTO3IATHICTh IMpHU
PO3B’sI3yBaHHI CKJIAQJHUX ONTUMI3alIiHUX 3adad, 1 rnepeadavyaroTh MOJAIbIINNA PO3BUTOK,
30KpeMa y HaIpsIMKY €BOJIIOLIIHUX cTpaTerii popMyBaHHS MOMYJIALIIL.

BucHoBku

Y pob6oti po3riasHyTO OIlOIHCIIpOBaHI aIrOPUTMHU ONTHUMI3aIlli, a camMe MEeTOoJ

35




ISSN 2076-5886. Bicnux Yepracvkoeo ynieepcumemy. 2017. Ne 1-2

OakTepiaibHOT ONTUMI3AIIIl 1 METO/T ONITUMI3AIIli 3rpaci0 BOBKIB, SIK1 BIJHOCSITHCS 0 METO/IB
pPOMOBOTO IHTEJIEKTY, a TaKOX MeTOJ audepeHiiaapHoi eBoomii. JlaHi MeTou mpairoTh
OJIHOYACHO 3 BEJMKOIO KUIBKICTIO MOTEHIIMHUX po3B’s3KiB. KokeH po3B’S30K MOCTYIOBO
MOJIIIIYETHCS 1 OLIHIOETHCS, TAaKUM YHWHOM BIUIMBAlOYM Ha IOKPALIEHHS HACTYIHOIO
po3B’s3ky. llpeacraBieHO 3arajJibHHA OMUWC Ta MOKPOKOBUM aNTOPUTM IS KOXKHOTO
PO3IIIIHYTOTO METOTY, 3/IIMCHEHO X mporpamMHy peainizauito y cepenosuini MATLAB.

HaBeneHo mnocTaHOBKY MNpUKIAQAHUX 3a/ad  YMOBHOI ONTHMI3allli 1HXEHEPHOTO
CHpSMYBaHHS, 30KpeMa 3aJadl ONTHMI3alli KOHCTPYKIIl peayKTopa 1 3ajaya ONTUMi3allii
KOHCTPYKUII HaTsDKHOI/KOMIIpECiiHOT MpyXKuHU. /[ 4YuCeNbHOrO pO3B’SI3yBaHHS JaHHUX
3aJ1a4 BUKOPUCTAHO METO TpadHUX PYHKIIH.

[IpoBeneno oOuKCIIOBalIbHI EKCIIEPUMEHTH 3 MTOPIBHSIHHSA OTPUMAHUX PO3B’SA3KIB 3a]1a4
YMOBHOI ONTHUMI3allli PO3IISHYTUMU METOJaMU POHOBOIO IHTEJEKTY, a TaKOX IHIIMMHU
METOJIaMH PI3HUX aBTOPIB.

BceranoBieHo, 10 HaBeAEH1 METOJU POMOBOTO IHTEIEKTY Ta METOJ Iu(epeHIianbHOT
€BOJIIOIII MOX@HAa 3aCTOCOBYBATH JUIsl PO3B’A3YBAaHHS PI3HUX 32 CKJIAJHICTIO NPUKIAJHUX
3a7lad yMOBHO1 oOmnTUMi3allli. 3a3HayeHl METOAM HE HAKJIAJal0Th JKOJHUX OOMEXKEHb 0
BUIJISLY LUIbOBOI (DYHKIII, 1110 Ba)JIMBO NpU BUKOPHUCTAHHI IITpadHUX (QYHKUIH, 1 3aXKIu
3HAXO/JIATh HAOIMKEHUH 100abHUN MIHIMYM.

CnucoK BUKOPHUCTAHOI JiTepaTypu:
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—C. 96-103.
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SOLVING ENGINEERING CONSTRAINED OPTIMIZATION PROBLEMS WITH SWARM
INTELLIGENCE METHODS

Abstract. Introduction. Solving many of the actual problems in various applied and
fundamental sciences is reduced to the global optimization problem. The stochastic methods, which do
not impose additional restrictions on the problem statement, are used to effectively solve such
problems. Stochastic search algorithms began to intensively develop in the 1980's. Among such
algorithms, nature-inspired algorithms, take on an important place.

Swarm intelligence describes the complex collective behavior of a self-organized decentralized
system. Collective intelligence systems, as a rule, consist of a plurality of agents (multi-agent system)
that interact locally with each other and with the environment. The agents themselves are usually quite
simple, but all together, locally interacting, create the so-called collective intelligence.

Algorithm based on swarm intelligence methods belong to a wider class nature-inspired
algorithms. The bio-inspired algorithms make up most of the algorithms inspired by nature. Some bio-
inspired algorithms do not use swarm intelligence. The method of differential evolution is not directly
related to any biological behavior, but it has similarities with genetic algorithms, and also has the
keyword "evolution", so it can be classified as a category of bio-inspired algorithms.

Purpose. The aim of this article is to apply swarm intelligence methods and differential
evolution to the solution of engineering constrained optimization problems.

Results. The paper considers bacterial foraging optimization algorithm and wolf pack search
algorithm, which relates to the swarm intelligence, and differential evolution method. These methods
simultaneously work with a large number of potential solutions. Each solution is gradually improved
and evaluated, thus influencing the improvement of the next solution. A general description and step-
by-step algorithm for each method under consideration is presented.

The article presents the engineering constrained optimization problems, in particular problems
of tension/compression spring design and welded beam design. For the numerical solution of these
problems, the method of penalty functions is used.

Computational experiments were carried out to compare the obtained solutions of the
constrained optimization problems with the considered methods of swarm intelligence, as well as
other methods of different authors. The given methods of swarm intelligence and differential evolution
can be used to solve various on the complexity problems of constrained optimization, was defined.
These methods do not impose any restrictions on the objective function, which is important when using
penalty functions, and always find an approximate global minimum.
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Conclusion. Swarm intelligence methods can be effectively used to solve the engineering
constrained optimization problems. At the same time, the differential evolution method, which relates
to evolutionary algorithms, proved to be more effective. Consequently, the considered methods
demonstrated their effectiveness and competitiveness in solving complex optimization problems, and
foresee further development.

Key words: swarm intelligence methods, bacterial foraging optimization algorithm, wolf pack
search, differential evolution, constrained optimization problem.
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KPUTEPII ONITUMAJIBHOCTI B OJTHOMY KJACI HEIEPEPBHUX
BATATOETAIIHUX 3AJAY OIITUMAJIBHOT'O PO3BUTTA MHOKHUH

Anomauin. Y pobomi poszensnymo 0soxemanny 3a0ayy PO3MIWEHHS NIONPUEMCING 3
HenepepeHo pPO3NOOIIEHUM DeCypCoM, AK PI3HOBUO 3a0ayi ONMUMANLHO20 DO3OUMMSA MHOMCUH 3
POIMIWEHHAM YeHmpIe nepuioeo emany 6e3 oomedcenvb Ha ix nomyosicnocmi. Memoio danoi pobomu €
OMPUMAHHSL HEOOXIOHIX Ma OOCMAMHIX YMO8 ONMIMALLHOCII OISl 3A0a4i ONMUMATLHO20 PO30UmMmsL
MHOJCUH 3 PO3MIWEHHAM Yenmpie nepuiozo emany 0Oe3 obmedceHb Ha ix nomydxcnocmi. [ns
dgoxemannoi  3a0aui  po3miujeHHs NIONPUEMCME 3  HENepepeHO  PO3NOOLIEHUM  pecypcom
chopmynvosani HeoOXioui i docmamui ymosu onmumanvhocmi. Tlokasano, wo maxa zaoaua uepes
Gyuxyionan Jlaepansica modxce Oymu 36ed0ena 00 3a0ayi onmumizayii Heanaokoi QyHKYIl CKIHYeHHO020
YUCAA 3MIHHUX.

Knrwouosi cnosa: onmumanvie po3oumms  MHOJCUH, 3aA0adi  PO3MIUEHH-PO3NOOITY,
bacamoemanti 3a0ayi po3oummsi, Kpumepii OnmuMAaibHOCMi

Beryn

3 pO3BUTKOM BHUPOOHHUITBA Ta 1HQPACTPYKTYpU aKTyaJbHUMH CTAaHOBJISATHCS 3ajaadi
PO3MIILIEHHA-pO3N0AUTY [2, 7], B SIKMX, HallpUKiIaJ, MOTPIOHO 3HAWUTH HA JESAKIA TEepUTOPIil
ONTUMAJIbHI MiCL pPO3TalllyBaHHS MIIIPUEMCTB-BUPOOHUKIB 1 BHUSBUTH 30HH iX
0o0CIyroByBaHHsl Tak, 1100 MIHIMI3yBaTW TPAHCIIOPTHI BUTPATU Ha JOCTaBKY BUPOOJIEHOT
MPOAYKIIIT 10 crokKuBadiB. Ha JaHM MOMEHT iCHY€E JeKUIbKa MiAXOIIB A0 MOJICIIOBAHHS Ta
po3B’si3yBaHHS Takux 3aaad. OAMH 3 HUX NPUBOJIUTH A0 JUCKPETHUX 3a7ad PO3MIILIECHHS-
po3nojuty (Hampukiaa, 3agad po3MilleHHs Ha rpagi abo BuOIp MiClb pO3TallyBaHHS 13
3aJ1aHO1 CKIHYEHHOI KUIbKOCTI TOYOK), IHIIMH ONUCYE PO3MILICHHS MIANPUEMCTB Ha MEBHIN
TEPUTOPIT 3 YypaxyBaHHSIM HENEPEPBHOCTI PO3MOIUICHHS MPOAYKTY Y LbOMY pErioHi.
Po3poOka maremMatnyHuUX MoOJENEed Ta METOMIB TaKUX 3aJad € KOJOM JOCIHIKEHb
pI3HOMaHITHUX MaTeMaTtuyHux kil [3, 8-10, 12], 30kpema, HAyKOBOK IIKOJOK YJICH-
kopecnionzienTa HAH Vkpainu, nokrtopa ¢i3uko-maTeMaTUUHUX HAyK, 3aCIyXEHOro Aaifya
Hayku 1 TexHiku Ykpainu mnpocdecopa O.M. KicenpoBoi [4-6]. ChoromHI B paMKax BKa3aHO1
IIKOJIM TPOBOJATHCS JOCHIDKEHHs, MOB'A3aH1 3 MOJAJBIIUM Yy3arajJbHEHHSIM Teopii
ONTUMAJIBLHOTO PO30UTTSI MHOXMH (OPM) Ta po3noBClo/UKEHHSM ii Ha HOB1 KJIacu 3ajad.
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OpHuM 3 TakuX HanpsMiB € HerepepBHi 3agaul OPM npu HasiBHOCTI J0JJaATKOBUX 3B'S3KIB MIXK
LEHTPAaMHU, ypaxXyBaHH1 pi3HUX KaTeropid HEHTPIB, 10 PO3MILIYIOThCS, Ta IHIII.

Oxpemo HEOOXITHO BIJ3HAYUTH NEPCIEKTUBHICTh PO3IJIsAYy OaraTOETalHUX 3aj1ad
PO3MIILIEHHA  MIIIPUEMCTB 3  HENEPEPBHO-PO3MOJIUIEHUM  PECypcoM, SIK  PI3HOBH]
HenepepBHux 3anad OPM. Cepen aBTopiB, 10 3alMaiuCh IUCKPETHHUMH OaratoeTarmHuMU
3amauamu, ciin BysHaunTu B.JI. bepecnesa, E. X. I'imaxi, FO.A. KoueroBa, B.A. TpyOina,
J.b. FOnina ta inmux [3, 8-10, 12].

Jlana poOoTa € MOCHIIOBHUM IPOJOBKEHHSIM JTOCIIHKCHb, OB’ SI3aHUX 3 BHBUYEHHSIM
BlacTuBOCTel OaratoeranHux 3agad OPM Ta ix poss'sa3kiB. Brmepie, maremMatuyHi Mozeni
Takux 3aj1ad Oynau mpuseneHi B [7]. BoHu npezncraBisitoTh co0OI0 ABOETAIlHI HENEPEpBHI
3agaui OPM 3 po3MilleHHSIM LEHTPIB MEPIIOro €eTamy 1 BpaxoBYIOTb TOH (akrt, 110
MIANPUEMCTBA NEPLIOTO €Taly MaroTh OyTH MOB’SA3aH1 3 NIANPUEMCTBAMHU JPYroro eraiy.
Ocranniii (akt oOymMOBUB 1€ OAHY Ha3By Takux 3amad — 3amadl OPM 3 momaTtkoBuMH
3B’SI3KaMU.

Meroto 11i€i poOOTH € OTpUMaHHS HEOOXITHIX M JOCTAaTHIX YMOB ONTIMaJbHOCTI JJIs
3agaqi OPM 3 po3MilIeHHSM IIEHTPIB MEePIIOro eTamy 6e3 00MeKeHb Ha MOTYKHOCTI.

1. [TocTanoBKka 3agadyi ONTHUMAJBLHOIO PO30UTT MHOXHMH 3 J0JATKOBUMH
3B’ SI3KaMH

3MICTOBHY ITOCTAHOBKY 3ajadl ONTUMAJIBHOTO PO30UTTS MHOXKHUH 3 JOJATKOBUMH
3B'si3KaMu MOXkHa chopmymtoBaTu y Takui crioci6 [7, 11]. Hexait icHye nesike BUpOOHHIITBO,
noB's3aHe 3 cyO'ekTamu, sIKI MarOTh 30MpaTu (100yBaTH) CHPOBHHY BiJ IOCTAa4aJbHUKIB,
HENEePEepPBHO PO3INOAUICHUX B JIesKii 00sacTi €2, nepepoOsaTH ii 1 BIANPaBIATH AJis peaizaiii
(abo momanpmIOi TEPEepOOKH) B IMYHKTH, PO3TAIIYBAaHHA SKUX 3a3JaJieTib B1IOMO.
[lignpuemcTBa, 1O MEpepoOISAIOTs CHUPOBUHY, OyleMO Ha3MBaTH NYHKTaMU HEPBHUHHOL
nepepoOku abo MIANPUEMCTBAMHU IMEPILIOTrO eTamy, a MYHKTH MOJalbIIoi HepepoOKu —
HMIANPUEMCTBAMU Apyroro eramy. [Ipunyctumo Takox, 1o:

— TMOTYXHICT j-rO MIANPUEMCTBA JPYroro eramy BizomMa 1 JOPIBHIOE b;’ ,
j=L2,.,M;

— 3a11ac pecypcy B KOHIN Toull 001acTi { oLIHEHUH 1 ONUCYeThCs PYHKINIEIO P(x);

— Bimommii CHocib po3paxyHKy BapTOCTi JOCTaBKH OJMHHIN pecypey c, (x,7)),
i=1,2,....N — 3 TOUKH X B [lyHKT IEPBMHHOI IEPEPOOKH T, ,

: : 1 I 1 .
— BapTICTh [IEPEBE3CHHS OAMHHULI IPOAYKTY ¢, (7;,7; ) 3 IYHKTY IEPBUHHOI IIEPEPOOKH
I /4 ‘o . . . .
7, BIYHKT 7; TNPOMNOPLIiHA BIICTaHI MUK LIUMH IIYHKTaMH;
— KOXEH 0CTAa4aJbHUK CUPOBUHM X € () TOB'I3aHUMN TUIBKHM 3 OJHUM MIAIPUEMCTBOM

nepuioro eramy 7., i=1,N, AKuil B CBOW 4epry mae OyTH MOB's3aHHMil x04a 6 3 OJHHM

MIANPUEMCTBOM JIPYroro eramy r;' , j=LM.

OxpiM TOro, OynemMo BBa)KaTH, IO HOTYXHICTh i-r0 BHPOOHMKA IMEPUIOrO €Taiy
BH3HAYAEThCS CYMapHUM 3amacoM pecypcy B o001acTi, IO OOCIYroBYe€TbCS ITUM
MIANPUEMCTBOM, a HOTO MPUOYTOK 3a1€KUTh TUIBKH Bl TPAHCIIOPTHUX BUTPAT.

HeoOximHO BU3HAYMTH MICLsl PO3TAlllyBaHHS MiJIPUEMCTB MEPLIOro €Tamy, 30HHU
00CIyroByBaHHs JJIsl HUX Ta 00CATH MEPEBE3€Hb MK MIANPUEMCTBAMU MEPIIOTO Ta APYroro
eTarniB Tak, 100 3a0e3MeYnuTH MIHIMAJIbHY CyMapHy BapTICTh IOCTaBKU CUPOBUHU 1 KIHIEBO1
PO JTYKIIi.

MatemMaTUyHOIO0 MOJEIIIIO OMMCAHOI 3ajjaul € HACTYyIHA JIBOETAllHa HeNepepBHa 3a/1a4ya
PO30UTTSI MHOXKHH 3 PO3MIILIEHHSM LIEHTPIB MIIPUEMCTB MEPILIOTO €TaIly.
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Hexaii Q — 3amkHyTa, 0OMeXeHa, onykiia, BUMipHa 3a Jleberom MHOKHHA €BKJI110BOTO
N
n, . . . .
npocropy E"; ZQ MHOXHHA yCIX MOMJIMBUX PO30OUTTIB MHOXHHHU ) Ha N MiIMHOXHUH,
10 HE IEPETUHAIOTHCS, a CaAME:
N
N C e
D=9, 9,) Q= Qumes(Q, nQ,) =D, i = ji, j=1,..,N}.
i=l1
3agaua A. IloTpiObHO 3HaWTH Take po30UTTS MHOXHMHM () Ha N BuMipHUX 3a Jleberom
nigMHoxkuH Q,Q,...,Q, (cepea AKMX MOXKyTb OyTH M IOPOKHI), BU3HAYNTH KOOPAMHATH

t/,...,T), UEHTPIB IMX MiIMHOXUH Ta TaKi BETUIHHHA V,,,...,Vy,, , AKi 3a0€3MEUYIOTh MiHIMYM
(GyHKIIOHATY:
I I
FC,,.... Qb At e Ty s Ve Vi ) =
- I I oS i I 1 4 (1)
=2 el rhpGde+ 2 Y el G ey
=l i=1 j=I
3a yMOB
M -
Ip(x)dx = ZVU ,i=1,N, ()
Q J=l
- n
2V =b) j=1LM, (3)
i=1
N
Q,..Q1e) .
vl.;' >0,i=12,.,N, j=12,..N, 1’ :(T,',z'z',...,r,(,), 'l eQV.
Tyt x=(x",..,x")eQ; b;’ , j=1,M ,—3agani 1iicH1 HEBI'€MHI1 YHCTIA.

Oymkuii ¢ (x,7]), i=1,N — piiicHi, oOMeKeHi, BUMIpHI TI0 aprymMeHTy x Ha 2, Ta

onykiimo T uHa Q miseeix i=1,N; p(x) — niiicHa BU3HAY€HAa Ha MHOXMHI 2 QyHKIIis, 110

IHTerpyernes; r;' , j=1,M — 3amani Touku oGmacti Q, c;'(ri',r;'), i=LN, j=1LLM —
¢yHK1iT ckiHyeHoro yucia (NM) 3MIHHUX.

Tyt oOMexeHHs (2) BUCIOBIIOIOTH 0ajJaHC MDK MOTYXHOCTSIMH HIANPUEMCTB MEPILIOTrO
Ta JPYyroro €ramiB, OT>)K€ MalTh OyTHM BHUKOHAHI YMOBHU po3B'a3HOCTI 3amadi (1) — (4), sxi
BHU3HAYa€ HACTYyIHA JieMa.

Jlema 1. Hexaii, B 3amaui (1) — (4) I p(x)dx=S. Toxl, SKIIO BUKOHYETHCS yMOBA
Q
M
D b =S, T0 nomycTiMa MHOXKHHA PO3B’53KiB 3a1aui (1) — (4) € HENOPOKHBOIO.
Jj=1
Benemo xapakTepucTuuHy QyHKIIIO MIIMHOXKUHU Q; Y BUTJISIL
L xeQ,
A (x) = .
0, xeQ\Q., i=1,.,N.
Posrnssaemo dynKI1i0HAT

I(A(), 7] v)= ZN: J‘cl.' (x, 7)) p(x) A, (x)dx + iic; (/.7 W,

i-1 O i=l j=I
ne A(x)=(4 (%), Ay (X)), x€Q, 7/ =(1],... 7)€ QY , v=(v,.., vy, ) E RSy, -
OueBHIHO, 110 Ma€ MiCIl€ PIBHICTh
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I(A(), 7] v) =F({Q,,....Q,} ,{r]',...,r,'\,},{v”,...,vNM bR
[lepennmiemo 3amadyy A B TepMiHaX XapakTePUCTUYHUX (QyHKIIA A,(X) HIIMHOXKHHHU
Q,i= LN B HACTYITHOMY BUTJISIL
3anava b. 3naiitu
min I(AG), 7', v),

AQ)Th Y

IpU OOMEXKEHHAX

M —
j p(0)A,(x)dx=Yv,, i=L,N,
Q J=1

Jc

T ={20)= 4O iy (): 4 (x)=0V Li=LN, xeQ,

N
z&i(x)zl,xeﬂ}. ®))
i=l1
3amayua b € 3amauer0 HECKIHUEHHOBHUMIPHOIO MATE€MaTUYHOIO IpPOTpaMyBaHHS 3
OyieBumu 3MiHHUME A(-) . [lepetinemo Bin Hel 10 3aaa4i 31 3HaYeHHAMHU A(+) 3 Bigpizka [0,1].
Ed * .
3anaua B. 3maiitu A'()el,, 7, € Q¥ ny; € Ry, Taxi, mo

I(ﬂ,*(-),r,f,v;) = min I(A0), 7 ,v),

A()el,,t' eQN veRs,

ne
N
r, :{A(-):A, (-),...,AN(-):Ai(x)eF,z&.(x)zl,xeQ}
i=lI
L= {A) =(4 (s 2y ()0 A (X) <1, VxeQ, i=1,N}.
B [6] noka3zano, mo I', — omykmna, 3aMKHEHa, oOMekeHa MHOXHHA [ 'L1bOepTOBOrO
IPOCTOPY lev Q).
3po3ymiso, 1o

IAC),ti V)= . min Lrgir}z I(ﬂ,(.),r',v):i, (6)

N +
70 eQ” ,veRyy,

. . ‘o . ‘o . I N +
3rinHo 3 pesynbratiB [3-5] npu KoxkHiil QikcoBaniii mapi 7' €Q" Ta ve Ry,
BHYTpIIIHA 3a1a4a (6) miHiliHa BimHOCHO A(-) Ha I', 1 € rmobansHO po3B’sa3HOI0. Kpim ToOTO,

cepell MHOXHHU ONTUMAIBHUX PO3B’A3KIB 3a1a4i B € ontumanbHi po3B’si3ku 3a1adi b.
2. HeoOxiaHi i 1ocTaTHi YMOBH ONTUMAJILHOCTI

Jlis oTpUMaHHS HEOOXIIHUX 1 TOCTaTHIX YMOB ONTHUMAJIBHOCTI Juid 3a4a4di B BBenemo
¢yHkiioHan Jlarpanka B HaCTYTHOMY BUTJIAL
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L{AG), " v, P() = jZC (x,7, )p(x)l(x)dx+220”(rl,r W, +

Q i=l i=l j=1

zn( zv +b1)+ [yo (LA =Ddv+ D[ p(0)A,(0dv =3 v,) =

(7)
N N

= [ ey )P, (s + X Dl &) =, v, +

pa i=1 j=I
v v ]
+> 0" + j v, (O A, (x) - dx,

Jj=1 Q i=1

ne A()el, e, wve R;\F,M , Y(x),xeQ — Bexrtop-bpyakuia, Y()eA,

A={PO =W, Ow.m v () ely.w eEynek,}.
Ilapy enemeHTiB ( {/1*(-),1'*’ ,v*},‘P*(-) ) Ha3BeMO Ci/UT0BOIO TOUKo0 (yHKIioHATY (7) Ha

MHOJKHHI {F xQV xR}, } X A, SKIIO
LA OV PO < LAZ Ol 0) < LA v}, W' () s seix A() e,
eV, P(eA,ve R;\F/M abo

LA O V() = min [max L{2(). 7" v} ,‘P(-)):i -

{)v('),fl ,v}e,éfoN xRy LY ()eA

= max L min L({i('),T[,V}:\P(')):|

Y ()eA l(~),rl,v}eFxQNxR;\',I‘/,

Jlema 2. Jlnms Toro, mo6 mapa ({A(-)*,r’*,v*},‘P*(-)) € {FxQN xR;M}xA 6yna
CIJUTOBOIO TOUYKOK (yHKIIOHATY (7), HEOOXITHO 1 IOCTAaTHBO ICHYBaHHS TaKOTO, BIAMIHHOTO
BiJl TOTOKHOTO HYJIsI, BEKTOPA N ()(, 106 BHKOHYBAMCS yMOBH:

D LEA O 2" v Y () S LE2O T v P70,

({i(.),r' v} ‘P*()) € {FXQN xRy, } xA,

2)Zi(x)—1 jp(x)i (x)dx = ZVU,ZV b

3F1)1HO 3 Teopemoro Kyna- TaKKepa [1], mepmia KOMIOHEHTa CIiIJIOBOi TOYKH
¢yHkuioHany Jlarpanxa 1 0yJie onTUMaIbHUM pO3B’sI3KOM 3aa4i B.
OTtxe, mepeitieMo 70 po3B’sA3aHHS HACTYITHOT 3a1a4i:

L2 ()" v}, 97 () = max min IAVIOR NN J0)) (8)

Y ()eA {)( )T v}el"xQVxR.vM
o —] — . o . o
Hexaii (r ,v) — JOBUIbHUHU, aje (IKCOBAHUN €JIEeMEHT 3 MHOKUHHU Qv X Ry,

Posrnssnemo HactynmHy 3amady: 3HaTH — BekTop-QyHKIiIO A()el’, saxa 3abe3meuye

)IP)IH L({/l() T v} ¥ () npu 6yme-sxomy F() € A, ne

LAO,T" 7, P() = IZ(CI-' (,7)p(x) + 7, (x) + 7, p(x)) A, (x)dx +

N M (9)
(el @G e =i, — 7)Y, +Zn b — [y (x)dx .,

i=1 j=1
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OueBuIHO, 110

_ N M M
min LZO).T'V.FO) = 23 (¢ 7 7)) =, =), + 27,6 = [ 7, (o) +
=l j=I J=l Q

20 min [/ (6,7)p(x) 47, () +7,p ()2, ()]

0<A; (x)<1
OntumanbHHR PO3B'I30K 3a7a4i MiHIMI3alil ¢pyHKIioHany (9) 3a 3miHHOIO A(:) € I mpm

JOBUIBHUX (IKCOBAHMX BEKTOpax 7., v Ta Bekrop-pyHkuii W(-) MoXHa 3amucaTd B
HACTYIMHUM croci0: M.B. 11s x € Q

0, o 3,2/ o) 7<) 7,0(2) 0
2 (x)=10, axuo i’(x,ﬁ')p(x)ﬂ?(x)+t/7l.p(x)<0 ,i=1LN, ¥()eA. (10)
e [0} smaori! (xv,7 )o(x)+7, (x)+7,p(x) =0
3 ycix () € A Bubepemo taki ¥ (-) € A, mo BignosimHi M 32 popmymoro (10) A (x)

pu (HiKCOBAHMX {HIIMX TApaMeTpax OyyTh XapaKTEPUCTHUYHUMM (QYHKI[IAMH MHOKHUHH (O,

i =1, N, Kl 3310BOJbHATUMYTh YMOBY
N
z&l(x) =, MBmIIX EQ.
i=l1
. cen Ed
TobTo mius ycix x e€() KOMIOHEHTH BEKTOP-PyHKIT A (x) MoOkHa OOYMCIUTH 3a
OJIHI€I0 3 HACTYMHUX (popmyit: abo

2 () 0, axwo 7' (x,z'l.' )p(x)+t/70* (x)+7, p(x)>0, mooi x £ Q (an
AX )= * « 5
l 1, axwo 7/ (x,rl.' )p(x)+t/70 (x)+t/7l. p(x): 0, mooi x €
3a ymou mes(x € Q:c! (x,7))p(x)+y7,(x)+y, p(x)<0)=0, a6o
. 0, sKII0 cl.' x,rl.' X)+ (x)+ _l.* x)>0, TozlixgéQj,
5 ()= T JPEO ) T, P> D, tori e (12)
1, axwo ¢; (x,7; ) p(x)+y,(x)+y, p(x) <0, Toni x € QQ,,

3a ymou mes(x € Q:c! (x,7]))p(x) +y,(x)+¥, p(x)=0)=0.

Hexait ¥()=¥'(-), a A'() — obpana 3a (11). Toxi, 3 JeMu 2 BHIUIHBAE, WO IIPH
dixcoBanux 7', v Ta Bektop-dynkuii P(-) BekTop-dyHKIis A'(-) € IEpIIOI0 KOMIOHEHTO
cimioBoi Touku ¢yHkuionany Jlarpanxka (7). Tex came MOKHA CKa3aTH MPO BEKTOP-QYHKITISA
A" (), ska BU3HAYAETHCS 3a GopMyroro (12).

Hopisuroroun (11) Ta (12), MOkHa MOGAYMTH, IO KOOPAMHATH BeKTOp-QyHKIT A () 3
(11) Ta (12) BU3HAYAIOTH OjIHE if Te came Po36UTTA (LY,...,Q0) ), BipisHseThCs uie Gopma
3a1MCy yMOB NPUHANIEKHOCTI TOUKU X JIO THAMHOXUHU ), i =1,N. Tomy Bupasu (11) ta
(12) Oynemo BBaxaTH pi3HOIO (OPMOIO 3amucy OJHIET 1 Ti€l X BIANOBIAHOIO E€JIEMEHTY
nepoi KOMIIOHEHTH C1JJI0BOT TOYKU ({/1(-)*,1"*, v*} R (-)) € {F x QY xRy, } XA .

3aznaunmo, mo (opma 3ammcy (12) nepeBaxknima 3a Bupas (11), OCKUIBKH B IOMY
BUTIAJKY Maike BCIOZH I x () KOMIIOHEHTH BekTop-pyHkimii A (-) MoxkyTh OyTH
3amnMcaHl y KOMIIAKTHOMY BUTJISAL yepe3 QpyHKuito sign(-) :

Af(x)%{l—sign(c! (.7 )P(x) + (X + W, p()} i =L N (13)
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lpu wpomy ymoBy mes(xeQ:c! (x,7])p(x)+y,(x)+y,p(x)=0)=0 Oynemo
Ha3MBaTH YMOBOIK CHJILHOI pPeryjsipHocTi it GpyHkiioHary (7).

B cuny 10BinbHOCTI BUGOPY BeKTOpiB 7', v, B opmyni (13) mos3Hauky «=» Hajami
Gynemo omyckatu. [Tigcrasusum A (1) 3 (13) B piBHOCTI (2), (5), OTpUMaEMO Maibke BCIOIH
s x € Q

N

D sign(c! (x,7)) p(x) +y, (x) +,p(x)) = N -2

i=1 y o ( 1 4)
jp(x)sign(cf (x,7)p(xX)+y, () +y,p(x)dx =S =2) v, i=LN.
9) Jj=1

Takum 4MHOM, NP BUKOHAHHI YMOB CHJIBHOI peryssipHOCT1 1yt dyHKIioHany (7) mms
Oynb-sxux Bektopis ' € QY, ve R}, mepuia KOMIIOHEHTa ONTHMAIEHOTO PO3B 3Ky 3a1a4i

B onno3HauHo BH3HadaeThes 3a Gopmynamu (13), mpudomy dyHkmis w,(-) Ta KOHCTaHTH

V,,...W, — Po3B’sA30k cucrtemH (14).

Jai OyaemMo mpuIrycKaTu, o JUIs 3a1a4i A BUKOHYIOTBCS TaKi YMOBH:
p(x)>0, maibke Bcrogu s x € Q, (15)

mesK =0, K:{er:cl.’(x,ri')—c;(x,z']'.) =const,i# j,i,j=1,N. (16)

CripaBesiuB1 HACTYITH1 TBEPIKEHHS.

+

1
vy » BekTop T/ e QY

TBepmxenns 1. Hexail nns 3amadi A mae micie ymona (15), ve R
TaKWii, 10 BUKOHYeThCST yMOBa (16), a koMnoHeHTH BekTop-¢GyHkuii ‘Y(-) 3a10BOJILHAIOTH
cucremy (14), Tomi misa QyHKIIOHATY L({i(-),r’,v},‘l’(-)) yYMOBa CHJIBHOT PETryJsipHOCTI
BUKOHYETHCS.

Teepmxenns 2. Hexait v=V — HOBUIbHMI HOIyCTUMHUII BEKTOP 3 MHOXKHHH Ry, , I
SIKOTO BUKOHYIOTbCS yMOBH (2), (3). Skio BukoHaH1 ymoBH (15), (16), To MHOKUHU NEPLINX

KOMIIOHEHT ONTUMAaJILHUX PO3B’s3KiB 3a1a4 b ta B cniBnmamaroTs.
Posrnsinemo 3amauy A, ans  Oynp-sKOro, JOBUIBHO BHUOpaHOro (hiKCOBaHOTO

+

t'=@],1),..,74), v eQ". 3adikcyemo mnoBinbHuMI BekTOp V € Ry, WO 3aJ0BOJBHSE
yMOBH (2) — (4). Po3risiHeMo TONOMDKHY 3a7a4y:

F'({Q,,...,Q,})—> min__,

N

Qe Qy ey

(17)

3a yMOBH

jp(x)dxzfvlj, i=1,2,.,N,
Q J=1

ae F'({19Q,..., Q) =F({Q,.... Q0 1, Vs s Vs ) -

st 3amaqi (17) mae Miclie HacTyIHa Teopema.

Teopema 1. Hexaii B 3amaqi (17), p(x)=>0 wmaibke Beromn qus x € Q. Toxi, aximo
nomycTume po3outTs (Q),Q,...,Q,) € onTUMaIbLHUM Po3B’s3koM 3azaui (17), To icHyOTH
IIACH1 KOHCTAHTH W/ ,..., ¥/, , JUISL SIKHX

cl.'(x,rl.')—c;(x,rl.') =V, —¥, M. B. I xeQ,i,j=1,N. (18)
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o * * * . 9]
Hosenennsa. Hexait (Q,Q,,...,Q,) € ontumansHuM a1 3afadi (17) ta Hexail x —

JIOBUIbHA TOYKA OJHIE€I 3 ITIMHOMKUH Q?,izl,N , MHOXuHU €. Sxmo v=v, 10 (17)

ekBiBajieHTHa 3a1a4i B n1pu pikcoanomy v=v ta ' e Q".
1. BBaxkaTumMeMo CIIOYaTKy, 110 MHOXHWHA Q:f 11eHTU(DIKYETBCA XapaKTECPUCTUUHOIO

byHKITIE€O ﬂ,l.*(-) BULY:

. 0, sxwo 7' (x,r
A\x)= l

) {l, akwo i (x,rl. )p(x)+t//0 (x)+w,p(x)<0

1

5
—
=
~
+
>
—~
=
~
+
=
i)
—
=
~
\Y%
(e

) (19)

~

ne y,(Vel;,i=1,N.
Tomi 3rimno (19), Vx e Q:f , 1=1, N, MaTtuMe MicIie cucTeMa HepIBHOCTEH:

¢; (x,7)p(x) +, (x) +y, p(x) 20,

(6,7 P(X) +, () +y, p(x) 20,
¢/ (x,7)p(x) +y, (¥) +y, p(x) <0, (20)
(5,7 p(X) +y, () +y,,,p(x) 2 0,

1 /
ey (x,7)p(X) +y, (x) + vy p(x) 2 0.
3 Toro mo 3ama4a B mae po3B’s30K, BUIUIMBAE CYMICHICTh CUCTEMHU HepiBHOCTeH (20).
3a YMOBU CHJIBHOT PEryJISIpHOCTI (QyHKIIOHAITY

L{AOT VY O) = [ (e (7)) p() + 17 (6 + 7, p(0))A, () +

Q i=l1
N
2

M
(ci;I (Ti[’rjl'l) -1, _l//i)vij +277jb;[ - J'Wo (x)dx 4
i=1 Jj=1 Q

M=

1

~.
]

dynkuio w,(-) B cucremi (20) maiixe Beroau st x € Q; , i = N , MoxHa o0paTu y BUTJISIL:
1 : 21)
¥ (x) = _5 ((Ci[ (x’ Til) + l//i) + H}iln(cjl (xa TJI) + l//j ))p(X),
ne ¢ (x,7])+y, = kr{l%(cz (x,7)+y,).
[TincraBnsroun 3HaiineHuii Bupa3 mid y,(x) B i-y HepiBHICTH cucrtemu (20), 1ro

CHCTEMY MOJKHA IIEPENNCAaTH y TAKUH CIIOCiO: Mailke BCIoIH Uit x € Q.

1 , o
E'D(x)[(ci[ (x, 7)) +y,) —n;gln(cj'. (x,7}) +l//j):| <0,i=1,N.

3BiACH, 3 ypaxyBaHHAM YyMOBH, 0 o(x) =0 maiixke Bcroan 11s x € £, Ta JOBUIBHOCTI

iHaekcy i =1, N, oTpuMyeMO BUKOHAHHS YMOBHU:
1 1 1 1 ) . .
¢ (x,7,)+y, <c;(x,7;)+y,; maibke Beromu Uit x € Q,,0, j=LN.
Omke, 32 yMOBH Bu3HaueHHs Bektop-Qynkuii A () 3a gopmynoro (19), HepisHicTh

(18) noBenena.
2. bynemo BBaxaTu Temep, IO MHOXHHA (). IIEHTUQIKYETbCS XapaKTEPUCTHYHOI

Gbynxkuiero A (x) Buny:
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. {0, AKwo c; (x,rl.’ )p(x)+ w,(x)+y,p(x)>0
A (x = .

1, axwo c! (x,rl. )p(x)+ v, (x)+w.p(x)=0"

Toni maiixke Berogu 1 x € €2, , i =1, N, Mae Miclie CHCTeMa HEPIBHOCTEIA:

¢ (x,7)p(x) +y, (x) +y, p(x) 2 0,

i, (x,7)p(x) +y, (0) +w,_ p(x) 20,
¢! (x,7)p(x) +y, (X) +y, (x) =0, (22)
¢l (6,7 p(X) +y/, () +v,,, p(x) 20,

ey (6,7)p(x) +, (X) +y, p(x) 2 0.

Orxe, maibke Bcroau Wid x € cucrema (22) moxke OyTH 3amMcaHa y BUIJISAL

el (6,7 )p(x) +w,(x)+y, p(x)=0,i=1,N , 3BiIKKM BUILUIMBAE TaKa PIBHICTH:
v () =—(c/ (.7 +w)p(x), 1.4.48fxeQ (23)

[MincraBnsroun 3HaiineHWii BuUpas A Y, (x) B j-y, HEpIBHICTb cucTeMu (22),

j#i,j=1,N, oTpumyemMo
c; (x,z']', Yo(x)—(c! (x, 7))+, (x) p(x)+ w,p(x)20,i .8 88§xe Q.
3BincHu, 3 ypaxyBaHHSIM yMOBH p(x)>0 wmaibke Bcroaw st x € (0 Ta JOBUIBHOCTI

iHaekcy i =1, N, oTpuMaeMO HaCTYIIHY HEPIBHICTb:

¢ (x,7))+y, <cj(x,7))+y,; Maibxe Bciom s x € Qi j=1,N .

Teopema noseneHa.
OTxe, KOOpAUHATH MEPIIOT KOMIOHEHTH ONTUMAIbHOIO PO3B’SI3KY 3aAa4l B g maiixe

Bcix x € Q Ta i=1,N MOXHa NpeJCTaBUTU OJHUM 3 HACTYITHUX CII0COOIB: abo

7 (x)= 0, axwo c; (x,z'l.' )p(x)+t//0 (x)+w,p(x)> 0, modi x ¢ Q. 04
N, axkwo ! (x,rl.' )p(x)+t//0 (x)+w,p(x)<0, modi xe Q! 24)
3a yMOB, o mes{x e Q: ¢! (x,7)p(x)+y,(x)+w, p(x)=0}=0,
* 1 * . *
Vo ()= =2 {(c (v 7)) +y)) +min (e (7)) +y 3 p(x) (25)

a c (x,t))+y; =kmm(c;(x,r£)+w2), i€ Y, ,...y, BHU3HaualoThcs 3 cuctemu (14) micis
=I,N

nigcranoBku 10 Hei Gpynkuiit A°(-) Ta w,(-) 3rigHo 3 (24), (25) BianosimHo;
abo
20)= {0, AKwo c; (x,rl.’ )p(x)+ w,o(x)+w.p(x)>0, mooi x e Q) 26)
l 1, axwo ¢! (x,z'l.' )p(x)+t//0 (x)+y,p(x)=0, modi x e Q.
3a yMOB, o mes{x e Q: ¢! (x,7])p(x)+y,(x) +y;p(x) <0} =0,
v () =—min (¢, (x, 7))+ 1p(x), (27)

* * . . .. Y * *
V,,....\/ BU3HAYaloThcA 3 cucremu (14) micisa migcraHoBkH 10 Hel QyHKOin A (1) 1a v, (-)

3rifgHo 3 (26), (27) BIANOBIHO.
[To3naunmo
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G({A(-),r’,v},‘P(-))z min L({/l(-),r',v},‘l’(-)).

{l(~),7l ,V}EFXQNXR;\}M
[lincraBnstoun Gopmynu (26), (27) B dynkuionan (7), orpumyemMo (¢yHKIIO, fKa
BHU3HAYa€ MIHIMYM (QYHKI[IOHATY L({i(-),r’,v},‘?(-)) 1o 3MiHHIA A(:) 1 HE MICTHTB Y CBOEMY

Bupasi Gynkuii ¥, (+):

G({z'.v} Aw.np) = min L(LAC).7" v}, () = j ﬁ min(c; (x.7/) +y,) p(x)dx

A(-)el’

D (e @t =n,—w,)y, an”

i=l j=

Tlozraunmo

G(w.np=, min G vl.{y.n} .

{! vje xRy
Toni, 3amada, nBoicta 10 3axadi B, mae BUrIsam:
G,({w,n}) > max. (28)
BoueBunp, pynkuisa G, ({T’,v},{y/,n}) 33 KOXHOIO 13 3MIHHUX v, >0 0OMexeHa 3HH3Y,

SKIIO BUKOHYETBCA YMOBa:

c(t],t!y=n +y,, i=LN, j=LM. (29)
Otxe, cripaBe/uIMBa HACTYIIHA TEOPEMA.
Teopema 2. Hexait g 3agaui B Bukonyrotbess ymoBu semu 1, Ta (15), (16). Toxi

CiAJI0Ba TOYKa ( {i*(-),r’*,v*},{w*,n*} ) dyukmionany Jlarpanxy (7) ans 3agadi B (ne nepma

* I* * . .
KOMIIOHEHTA {/1 ()7 ,v} € ONTHUMaJbHUM pO3B’SA3KOM 3adaul b) Ha MHOXUHI

{FxQNXR } x{Ey xE, } BU3Ha4a€ThCsl y TaKuif crocio: M.B. st x € Q

()= 1, saxwo xe Q= ier c; (XT )+l//l m (Ck(x 7 )"“/’2)} i1 N
i 0 y inwomy eunaoky ’ o

*

. * * % o . . . .
aBfAKOCTI T~ ,V ¥/ , 00OHpaeThCs ONTUMAIBHUN PO3B’A30K JBOICTOI 3a/1a4l, IPUBEICHO]

JI0 BUTJIANY:

GHADE

=, min jmm(ck(x )P+ Y Sl (el =n, —y)v, ]+

{TI,V}EQNXRT =l j=I

+Z17 bl —>max,yecEynekE,,

3a yMOB

(c;(z/,7])-n,-w)20, i=LLN, j=1M.

BucHoBku

Y poGoTi pO3risHYTO BOXETANHYy 3ajJady PO3MIIIEHHS MIANPUEMCTB 3 HENEepepBHO
PO3MOAUIEHUM PECYpcOM SIK PI3HOBUJ 3aJadl ONTHMAJIBLHOTO PpO30UTTS MHOXKHUH 3
PO3MIIIIEHHSAM IIEHTPIB MEpIIOro eramy 6e3 oOMexeHb Ha iX MOTY)KHOCTL. Jljis ABOXeTamHoi
3a/1a4l pO3MILEHHS MIIPUEMCTB 3 HENEPEPBHO PO3MOJAUIEHUM pecypcoM c(hopMylibOBaHi
HEOOX1JIH1 1 JOCTaTHI YMOBH OoNnTUMabHOCTIL. [lokazano, mo Taka 3agava yepe3 QyHKIioHAI
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Jlarpanxa Moxe OyTH 3BelieHa J0 3aja4l ONTUMI3allil HerjaaaKkoi PyHKIIT CKIHYEHHOTO Yucia
3MIHHUX. Y MOJAJBIIOMY Pe3yJIbTaTH poOOTH MOKYTh OyTH BUKOPHUCTaHI i 4ac po3poOKu
YUCEHHUX aJTOPUTMIB PO3B’S3aHHS BKa3aHMX 3a7a4 1 y3araJbHEHI Ha BUIMAJOK HASBHOCTI
oOMeXeHb Ha MOTY)KHOCTI MIANPUEMCTB TEPLIOTO eTalmy.

—
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—

10.

11.

CnucoK BUKOPHCTAHOI JiTepaTypu:
Bacunbes @.11., Metoas! ontumuzarmu —M.: dakropuan npecc, 2002. — 824 c.
I'mvanm 9.X., D¢ dexTuBHBIE aNrOPUTMBI JUTS PEIIeHHsT MHOTOITAITHOM 3a/1auu pa3menienust Ha nenu / 9.X
I'umany // JIucKpeTHBIN aHATU3 U HCclieaoBanue onepaiuii, OKTs0ps — aekadpb 1995. Tom 2, Ne 4, c. 13-31
Kucenepa E.M. Mojienu 1 METOIbI pellieHHs HENPEPBIBHBIX 3aa4 ONTUMATBLHOTO pa30UeHHs MHOXECTB /
E.M. Kucenesa, JI.C. Kopsimikuna. — K. : Hayk. nymxka, 2013. — 606 c.
Kucenesa E.M. Teopus ontuMaibHOro pa3OMEHUs] MHOXKECTB B 3aJ[adax paclo3HaBaHUsi 00pa30B, aHAJM3a
n uaeHtndukamun cucreM / E.M. Kucenesa, JI.C. Kopsimkuna, C.A. Yc / M-Bo o0pa3oBaHusi M HayKH
VYkpaunsl, Har. rops. ya-t. — 1. : HI'Y, 2015. - 270 c.
Kucenea E.M. HenpepbiBHble 3agaud ONTHMAJBHOTO pPa30HEHHS] MHOXKECTB: TEOPHS, AlTOPUTMBI,
npunoxenus: Monorpadust / E.M. Kucenesa, H.3. lllop. — K.: Haykosa J{ymka, 2005 — 564 c.
Yc C.A. O MaTeMaTHYECKHX MOJIEISIX MHOTOITAITHBIX 3aa4 pa3MerieHus npeanpustuii / Ve C.A., CraHuHa
O.J] // TluraHust NpUKIAJAHOI MaTEMAaTUKH 1 MaTeMaTHYHOro MojentoBaHHs: 30.Hayk.mp. — /.. Bua-Bo
«Jlipa», 2014, ¢.258-268
Drezner Z. Facility Location: Application and Theory / Z. Drezner, H. Hamacher / Berlin: Springer. 2001
Fengqi You Mixed-Integer Nonlinear Programming Models and Algorithms for Large-Scale Supply Chain
Design with Stochastic Inventory Management / Fengqi You , Ignacio E. Grossmann // Ind. Eng. Chem.
Res. 2008, 47, 7802-7817
Trubin V. A. Simple multistage location problem on a treelike network / V. A. Trubin, F. A. Sharifov //
Cybernetics and Systems Analysis. November—December, 1992, Volume 28, Issue 6, pp 912-917
Us S. On same mathematical models of facility location problems of mining and concentration industry / S.
Us, O. Stanina // Theoretical and Practical Solutions of Mineral Resources Minig — Pivnyak, Bondarenko,
Kovalevska (eds), 2015, pp. 419-424
Yu. Kochetov Bilevel facility location: discrete models and computational methods // Proceedings Of
XXXVII Symposium in Operations Research — (SYMOPIS-2010). —2010. — pp 12-16

References:
Vasilev, F.P. Metody optimizacii (2002) — M.: Faktorial press,. — 824 p. (in Rus)
Gimadi, E. Kh, Jeffektivnye algoritmy dlja reshenija mnogojetapnoj zadachi razmeshhenija na cepi (1995)
Diskretnyj analiz i issledovanie operacij, IM SO RAS, Novosibirsk.. —Volume 2 — P. 13-31. (in Rus)
Kiseliova, E.M. & Koryashkina, L.S., Modeli i metody reshenija nepreryvnyh zadach optimal'nogo
razbienija mnozhestv (2013), — K .: Naukova Dumka. — 606 p. (in Rus)
Kiseliova, E.M. & Koryashkina, L.S., Us, S.A. Teorija optimal'nogo razbienija mnozhestv v zadachah
raspoznavanija obrazov, analiza i identifikacii sistem (2015) Ministry of education and science of Ukraine;
National Mining University. D.: NMU. 270 p. (in Rus)
Kiseleva, E.M., Shor, N.C. Nepreryvnye zadachi optimal'nogo razbienija mnozhestv: teorija, algoritmy,
prilozhenija: Monografija (2005). — Kiev: Naukova Dumka. — 564 p. (in Rus)
Us, S.A., Stanina, O.D., O matematicheskih modeljah mnogojetapnyh zadach razmeshhenija predprijatij
(2014) / Pitanija prikladnoi matematiki i matematichnogo modeljuvannja: zb.nauk.pr. — D.: Vid-vo «Lira».
— P.258-268. (in Rus)
Drezner, Z. & Hamacher, H. (2001) Facility Location: Application and Theory. Berlin: Springer. 457 p
Fengqi Y., Grossmann 1. E., Mixed-Integer Nonlinear Programming Models and Algorithms for Large-
Scale Supply Chain Design with Stochastic Inventory Management (2008). Ind. Eng. Chem. Res. 47. P.
7802-7817.
Trubin V. A. & Sharifov F. A., Simple multistage location problem on a treelike network (1992)
Cybernetics and Systems Analysis — Volume 28, Issue 6 — P. 912-917
Us S., Stanina O., On same mathematical models of facility location problems of mining and concentration
industry (2015) Theoretical and Practical Solutions of Mineral Resources Minig — Pivnyak, Bondarenko,
Kovalevska (eds), — P. 419-424
Yu. Kochetov, Bilevel facility location: discrete models and computational methods (2010) Proceedings Of
XXXVII Symposium in Operations Research — (SYMOPIS-2010) — P.12-16

48



Cepis «Ilpuxnaona mamemamuxa. Ingpopmamuray

STANINA Olga,

Ukrainian State University of Chemistry and Technology, senior lecturer of the Information Systems
Department

OPTIMALITY CRITERION IN ONE CLASS OF CONTINUOUS MULTISTAGE OPTIMAL
PARTITION SETS PROBLEMS

Abstract. Introduction. With the development of production and infrastructure, the location-
allocation problems arise in the situation, where, for example, there is a necessity to find optimal
locations of manufacturing enterprises and to identify areas of their service while minimizing
transport costs for the delivery of manufactured products to consumers. There are several approaches
to modeling and solving such problems nowadays. One of them leads to discrete location-allocation
problems (for example, location problems on a graph or selection of locations from a given finite
number of points), the other describes the placement of enterprises in a given territory, taking into
account the continuity of product distribution in the region. The development of mathematical models
and solutions for such problems is a range of research for various mathematical schools, in
particular, the scientific school of E.M. Kiselyova. The studies in this school are carried out today on
further generalization of the theory of optimal partition sets (OPS) and its dissemination to new
classes of problems. One of these areas is the continuous problem of the OPS with the existence of
additional links between the centers, taking into account the different categories of centers placed, etc.

It is also necessary to note the prospect of considering multistage problems of location of
enterprises with a continuously distributed resource as a kind of continuous problems of OPS. Among
the authors who researched discrete multistage problems, should be noted the following V.L.
Bernesnev, E. Kh. Gimadi, Yu.A. Kochetov, V.A. Trubin, DB Judin and others.

This work is a sequential continuation of research related to the study of the properties of
multistage OPS problems and their solutions. Mathematical models of these problems represent two-
stage continuous problems of OPS with the first stage centers placement and take into account the fact
that enterprises of the first stage should be associated with enterprises of the second stage. The latter
fact has given an another name for such problems - OPS problems with additional links.

Purpose. Obtaining of necessary and sufficient conditions of optimality for the OPS problems
with the first stage centers placement without restrictions on their power.

Results. Two-stage continuous problem of partitioning sets with the placement of enterprises
centers of the first stage is formulated in this research. The necessary and sufficient conditions for
optimality for the problem are obtained. The Optimal solution to the problem of minimizing the
Lagrange function is given. The theorem that the saddle point is the optimal solution of the OPS
problems is proved.

Conclusion. The necessary and sufficient optimality conditions for a two-stage problem of
optimal partition sets with additional links and with placement of centers of the first stage were
obtained in this research. In the future, the results of work can be used during the development of
numerical algorithms for solving these problems and summarized in the event of restrictions on the
capacity of enterprises in the first stage.

Key words: optimal partition sets, location-allocation problems, multistage location problems,
optimality criterion.
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CHU/XKEHHE BVI-IIYMA POTOPA BEPTOJIETA C TOMOUIBIO JIOITIACTH C
JABOUHBIM U3I'HBOM

Annomayua. B pabome nocmaénena u pewieHa 3a0aua  2eHepayuu - Uymd
83auMoOeticmeusi u30eHymou “‘sin-sin’’-nonacmu ¢ 3a8uxperHnvim nomokom. Obwas 3aoaua
cocmoum u3 08yx uacmeti. a3pOOUHAMUYECKOU U aKYCMU4ecKol yacmu. Aspoounamuieckas
NOCMAaHOBKa 8KIOYaem 6 cebsi cucmemy ypasHeHuu Jiiepa U ypasHeHue HepaspbleHOCHU.
Axycmuueckas 3adaua peuieHa HA OCHOBe NPEONONCEHHOU paHnee dA8MOPOM MOOenu
8bl0eNIeHUsl 36YKA U3 HECMAYUOHAPHO20 NOMOKA, KOMOPAs COCMOoum u3 08yxX ypagHeHutl Ol
38YK068020 NOMeHyuana u nyiscayuil niomumocmu. Pewenue 3a0au evinoineno uucienno c
NOMOWbIO  YUCTEHHO-AHATUMUYECKO20 Nnooxood. Ananus pacuémuviX OaHHBLIX NOKA3AT
aghhexmuenocmes UCnonb308anUs 060UH020 ‘‘sin-sin’’-uzeuba ons cHudxcenus BVI-wyma. B
yacmuocmu, y0anoco cHuzums wiym Ha 10-2006 6 3asucumocmu om pacuémuou cumyayuu u
MECMONON0NCEeHUs. HA NOBEPXHOCMU JIONACMIU.

Knrwouegwie cnosa: “sin-sin”’-n1onacms pomopa, cHudxcenue BVI-uwyma

BBenenue

B nocnennee Bpemss B aBTOMOOWJIECTPOEHHMH U BEPTOJETOCTPOCHUHM BHEIPSIFOTCS
COBPEMEHHBIE  OJKOJIOTWUYECKH 4YHUCThie TexHojoruu “Blue”-texnosormu. Ecmu B
aBTOMOOWJIECTPOEHUHM — 3TO TUOpUIHBbIE JBHUrarenu, oOJajarouue IMOHWKEHHBIM
KOJIMYECTBOM BBIOPOCOB B armocdepy, TO B ciayyae BEpTOJIETOB — eUié U ClelualbHbIe
GbopMBI M KOHCTPYKIIMU JIOTIACTEH pOTOpa, MO3BOJLSIIONIME CHH3UTH BVI-mym. D10 Tak
HazpiBaeMbie “‘Blue Edge”—texnosnoruu [1], [2]. B wactHOCTH, KOMmanusi Eurocopter
(vMHaHCHpPYET HCCIEIOBAaHUS B O0JACTH TMOMCKA ONTUMAIBHOW (DOPMBI JIOTIACTH pOTOpa
BEpPTOJIETA, KOTOpass OJHOBPEMEHHO 0O0JafaeT U HaAE&KHBIMU  a3pOJMHAMHYECKUMHU
XapaKTepUCTUKaMU U Majio IIyMHa B Toxe BpeMmsa. Kpome mnporpammel “Blue Edge”
MPOBOJATCS TakXKe MccienoBanus no mporpamme “Blue Pulse”—axktuBnbiii potop [3], [4],
UCIOJIb3YIOLIUH MbE30aKTUBHBIE THOKNE KOMIIOHEHTHI (TIAaCTUHBI) B KOHCTPYKIIMH JIOTACTH.
Hcnonb3oBaHue NbE30aKTUBHBIX T'MOKUX MOJYJeH MpenHa3HayaeTcsl Uil CHIXKEHUS
BHEIIHEro0 1IyMa U BUOpalMii ¢ 1eNblo MOBBIILIEHNs KOM(OpPTa NaCCaKUPOB.

B mpexacraBnenHoit Hmwke paboTe mpemaraercsi nanpHenmee pasutue “‘Blue Edge”-
TexHojorui. IlosToMy KpaTKO OCTaHOBUMCS Ha HMEIOLIUXCA JIOCTHDKEHHUSIX B OTOM
HanpasieHud. C nenpio cHwkeHus BVI-myma nomactsmM poropa BepToné€Ta HpUIAIOT
pas3nuuHyro GopMy: UX 3aKpPYIVISIIOT Ha KOHLAX WM YCEKaloT, IOBOPAYMBAIOT M M3rHOar0T
nmonactk [2] Booab padmaxa. B HegaBHUX uccnenoBanusx [ 1] HameTHiach HOBas TCHICHIINSA -
MOMCK MOJIEJIe JIOMacTU C JBOWHBIM H3TMOOM, a TaKKe JIOMAcTH B BUJE HM30THYTOTO
(HaMmoJOBHHY paclpaBiICHHOI0) NTHYbEr0 Kpblia, KOTOPbIE OKA3bIBAIOTCS MEHEE IIYMHBIMU
10 CPaBHEHUIO C UCIOJIb3YEMbIMU PaHEe TOJIBKO JIMIIb 3aKPYTJIEHHBIMU HAa KOHIIE JIONACTSIMHU.
Hanpumep, nBoifHON M3rub J1omacTy MO3BOJIAET CHU3UTH 1WIyM Ha 4-51b mnpu cHMKeHuu
BepToJiéta [1]. BBy HOBU3HBI UCCIIEJOBAaHUM, WM KOMMEPYECKOW TailHbI, aBTOPBI pabOThI
[1] He yka3pIBAalOT KOHKPETHBIX IMapaMeTpoB (opMbl OBa)xaAbl W30THYTOM Jsomnactu. Ha
PUCYHKAX ¥ ()OTO MOKHO JIMIIb HAOIIOAATh KaueCTBEHHYIO popMy 3TUX U3rudos. [losTomy, B
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HacTosIIeH paboTe UCCIIeYyeTC sl TECTOBAsI MOJIEIh JOTACTH C JBOMHBIM “‘Sin-sin” U3ruOom Ha
IIpeIMET CHIDKEHUsI T€HEpUPYEMOTO IIymMa B3auMoAeUCTBUS Jonactu U Buxpeit (BVI-myma).
Pe3ynbTaThl YMCIEHHBIX Pacy€TOB, NPUBEIEHHBIE HUXKE, MOKAa3aJlIMd, YTO ‘‘Sin-sin”’-J0MacTh
6nu3ka no reaepupyemomy wmwymy Kk “Blue Edge”-nonactu [1].

ean ucciaenoBanmii

BbinmosHuTe pacdy€r 3BYKOBOTrO MOJIS, T'€HEPUPYEMOIO B3aUMOACHCTBUEM IIOTOKAa C
JIOMAcThIO C ABOMHBIM ‘‘sin-sin”’ u3rubom. IIpoBecTu cpaBHEHHE IMOJYYEHHBIX PacuETHBIX
JAHHBIX C MMEIOUIMMUCS JAAHHBIMU pacdéra Juisl 3akpyri€HHoi sonactd u “Blue Edge -
JIOTIACTH.

IlocTanoBka 3agaun

[Iycte ecth nomacth (puc.l), popma KOTOpoOil B IJIOCKOCTH €€ pa3Maxa MMEeT JBa
n3ruba: nepsbii U3rud B BUje QyHKIUU sin B npeaenax usmeHeHus 0 <z <0.8R. OTa yacTth
jgonactTd uMeeT (GOpMy TMOJOBHHBI OCHOBHOro mniepuona GyHkuuu sin. Ilpu 3TOM
MaKCUMaJlbHasl aMIUIUTyAa M3ruda, MHOXUTENb 1pu sin , coctaiser 0.1;0.15;0.2. Takum
oOpa3om, nepBbId U3rubd jonactu BeiOupaercs He 6osee 20%. Bropoit n3rud, 0.8R<z <R,
MpeACTaBIsIeT cCOO0M YeTBEPTh OCHOBHOTO Tepuonaa (GpyHKuuu sin , T.e. B 2 paza ObIcTpee
M3MEHSETCS, YeM TIEPBBIA M3THO0, HO aMIUTUTYAY OTKIOHEHHS OCTaBUM TOH K€, U4TO W JUIS
nepBoro u3ruoa.

Ha Bpatnaronytocs ionacts, €€ nepeIHIon KpoOMKy, Haberaer noTok co ckopoctbio U,

C pacnpelenéHHbIMM BIIOJb pa3Maxa Jjonactu BuxpsimMu Triopa. Ha BHemHeM KoHIE
nmonactu dopmupyercsi KoHIeBord Buxpb Ckymiu. Takum o0pa3om, TpH B3aUMOICHCTBUH
9TOTO TEYEHUs C JIOMACTBIO MPOUCXOAUT TeHepauus BVI-myma aspoamHamudeckoro
MpoucXoXxaeHus ((hru3nueckas MOCTaHOBKA 3a7a4u).

st popMyTUpPOBKM MaTEMaTUYECKON MOJIETH JaHHOW 3a/1a4 TOJIOKHUM, YTO TCUCHUE
BOKPYI JIONIACTH WJACAIBHOE CXKXUMAeMO€, a TeIUIOBbIE W3MEHEHMS HE BIMSIOT Ha
¢dbopMupoBaHHE TEUEHUsI U TeHepupyemoro um 3Byka. Ilycte ectb Oxyz — mpsiMoyrosibHas

JeKapToBa cucteMa koopauHar (cMm. puc.l). JlomacTs B MpOW3BOJBHBI MOMEHT BPEMEHHU
MMOBEPHYTA B INIOCKOCTH BPAILEHUs HA HEKOTOPBIM YrOJ (¢ M PaCIIOJIOKEHA IOJI YIJIOM aTaku
y K HaOeraromeMy Ha He€ nmoToky. CucremMa ypaBHEHUH, ONMCHIBAIONIAs TEUEHHE JIOMACTH
HUMECT BU:

dv . Op
= _Vp.div(py)+—=0 1
p="Vp. (pv) Py (1)

Puc.1 Jlonacte ¢ ABOMHBIM “‘sin-sin” u3rudbom
[lepBoe u3 ypaBHeHMI — ypaBHEHHE ABM>KEHUS B popme Dilniepa. Bropoe ypaBHeHue —

ypaBHEHUE Hepa3pbIBHOCTH. Ha mNOBEpXHOCTHM KECTKOM JIOMACTH 3aAa€TCs  YCIOBHE
HCIIPOHUIAECMOCTU TCUCHUSA:
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v, =0. (2)

VYpasuenust (1)-(2), Bmecre c¢ pacnpeneneHusMu Buxpeil Toaimopa u  Ckymwy,
MIPEJICTABISAIOT COOOM adpoJMHAMHUYECKYIO 3a1a4y.
AkycTruueckas 3aa4a IpeICTaBIsIeT COO0M CIEIYIONIYI0 CUCTEMY YPaBHEHUM:

2 2
L - ap =l p(V(PV )+ p V() + PV )+
+p-(V><I7)xV(p+p'-(V><I7)><I7]+div[l7~div(quo+ (3)
+p' V)] +div[VodivpV)]+Va* -Vp',
%+pV2¢+V¢>~Vp+p'divV+I7‘Vp':O. 4)

B ypasuenusix (3)-(4) p', ¢ — Maybie BOMYIICHHUS IFIOTHOCTH U 3BYKOBOM MMOTCHITUA

COOTBETCTBEHHO. B HaudalbHbII MOMEHT BpEMEHH L »Pl=o =0. I'panuunoe ycnosue (10

CKOPOCTSIM) JIJIsl 3ByKOBOM BOJIHBI BKJIFOUYEHO B (2).

Meton pemieHusi 3aga4mn

Jlo peleHusi JaHHOM 3a/7a4u aBTOPOM ObLI pPEIlleH LBl sl HECTAMOHAPHBIX 3a/1a4
JUISL IPSAMOYTOJIbHOM jjonacTu. [Ipy 3TOM MCIOJIB30BAICS YHCICHHO-AaHATUTUYECKUI TTOIXO0/1
[5,6], KOTOpBIM mOKa3an CHOCOOHOCTh pelleHus MojJo0Horo poja 3anad. Ilpu pemenun
MIOCTABJICHHOM BBIIIE 3a/1a4M, Ui JIONACTH C JABOWHBIM M3rMOOM, OH TaKXe ObUI YCHEIIHO
npuMeHEH. EJAMHCTBEHHON OTIMYUTENIbHONM OCOOEHHOCTHhIO ObLIO OoJIbllIee KOJINYECTBO
y3J10B, Y€M Uil MPSMOYTOJbHOW JIOMACTU: O IMONEPEYHOW KOoopJauHaTe (BJOJIb CEUYECHMUS
JomacTy) 3aaaBanoch He 80, a 85 pacu€THBIX TOYEK.

Bauknee moJie. [l uncneHHoro pacuéra B KayecTBe TECTOBOM JIONACTH BhIOMpaiach
JIOTIaCTh, KOTOpas B TIIONEPEYHOM ceueHun wumeer (opmy mapabonsr y=x(1—x) c
OTHOCUTENBbHBIM yTONIIEHUEM ¢/ R =0.1. [Ipu 3TOM OTHOCHUTENIBHOE YJITTMHEHUE COCTABIISIIO
AR =R /c=10. [Ipu pacu€re xapakTEepUCTUK OJMKHErO MOJISI UCIOJB30BATUCH YPABHCHUS
(1), (2), (4) B Oe3pazmepHoii ¢opme. HopmupoBaHue BBIIOJHAIOCH Ha MapaMeTpbl
HEBO3MYyIIEHHOTO TeueHus — U, p_ .

Kak yxe Obul0o ykazaHO Bbllle, Mojaudukanus ¢GOpMBbI JIONACTH BEpTONIETA
UCIOJIb3YEeTCsl C LeNblo cHukeHus BVI-myma. DTOT mym JOMUHUpYET Npu MaHEBpax
BEpTOJIETa, TO €CTh IPHU CPAaBHUTEIHLHO HEOONBIIMX yuciax Maxa. [losatomy st u3ydeHus
nrymooOpa3oBaHUsl JaHHOM JjomacTd B pacuérax BelOupanuck 3HaueHus M =0.2;0.4.
Bapuarmus otHocurenpHOro m3ruba yomactu cocrarimsuia o =0.1;0.15;0.2. Dro 3Ha4YeHHE B
KQKJOM pacu€THOM Cilydyae 3aJaBajloCh OJMHAKOBBIM JJISi JIBYX Sin-U3TMOOB JIOMACTH.
PaccmaTpuBasivch ABa MOJOXKEHUS JIOMACTU IO OTHOIIEHHWIO K HaberarleMy MOTOKY: MOJ
yrmamu 90° u 60°. Ilepemnsisi KpoMKa JIOMACTH paclioyiaraiack moj yriaamu y =10°;5° mo

OTHOIICHUIO K IJIOCKOCTH BpaIlleHUs POTOpa.
Tak, Ha puc.2a mpeCTaBICHBI MyIbCaluk Oe3pa3sMepHOM IUIOTHOCTH O ISl Ciydast

M =02;00=60°;y =10°;6 =0.1. HaGmromarorcst HECKOIBKO cepuil mukoB. IlepBast cepus

MUKOB 4YETKO OTOOpa)kaeT sin-u3ruoObl JiomacTu: Ha Tpaduke NPUCYTCTBYIOT JIBa CIIErka
U3pe3aHHbIe CBEpPXY INHUKa, MO (opMe HallOMUHAOLIKE Sin-00pa3Hyro BOJHY. M3pe3aHHOCTH
BEPXYILKH ()POHTOB O3HAYAET HAJTMUHUE HEYCTOMYMBOCTU T€UEHMSI, 00YCIOBIEHHOW BUXPEBOM
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CTpyKTypoil TeueHus. OpnHako, Kak BuauM, (opma meperHed KpPOMKH JIONAcTU B
OTIpEeNIeIEHHON CTETIEHU ONPEIEIISIT paclpeieieHue SHEPTHH B TIEPBOM CEPUH ITHUKOB.

Bropas cepust muKoB y)xe HE UMEET BBIpaXKEHHYIO sin-o0pa3Hnyto Gpopmy. 3a Held, Omrke
K LOEHTPY Jomactu, 3aMCTHbI OTACIBHBIC JIOKAJIbHBIC BCIIJICCKU p’ B BHIC JBYX

JTUCCUTIATUBHBIX (PPOHTOB BOJHBI — MOMEPEYHOTO U MPOJIOJIHBHOTO. AMIUTUTYIBI B HUX YK€ B
5-10 pa3 HmxKe aMIuIMTYya TEpBOM sin-oOpasHoit cepuu. Kak manee Oyaer mokasaHo, UIst
gyucia Maxa M =0.4 5Tu QpOHTH BOOOIINE PACCHIMAIOTCS MO MOBEPXHOCTU JIOMACTH.
Ammmutyna B HuX B 10-15 pa3 HmwKe aMIUIMTYyAbl MEPEIHUX Sin-00pa3HBIX (PPOHTOB.
[IprunHa Takol auccHUNanvy OYEBUIHA: BUXPH, CTAJKHBASCh C JIONACTHIO, MOHAYATY EIIE
COXpPAHSIOT IME€PBOHAYAJIBHYI0 KOHIIEHTPAUWIO SHEPruM, a 3aTeéM pacnajarorcs IIo

noBepxHocTH Jtomactd. Jus yrima o =90° (puc.2b) cunyc-oOpasHas ¢Gopma yxe He
coxpansiercs, TouHee He (opmupyercsa. HalOmromaercs numb o00pa3oBaHHE HECKOIBKHUX
OTACJIBHBIX IIMKOB U JIMIIIb OOWH IIO cBOEH (bopMe OTHaCTH HAIIOMHWHACT I/ICKpI/IBJ'IéHHYIO
CHHYC-BOJIHY.

0.005 | 0.006
0.004

0.002

-0.005

-0.002

a)

Puc.2 Pacnpenenenue nynascanuii miotaoctd M =0.2, y =10°, § =0.1

C yBenuyeHHEeM OTHOCUTEIbHOro m3ruba jomnactu 6 =0.15 (puc.3a,b) hopma nepBbix
NBYX Sin-00pa3HbIX NMUKOB CTAHOBUTCA €II€ Oosee OTYETIMBOW. DTO MOTOMY, YTO JIOMACTh
emé€ OoJiblIe MCKPUBIIEHA, YEM B MpeAblAylleM pacu€rHoM ciydae. Ilpu stom ammiuTtyna
9TUX MHKOB BBIpOCIA IMPUMEPHO B JBa pa3a. Takke NOJHAIUCH YPOBHU IHKOB U
MOCJEAYIOMUX 3a Hed cepud. OgHAaKO TOCEepeAWHE JIOMACTH YyXEe TMPAKTHUYECKH He
HaOMIOJAI0TCS MONepeyHasi U MpOJ0JbHASL MOJOCHl MHUKOB. TakuM 00pa3oM, MPOUCXOAUT
KOHLIEHTpAalLKs 3BYKOBOM 3HEpPIruu (MasibIX BO3MYILEHUI) B MEpeAHEN 4acTH JOMacTU. A 3TO
03HAYaeT, 4To, U3MEHssI (POpMy JIOTIACTH, MOKHO ympaBisaTe BVI-mymom. [ist 3HaueHmit

M =02;00=60";y =10°;6 =0.2 (puc.4) xapaktep pacupeieieHus aMIUIATY] TaKOM XKe, KakK

u B cirydae O =0.15, HO OHU BBIPOCIIH IO BEJIMYMHE €m¢ OoJble. 37eCh CHOBA 3aMETEH
BTOPUYHBINA (PPOHT BCILJIECKOB 10 CEPEIUHE JIOTIACTH.

53



ISSN 2076-5886. Bicnux Yepracvkoeo ynieepcumemy. 2017. Ne 1-2

0.015 ¢

0.01

0.005

-0.005

0.01 L=

Puc.4 Pacnpenenenue nynscauuii minotaoctd M =0.2, y =10°, § =0.2

Ilpu yrime araku y =5° KapTuHa O’ HECKOJNBKO W3MEHsETCsA. Tak B ciydae
M =02;00=60°;y =5°,6 =0.1 (puc.5,6) nabmromarorcsi 06e sin-oOpasHbIe BOJHBI, HO, B TO

’Ke BpeMs, 10 IIEHTPY JIOMACTH MPUCYTCTBYET y3KHii PpoHT momepék momactu. s o = 90°
OH pacchlllaeTcsi Ha JB€ 30HBI Baosib Jomnactu. C yBenumuenueM O =0.15curyauus

CTaHOBUTCsI OYeHb Om3Kkor Kk M =0.2;a =60,y =10°;6 =0.2.

0.01

0.005

-0.0056

-0.01

-0.015
0

Puc.5 Pacnpenenenue nyascauuii mnotaoctd M =0.2, y =5°, § =0.1
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Puc.6 Pacnpenenenue nynscanuii mnotaoctd M =0.2, y =5°, § =0.2

Jlia OonblIMX cKOpocTe BcTpeuHoro noroka M = 0.4 (puc.7-11) npuHIUMNNAIBHOTO
pasnuuns Ha rpadukax o' He HAOIIOJAeTCs, HO IUKU SIiN-BOJH YK€ BO BCEX PaCUETHBIX
CUTyalusix Oojiee KOMIAKTHBI (BBITSHYTHI) U IMOCIEAYIOUIUME 3a HUMHU CEPUU MONEPEYHBIX

BO3MYILCHHI TaKKe 6ojiee OTUETIMBO BhIAEIstOTCA. st 3Hauenuii yria y =10° B cepenune

JomacTu yXe He HaOJroJaroTcsl pe3kue nuku (puc.3a), HO 3aTO Iepel 3TUM BHUIHO, Kak
CIYCTSI HEKOTOPOE PAaCCTOSHUE, KAXKABIA U3 Sin- BOJMH “pacceinaercsa’. Takoe sBiIeHHE HE

OBLIO MPUCYIIUM JUIs Jjonactu 0e3 m3ruboB. OQHAKO s yrila arakd y =5° [OCEepeauHe
JIOTIACTH CHOBA HAONIOMACTCS S MEJIKHX BCILIECKOB, MO aMIUTUTYAE B 4-5 pa3 HIKe sin-

BOJIH, HO OHH 00JjIee BBIPaXKEHBI IS yriia o = 90°, yeM juist yria o = 60°.

Ecnu cpaBHUTH mMONydeHHBIE PE3YJIbTAThl ONMKHErO TMOJs ¢ ONIKHUM  TIOJIEM
3aKpyrIEHHOM JomacT [7], TO MBI BHAMM, YTO Yy 3aKpYIJIEHHOW JIOMAcTU HE HAOII0aIach
cuHyc-o0pasHas (hopma p', a JMIIb IPUCYTCTBOBAIHN OTIAEIBHBIE PE3KO BEIPAKEHHBIC ITHKH.

0.006
0.006

0.004 0.004

0.002 0.002

-0.002 | - 0.002 |

Puc.7 Pacnpenenenue nynscauuii miotaoctd M =0.4, y =10°, § =0.1
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0.015 ( P 0.015 [ o’
0.01 0.01

0.005 0.005

-0.005 < -0.005 <

Puc.10 Pacnipenenenne mynbcanuii maotaoctd M =0.4, y =5°, 6§ =0.15
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Puc.11 Pacnpenenenue nyascauuii mnotaoctd M =0.4, y =5°, §=0.2

JanbHee mojie. B xadectBe pacuétHoi (GopMynbl g aHaIW3a JATBHETO 3BYKOBOTO
MOJIsl MCIOJIB3YIOT Toaxon Kwupxroda, Ha OCHOBaHHMHU KOTOPOTO IMOJYYEHO CIEAyIoIIee
cooTHomreHue [8,9]:

_]\412

F,
o(x,t,) = [1=11.ds, + [[F,].dS |,
Rt t
S S
rac
F =p[(Vo-VYv+([7T-V)-Vol+p V-V +v-div(pV e + p V) + Vodiv(pv),
I dp 1 0ROp 0(1/R)

F, = —
> R on Ra, On Ot on

AHa/Iu3 pe3yJIbTAaTOB pacuéra
OcoOblif uHTEpEC NMpeACTaBIseT YpOBEHb JAaBlieHUs L reHepupyemoro myma (puc.l2-
18). MakcumanpHOe 3HaUYeHHE ero cocrtaBiaser 82nb wWa KoHIE JomacTth s

M =02;00=60";y =10°;6 =0.2, (puc.14). KauecTBEHHO MOX0Xas CUTyalusi HaOIOJAETCS

ast M =0.2;a =60y =10°,6 =0.1 (puc.12) u M =0.2;a =90°;y =5°;6 =0.1 (puc.15), Ho
3nech ypoBeHb L Huxke Ha 10ab. B ocTanbHBIX pacd€THBIX Cily4asix MaKCUMaJIbHBIM YPOBEHb
L naxonutcs B paitone 601b. KpoMe Toro, Ha BHEIIHEM OT OCH BpallleHUs] KOHIIE JIONIACTH OH
3HAYUTENbHO HIKe (B pailoHe 40nb), yem Ha ocTanbHOI YacTH JIoMacTU BIOJIb IO €€
pasmaxy. A 3TO O3HAYaeT, YTO M3OTHYyTas Mo ‘‘sin-sin” (Hopme JomacTh MO3BOJISIET CHU3UTH
koHIeBo BVI-mrym, uto u Obuto 1ienpto Momudukanuu Gopmsl stonactd. O4eHs Onu3Kue
pe3ysbTaThl O YPOBHIO IIymMa ObUIM IMOJydeHbl B padote [1] mns uzornyroit “Blue Edge”
jJonacTy. 3HaU€HUE YPOBHS IIymMa Haxoauwiock B npenaenax 50nb< L <63nb, uro daxkruuecku
COOTBETCTBYET ONMCAHHBIM BBILIE pe3yJibTaTaM JaHHON paOOThI.
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Puc.12 Yposens 3BykoBoro gasienus M =0.2, y =10, § =0.1
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Puc.15 Yposens 3BykoBoro gasienus M =0.2, y =5°, § =0.1
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Puc.18 Yposens 3BykoBoro gasienus M =0.4, y =5°, § =0.1

Hamomuum [9], uTo mpsiMoyrosipHas JI0nacTh, 0e3 u3ruda, TeHeprupoBaia IIyM MopsiaKa
75-801b, MakCUMAaJIbHBI YPOBEHb KOTOPOIO pacrmoJiarajcs Ha KOHUE Jionactu. To, 4To B
OTACNBHBIX CIIydasgX TMpU pacuy€re H3OTHYTOW “‘sin-sin’-JIOMAacTU TMOJ0OHAs CHUTyaIus
ocTaércsi, U3BECTHBIM (akT [7]: ciiydaroTcs OTIENbHbIE pacyETHBIE CUTYallMH, O00JacTu Ha
JIOTAcTH, TJIe IIyM He yaaéTcs CHU3UTh. TeM He MeHee, B LIEJIOM IIyM H30THYTOU “‘sin-sin’-
nonactu Ha 10-20ab Hke B 3aBUCHUMOCTH OT pacu€éTHOW cutTyauuu. [lomoOHas cutyanus
HaOmogaeTcss U Ui 3aKpyri€HHOM sonactu [7], HO Ass HEE ypoBEHb IIyMa B OCHOBHOM
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CHUKAJICS B HEMOCPEJCTBEHHOW 001acTH 3aKpyriieHus jomactu. s “sin-sin”-nomacTu Mbl
BUJIUM 0o0Jiee pPaBHOMEpPHOE paclpelesieHne 3BYKOBOM SHEpPrHMM BJOJIb BCEro pa3zmaxa
JIOTIaCTH.

Ecnu 3adukcupoBarh KoopaMHATy X =const, TO Ha rpadukax BUIHO (OpPMUPOBAHUE
HEJTMHEWHOW BOJIHBI, UMEIOIICH psi JTOKaIbHBIX rpebHei. [lomoOHbIe rpaduku panee yxe
ObLTH TIOJTy4eHBl Apyrumu aBtopamu [11,12]. Jlnsa nmpsMOyroiapHO#M JIOMACTH, HAIIOMHUM,
GpOHT BOJIHBI cocTos U3 1-2 rpebHel ¢ mpeoliajaHUEM 10 YPOBHIO Ha BHEIIHEM KOHIIE
nonactd. EmE oIuMH BaXHBIM acmekT — paBHOMEPHOCTb PACHpPENENICHUsS T€HEPUPYEeMOro
myma BAoJib Jjonactd. Haubonee paBHOMepHOe pacnpenenenue L HaOmomaercst s

M=02,8=0.15,xak qua y =10° (puc.13), tak u i ¥ =5° (puc.16). B T0 xe Bpems uis
0 =0.2 (puc.14), B 0b6macTu KOMJIS JIOTIACTH, HAOIIOIAETCA PE3KOE CHUKEHUE YPOBHS L , 9TO
TaKXKe TOJIOKHUTEIBHO /IS TpoIlecca CHIDKEHUS TeHepupyeMoro myma B nenom. [logoOHoe
CHWKEHME YPOBHS IIyMa HalOmrozjaercsi B ciiydae M =0.4, y=5°, §=0.1, Ho yxke BOIHU3M
BHEIIHETO KOHIIA JIOTIACTH, YTO TOBOPUT O CIOXEHUH ¥ B3aUMHOM TMOJABJICHUHU
reHepupyeMbIX BOJIH. Takum o00pa3oMm, CHU)KEHHE oOmiero ypoBHs Iiyma L ynanock
JOCTUTHYTH 32 CUET Iepepacrpe/ielieHns SHEPTUH ¢ BHEIIHETO KOHIA JIOTIACTH MO BCeH e
MOBEPXHOCTH: OJWH (POHT BOJHBI pacnaycs Ha P (GPOHTOB MEHBIICH aMIUTUTYHABI, YTO
MIO3BOJIMIIO CHU3UTH OOIINI YPOBEHD TEHEPHPYEMOTO IIyMa.

CnoxHasi HeMMHEWHAsT KapTHHA L OTpa3miach B YaCTOTHOM CIIEKTPE TEHEPHPYEMOTO
myma (puc.7-12). M3pezanHocTh orubaroieid CreKkTpa mymMa COOTBETCTBYET YepPEAYIOIIUMCS
MaKCUMyMaM-MHHAMYMaM HEJIMHEHHOW BOJHBI naBieHus. Cyds MO0 ypOBHIO TapMOHHK B
CTIeKTpe, Hanbojee SHEPro€MKHMH SIBISIOTCS TepBble 5-6 rapMoHmk. Ho, kpome a3Ttoro,
3aMeTHa JIOKAJIbHAs aKTHUBU3AIMsl BBICOKMX YacTOT: HAa BCEX rpadukax CrekTpa B paiioHe
830I'y nabmromaercs Lenasi cepusi JOKAJIbHBIX BCIUIECKOB JOCTaTOYHO BBICOKOTO YPOBHS
(10ab). Dro mnoxaTBepXkIaeT MPHUPOAY BHXPEBOrO IIymMa KaK TaKOBOTO, 4Ybsl SHEPrus
pacripenierieHa 0ojiee paBHOMEPHO B YacTOTHOM CIIEKTpE, 3aXBaThiBas 00JAcCTh BBICOKHX
gactor. HamomMHMM, 9TO B ciydae, KOTJa IIyM SIBIISIETCS TJIABHBIM 0O0pa3oM IIyMOM
BpameHusi (MOHOTIONBHO-TUIIONBHBIN), €r0 JHEepPrus CKOHIEHTPUpOBAaHa B MEPBHIX 2-3
TapMOHHUKAX, YeM OH U Pa3HUTCS OT BHUXPEBOTO IIyMa.

Puc.19 YacToTHslif criekTp regepupyemoro myma M =0.2, y =10°, § =0.1
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Puc.22 YacToTHBIi criekTp regepupyemoro myma M =0.2, y =5°, § =0.2
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Puc.23 YacToTHbIif criekTp regepupyemoro myma M =0.4, y =5°, § =0.1

BrIBOABI

1. Pemena 3agada cHmxkenns BVI-myma, renepupyemMoro B3auMoAeiCTBUEM N30THYTOM
“sin-sin”-J10MacThl0 C 3aBUXPEHHBIM MOTOKOM. llosydeHbl 4YMcIEHHBIE XapaKTEPUCTUKHU
3BYKOBOI'O OJIMYKHETO U JTaJIbHETO MOJIEH.

2. V3yyeHo noBeieHHEe TeHEpUPYEMOTo LIyMa JJisl JIONAcTeil ¢ pa3iuuHbIMU CTEIEHBIO
n3ruba, yrioMm MOCTAaHOBKH JIONIACTU K MOTOKY W uMciax Maxa. BbIsiBIeHO psii HHTEpECHbIX
3aKOHOMepHOocTel. B uacTHOocTH, € NOMOLIbIO M3rMOOB JIONACTH YJIANOCh CHHU3UTH
MaKCHUMAaJIbHBIM YPOBEHD IlIyMa, KOTOPBIA HAOIIOAJICS Y HEM30THYTOM JIONAcTH Ha €€ KOHIIE,
0ojiee paBHOMEPHO paclpeieuTh €ro 1o Bced moBepxHocTH JjomacTtu. [Ipu 3ToM obuuit
ypoBeHb myma cHusmwics Ha 10-20xb B 3aBucuMocTH OT pacuéTHO# cuTyaruu u 00JacTH Ha
MTOBEPXHOCTH JIOMACTU. 3BYKOBasi SHEPTUs IPU ITOM KOHLIEHTPUPYETCS Y)KE€ HE B 2-3 MepBbIX
rapMOHHKax, a B 5-6 rapmonukax. HaOmromaercst Takke u 60jee akTUBHBIN 3aXBaT SHEPTUH B
BBICOKOYACTOTHOM obiactu (8301'm).

3. [IpoponpHas Mmoaudukanust GopMmel JlonacTu ABseTCS d3PPEKTUBHON I CHUKECHUS
BVI-myma.
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LUKIANOY Petro,
Institute of Hydromechanics NAS of Ukraine, PhD, Senior Researcher
HELICOPTER ROTOR BVI -NOISE REDUCTION BY TWICE-BENT BLADE

Abstract. Introduction. For the last time new "Blue" technologies are introduced in aircraft
industry. One possibility in the direction is search of anew shape of the blade with low BVI-noise
generation. These are so-called "Blue-Edges" technologies which are applied by "Eurocopter”. In
particular, "Eurocopter” financing "Blue Edge" program to find the optimal shape of the rotor blade
which possesses both reliable aerodynamic characteristics and low noise production. In addition to
this search "BluePulse" program finances study of active rotor, which uses piezoactive flexible
components (plates) in the blade construction? Using of the piezoactive flexible components allows
reduce the external noise and vibrations, this improves comfort of fly vehicle passengers. Presented in
the paper is further development of the "BlueEdge" technologies.

Problem setting ,method of problem solving, and results. Let we have the blade which shape
has two bends along the blade sweep. During blade turning its front edge is interacting with incoming

flow of U, velocity and distributed Taylor's vortexes. The external blade tip generates Scully vortex,

its vorticity extends, descending, to butt blade tip (close to axis of rotation). In such way, vortex flow -
blade interaction generates BVI-noise aerodynamically.

The overall mathematical problem cosists of aerodynamical and aeroacoustical parts.
Aerodynamical part of the problem includes system of Euler's equation and continuty equation.
Aeroacoustical part is a system of the aeroacoustical equations in terms of sound potential and density
perturbation in the sound wave offered by author before.
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The problem has been solved numerically with the use of numerically-analytical approach. On
the base of the method using a system of the 15 equations are solved. Flow parameters, that are
varied, are Mach number, angle of attack, angle of blade setting in plane of rotation, and value of
blade bending. Several interesting facts have been discovered. In particular, using blade bend allowed
decrease noise level that was observed before at the tip of blade without bend.

Analysis of calculated data also discovered effective using of the "sin-sin" twice-bent for the
noise decreasing. In particular, it have been succeded in 10-20 dB noise decreasing dependently both
on calculation's situation and point position on the blade, sound energy concentrates not in 2-3 first
harmonics, but in 5-6 one. More active capture of energy of high frequencies is seen.

Keywords: ’Blue-edge” blade, BVI-noise.
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YK 519.6:004.8 I'OJIOBHA bopuc IlerpoBuyu
Uepkaccknil HAIMOHAJIBHBINA YHUBEPCUTET
PACS 02.60.-x, 02.60.Pn, 02.70.Wz nMenu bormana XMeIbHHUIIKOTO,

1. T. H., IOLICHT, 3aB. Kadeapoil MpUKIIaTHON
MaTeMaTHK{ U HHPOPMATUKH
e-mail: bpgolovnya@gmail.com

PACUYET PACHPEJEJIEHUSA SHEPTUU TYPBYJEHTHOCTHU B IPUCTEHHON
OBJIACTU TYPBYJIU3UPOBAHHOI'O IIOI'PAHUYHOT O CJIOA

Annomayus. B pabome, nHa ochose molenu mypOyieHmHOCU, PA3PAOOMAHHOU ABMOPOM,
cmpoumcs peuierue YpagHeHus NePEeHOCa JHepeuu mypoyIeHmHOCU 8 HeNOCPeOCMEEeHHOL Oau30cmu
om cmenku. [lokaszano, ymo pewienue Xopouio COOMEEMCMEYem UBECMHbIM MEOPEemudeckum U
IKCHEPUMEHMATLHBIM OAHHBIM.

Knrwouesnvie cnosa: modenuposarue mypoyieHmuoCcmu, dSHepeus mypoyieHmHoCmi.

Berynienne

W3 skcriepuMeHTOB M3BECTHO, YTO B IPHUCTEHHOW 00JIACTH 3HEPrusi TypOYJIEHTHOCTU
IIOTYUHSCTCA COOTHOLIECHUIO k+=1+10><10'3y+2. W3BecTHble MOAENU TYypOYJIEHTHOCTH B
pacdyeTax yBEPEHHO BOCIPOM3BOIAT ITO COOTHOIIEHHWE, HO HE NO3BOJSIOT IOJIYYUTh €r0
teopernyecku. B pabore [1] aBTOpoM OblIa mpeioxKeHa MOAETb TYpOyJIEHTHOCTH,
MO3BOJISIIOIIAST TIOJYYUTh 3TO COOTHOIIEHHE. B maHHON paboTe mHpeyiokKeH BBIBOJ ATOU
(bopMyIIBL.

1. BbiBog  ypaBHeHHii, ONHMCHIBAOIIMX  IlepeHOC  TYpOYJEeHTHOCTH B
HeNocpeACTBEHHOI 0JIM30CTH OT CTEHKH

[Ipemioxennas Mozaenb TypOyJeHTHOCTH [1] TO3BOJISIET TEOPETHUYECKH PACCUUTATh
pacnpeziesieHue SHepruu TypOYIEHTHOCTU B TypOYIM3UPOBAaHHOM IMOTPAHUYHOM CJIO€ IPH
MIPOM3BOJILHO MalibIX 4uciax PeiHonpaca. MTak, mycTb Mbl MMEEM IIJIOCKYIO ILIACTHHY,
o0TekaeMyr0 TypOyJIM3UpPOBAaHHBIM MOTOKOM. Ha muracture oOpa3yeTcs moTpaHUYHBIN CIIOH,
JAMUHAPHBIN B HaYaJIbHOM CTAaJUU U MEPEXOAIIUI C pa3BUTHEM T€UEHUSI B TYpOYJIEHTHBIMH.
[lepenoc TypOyJIEHTHOCTH BO BHEIIHEM IOTOKE B 3TOM CJIy4ya€ MOKHO ONUCATh CHUCTEMOM
ypaBHeHui (1)-(2) ¢ HayanbHBIMU yclIOBUAMH (3) .

dk
1/ ":-g’ 1
* dx ¢ ()
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de g’

U ¢ =-C, ==
* dx ? k, ’ (2)
ke(xo)zkoa ge(xo)zg()' (3)

Cucrema (1)-(2) umeer Tounoe peuenue (4)

1-C 1-C
X 2 X 2
k, =k, ] &AL
“ “ 4)
KU, -
X, =— <~ X=X, X, +X.

o go(Cz _1)’

[Ipubmxennoe pemenne cucteMbl (1)-(2) ouyeHb YacTO 3amHMCHIBAIOT B BHJIE
anmnpoKCHUMAllMOHHOTO  COOTHomleHuss Bujga (cM. Hampumep [piban, DOnux [2])
u'=C(x+x0)_l% . 3necb C U Xp — KOHCTaHTBI, 3aBHCAILIUE OT TypOYJICHTHOCTH BHEILIHETO
IIOTOKA, X — PacCTOSHHUE OT Hadaja IUIACTHHBI. Tak, Hampumep, B ciydae Tu, =u'/U, =0.03
XOpollee COIIACOBaHUWE C  OKCIEPUMEHTAJbHBIMU  JIAaHHBIMM  JTA€T  COOTHOULICHHE
' =10"*(x+0.4) /7. 31ech X — PACCTOSHHE B METPax OT HAYANA IUIACTHHBL, u' BBIPAXKACTCA B
M/cek. M3 3TOro BhIpaXeHHUS U YpaBHEHUS (2) MOXKHO OLEHHUTh JWCCUIIATUBHBIA MacumTald B

CBOOOJIHOM TIOTOKE. BBIUMCIEHHBIN B M {n =LJ mpu uncnax Re<100 u Tu,=0.03+0.05

va/2Re

OH OKa3bIBACTCSI PABHBIM L=1.5x10°+2.5x10°. B To xe BpeMs TOJIIWHA TOTPAHUYHOTO CIOS
B ATOM CJIydae XOpOIIO M3BECTHA M3 aBTOMOICIHHOTO PEIICHUS W BBIPAKEHHAS B 7] paBHA
6=3.52.

B sTroM cnyuae BHYTpH MOTPaHUYHOTO CJIOS 3HA4YCeHHS (YHKIUU fp OIEHEHHBIE TIO

BBIpAXKEHUIO f; =1—exp —2.4% OKa3bIBAKOTCS BEIIMYMHAMU MOPSAKA 104107

.

OTtMeTuM Teneph HEKOTOPhIE OYEBUIHBIE OCOOEHHOCTH MepeHoca TypOysieHTHOCTH. Bo
MEPBBIX, BCE HW3MCHCHHS, OOYCIOBJICHHBIC KOHBEKIIMCH, COCPEIOTOYCHBI BHYTPHU
MOTPAHUYHOTO cJI0sl. Bo BTOPBIX, BHE CJI0sI reHepanus TypOyJeHTHOCTH PaBHA HYIIO B CHITY
toro, uto 0U/0y=0. [1o3TOMYy BIIOJIHE €CTECTBEHHBIM ITPEICTABIISICTCS TIPEOI0KEHNUE O TOM,
9TO 3HAYCHUS k BHE CJIOSI MPAKTUICCKU MMOCTOSHHBI, T.¢. TU(PPY3HOHHBIN IEPEHOC BHE CIIOS
ucuesaronie Mai. B To ke BpeMs, B CBS3M C MaJOCTBIO f; BHYTPH IOTPAaHUYHOTO CIIOS,
muddys3ueit 1 renepanreld MoKHO peHeOpedb U BHYTPU CIIOSL.

B urtore ypaBHeHus k-& Moaenu npuooOpeTaroT BU

U%+V%=—go, (5)
&
2
U%_FV%:_ng_O_ (6)
ox oy k,
KpaeBbie yci10BHS HMEIOT BHJ
=0,k =¢,=0; y >0, k,=k,,6,=¢,. (7)

3HaveHus k, U & PACCUUTHIBAIOT IO BRIPAXKEHUAM (4).
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2. Teoperuyeckuii aHajau3 TypOYJEHTHOr0 TeyeHHs] B MOTPAHUYHOM CJioe TNPH
MaJBIX ynciaax Re

Cucrema (5)-(6) 3ameHoit ¢, = gc‘,’z k,” TPUBOJUTCS K OJJHOMY YPaBHEHHUIO:
U%+V%=—g—gk§2. (8)
ox oy k,?

VYpaBHenue (8) 00beIUHUM C YpaBHEHHMSIMU HEPa3pbIBHOCTH U MEPEHOCA UMITYJIbCa B
JAMUHAPHOM MOTPAHUYHOM CJIOE.

2
.

& & 9
P )
—+—=0.

&

b

3ameHna (4) He MEHsET BHEIIHEro Buja cuctembl (9) M OHa JOMYyCKaeT pelieHue B
Ux Uy

v s n_v\/za

MepeMEHHbIE B ypaBHEHHH (8) M TPOBOIS 3aMEHY k =k,/k,, Toe k, ompenensercs

XOpOILIO M3BECTHBIX MNEPEMEHHBIX & =

U=FU,. HWcnone3dys 5T Xe

cooTHomIeHueM (4), moclie HeCIOKHBIX MmpeoOpazoBanuit mosrydaem (cum. [130]):

2§F@+Vﬁ+ 2 Fk = 2
& on 1-C, 1-C,

KpaeBble YCIIOBHS JUI k BBITIAIAT CIEAYIOIMM 06pa3soM:

k. (10)

k(0)=0, lim, _, k(n)=1.
Tak Kak KpaeBble YCIIOBHS HE 3aBHCAT OT &, TO COINIACHO TeopeMme MopraHa

npousBojHas no £ B (10) moxer ObITh oTOpoLIeHa. Takum oOpa3zom, ypaBHEHUE NepeHoca k
B IIOTPaHUYIHOM CJIOC MOKHO YIIPOCTHUTL, 3aMCHHB €0 YpaBHCHUCM

v+ Fk = k. (11)

Cxkopoctu V u F onipeensaroTcst U3 aBTOMO/IEIBHOU (POpMBI 3arucu cucteMsl (9):

F d°F
n n
dv

[loacraBnsis ypaBHenue HepaspbiBHOCTH (13) B (11), ypaBHeHue (11) MOXKHO HpHUBECTH K
BUIY
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dc 2 dv ~ 2 -
& k= k. (14)
dn C,-1dn C, -1

VYpasuenue (14) MoxHO peoOpa3oBaTh K BUILY

W%(—V)Al;:/i;q- (15)

3necy A=1/(Cy-1). U3 ypaBHeHus HepaspeiBHOCTH (13) cnemyet, uro V<0, mosTomy 3amuchk
(15) xoppextna. U3 (15) anemeHTapHbIMU IPEOOPA30BAHUIMU UMEEM:

d AT _ AT b
S E=CrP eyl (16)
Obuee pemenue (16) umeer Bu

1

E={V{C(1—C2)+2j.%dn}}l_cz. (17)

3nech C — MpOU3BOJIbHAS TIOCTOSTHHAS.
Permienne  MOJUKHO — yIOBIETBOPSITH — ycmoBusM — k(0)=0, lim, &k =1. Paccmorpum

n
BeIpaXeHHe 21’ j V=dn . Tlo npaBuny Jlonmrans, ¢ y4eToM ypaBHEHHs HepaspbiBHOCTH (13),
0

nMEEM:

.
jV'Sdn

0

limwo 2 =lim ,——=1lim  —=o0
F

-2 n—0 dV n—0

_%

Tak kak mokasarens crenend B (17) oTpumareneH, To oTciofa ciemyer, 4to k(0)=0
HE3aBUCUMO OT 3HaYeHUH C. AHAJIOTUYHBIM 00pa30M MOJIydaeM, YTO

n

IV'Sdn

lim,_, 2% =lim, —=I.
V- F

n—>
Otcrona cieayer, 9To JUIs BBITIOJHEHUSI YCIOBHS k (0) =1 HeoO6xoaumo, utoosl C=0. B utore,

TOYHOE penleHne ypaBHeHus (16) umeer Buj

1

o]
k=21 —dn} .
OI/3
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OneHuM NoBeIeHUe 3TOT0 pelleHus B IpUcTeHHol oOnactu. U3 pemenus [lonbraysena

clenyeT, YTo BONWM3M CTEHKH F zl.S%zl.S%zOAn. Torma w3 ypaBHEHHUS

n
HepaspeiBHOCTH (13) crenyer, uto V' =~ —0.2n . [loacraBmnss 3to cootHonienue B (18) umeem

dr] Czl—l
—0.008n°

1

n R S S
k= 0.08n4j =052 "%, (19)
0

Ipu C,=1.5 umeem k ~1.56F*. B ciyuae Tu,~0.03+0.05, yunrsisas, 4to y creHku U.=y.,
MOJIy4aeM ko+=1.4x107+9.9x10" y+2, YTO HAaXOJHUTCA B XOpPOIIEM COOTBETCTBHUH C
SKCINEPUMEHTAJIbHBIMU JAaHHBIMH IO TOBEICHUIO kK B NPUCTEHOYHON 0O0JacTH pa3BUTOIO
TypOYJIEHTHOTO MOTPAaHUYHOIO CJIOSI.

Cnenyer oOTMeTUTb, 4TO, BOOOIIE TIOBOps, cooTHomeHue (19) maer HECKOJIbKO
00JIbIIYIO, YEM KBAJpaTUUHAsI, CKOPOCTh 3aTYXaHUsI k Yy CTEHKHU, T.K. U3 MIPUBEICHHBIX BBILIE
paccyxaeHuit cienyer, uto Cp BCerga MeHsble, ueM 1.5.

K coxanenuto, B cBsI3M ¢ HECOOCTBEHHOCTbIO MHTerpasia B (18), BbI3BaHHON TeM, YTO

V(0)=0, Beipaxkenue (18) HEIPUTOTHO AJII TOYHBIX PACUETOB k 1o HaiixeHHBIM 3HAYCHUAM V.
I[To aToit npuunne ypaBHeHue (19) pemianoch YUCIEHHO.

3. ConocraB/jieHHe pelIeHUil YNPOIUIEHHOT0 YPABHEHHS € IKCIEPHUMEHTAIbHBIMHU
AaHHbIMH. Q0Cy:KI1eHHue pe3yibTATOB

VYpasuenue (10) pemanock Ha HepaBHOMEpHOH ceTke B oOmactu 0<n<1500 meTomom
crarmoHupoBanusi. Ckopoctu V u F Opanuchk U3 NMpeABApUTEIIFHO MPOBEJACHHOTO PEIICHUS
cuctemsl (12)-(13). 3aBucumMocTy pe3y/nbTaToB OT LIATOB CETKU HE OOHAPYKEHO.

Pacuernbie 3nauenus ko/k. u &/s, npuBenensl Ha puc. 1. Kak m oxxmmanoch, Bce
M3MEHEHHUS MMapaMeTPOB COCPEIOTOYCHBI B JIAMUHAPHOM MOTPAHUYHOM CJIOE, T.€. B 00JacTH
n<3.52.

K coxanenwnro, skciepuMeHTaIbHBIC TaHHBIC O pacnpenenennn k npu Re<1000 aBTopy
Heus3BeCTHHI. [lo3ToMy Ha puc. 2 TpUBEIEHBI PE3YJIbTAaThl COMOCTABJICHUS PACUYETOB Ky IO
ypaBHeHUIO (19) c pe3ynbpraraMu MOJECIMPOBAHUS JIAMHUHAPHO-TYPOYJICHTHOTO IEpexo/ia,
npoBegaeHHoro LES-metomom (Aur m Bok [3]). Hdanuwsie fnra m Boka momydeHsr npu
Re=1.6x10". Pe3ynbTaThl npHUBENCHBI B BUAE 3aBUCUMOCTU Ko/knepeousa OT V/Vnepeousa- 3HECH
knepeousa — 3HaAUEHUE ko B TOUKE Ieperuda Ha npoQuie ko, Vrepeousa — KOOPIAUHATA ITOW TOUKH.
CoBnaieHre MPAKTUIECKU TOUYHOE.

| U/U,
0,8 |— — — — Kk,
1 - = ¢lg
0,6 —
0,4 —
0,2 — ’
_ . (/
0 I T TTTT T TTTI I T TTTTI T
0,001 0,01 0,1 1 n

Puc. 1. Pacuer pacnpeneneHus SHEPTUH U TUCCHIIAIMH TTPH MaJbiX Ri
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s —] AN
10 - A A A Sur u Bok
- naHHas paboTa
.0,8 —
£0,6 —
v -
= -
0,4 —
0,2 —
0,0 —750p0¢ [T T T T[T T T T[T T T T
Yneperu6a
0,00 0,25 0,50 0,75 1,00

Puc. 2. ConocraBienue pacueroB k ¢ pesynsraramu LES-mMonenupoBanus
Sura n Boka [3] npu Re=1.4 10

Bonee Toro, Ha puc. 3 pUBEIECHO COMOCTABICHUE PACUETOB Ay C pacyeTaMu TEUCHUS B
Pa3BUTOM TOTPAaHUYHOM CJIO€, TIPOBEICHHBIMU TI0 MoesiM Harano-Taraser [4], Uena [5] u
Jlaynnepa-Illapmel [6]. Pe3ynbraTsl Takke IPeCTaBIECHbl B BUAE 3aBUCUMOCTH k/knepeausa OT
VY nepeeusa- COOTBETCTBHE IO KpaHEN Mepe ¢ ABYMS pacde€TaMH U3 TPEX OYEHb XOPOILEe.

UT0oOBI MOSICHUTH CMBICII ’TOTO COOTBETCTBHS, 3aIMMIIIEM YPAaBHEHHE TIEpEeHOCa ky B BUJIE

fo%Ddg[/%zconv(ko)_(foP_go) (11)

3nech conv(ky) — orepaTop KOHBEKTUBHOTO TMIEPEHOCA.

1,2

s

Yen
— — — — Jlaynpep-llapma

—— = Harano-Tarasa

& & O nanmas pabota

k/kn eperuba

y yn eperuba
0,00 0,25 0,50 0,75 1,00

Puc. 3. ComnocraBienue pe3yabTaToB pacueToB k ¢ pacueramu SJHEPTHUH
TypOYJIEHTHOCTH 110 TPEM MOJIEIISIM.

Kax n3BecTHO, TOUKa mepernba — 3To TOUYKa U3MEHEHUS 3HAaKa BTOPOW MPOU3BOIHOH. B
HEMOCPEJCTBEHHONW OJIM30CTH OT CTEHKH Npoduib ky UMEET BBINYKIOCTh BHU3, T.€. BTOpPAs
pou3BoIHAs mojoxkutenbHa. Toraa u3 (11) caemyer, uto B 3toit obmactu conv(koy)>foP-&o,
T.€. pacrnpezeneHue ky B OCHOBHOM olpejensieTcss KoHBekuue. Ha HekoTopom paccTossHUM
OT CTCHKH MPOQWIb k) CTAHOBUTCS BBIITYKJIBIM BBEpX, T.€. BTOpasi MPOU3BOHAS CTAHOBHUTCS
oTpuaTenbHoil, T.e. conv(ko)<foP-&. Takum o00pa3oM MOXKHO CKazaTb, YTO B 00JIaCTH
V<Vnepeeusa PACIIPENICIIEHUE ko B OCHOBHOM OIIPENEINIAETCSI KOHBEKTUBHBIM IIEPEHOCOM, a B
O0NaCTH  V>Vnepeausa — TEHEpalMed u Juccunanuei. Pacnpenenenue ky B oOnactu
MIPEUMYIIIECTBEHHOTO BIHMSHUAS KOHBEKIIMH XOPOIIO OMHUCHIBaeTcs ypaBHeHueM (14). Boiee
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TOr0, 3TO PACHPENEIICHUE, BBIUUCIEHHOE B NEPEMEHHBIX k/kyepeousa OT V/Vnepecusa COXPAHIETCS
MPaKTUYECKH HEM3MEHHBIM HauMHAas OT CaMOTO Hayvasia MIaCTHUHBI.

BrIBOABI

B pabGore monmydeHO TEOPETHYECKOE pEIICHHWE Ui paclpeneiieHus DSHEPruu
TYpOYJICHTHOCTH B HEIOCPEJACTBEHHOM OJM30CTH OT CTCHKU. PermieHue O4YeHb XOPOIIOo
COTJIACYeTCS C M3BECTHBIMHU JKCIIEPUMEHTAIBHBIMH W PACUYCTHBIMH JTaHHBIMH W SIBJISIETCS
JIOTIOTHUTEIbHBIM MTOATBEP)KIEHUEM BEPHOCTH MOJEIU TypOylIeHTHOCTH [1].
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CALCULATION OF THE DISTRIBUTION OF THE TURBULENCE ENERGY IN THE
WALLED TURBULIZED BOUNDARY LAYER INTRODUCTION

Abstract. Introduction. In the works [1]-[2], the author proposed a new technique for
designing turbulence models that differed significantly from the classical approach to developing such
models. The equations of the model obtained are simple and contain much less adjusting functions
than existing models for simulation of turbulent flows in the presence of hard surfaces.

An important stage in approbation of new models of turbulence is their verification on
problems with a known result. As a rule, the list of such problems includes the results of experiments
approved in the conferences on modeling turbulence.

One of the well-known and experimentally verified facts is a following statement. In close
proximity to the wall, the turbulence energy is proportional to the square of the distance from the wall,
and the turbulent friction — to the cube of the distance. All models of turbulence are required to ensure
the fulfillment of these ratios. In all models known to the author this was tested by solving on the
complete equations of the model in the immediate vicinity of the wall.

At the same time, the author does not know any simplified version of any model of turbulence
for the calculation of currents in the immediate vicinity of the wall. In this paper, a simplified version
is proposed.
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Purpose. Approbation of the developed model. Demonstration of the possibilities of the
approach to the construction of models of turbulence.

Results. By using the estimations of the model terms in the near-wall region and rejection of
small ones, a simplified version of the turbulence model developed by the author was proposed. The
simplified version makes it possible to simulate turbulence in the immediate the near-wall region,
without taking into account the effect of the external flow. Furthermore. In the immediate vicinity of
the wall, a simplified version allows an analytical solution that well corresponds to the experimental
and simulation data of different authors. The numerical solution of the equations of the simplified
model in a more extended region also corresponds well to a variety of data. Analysis of the results of
calculations makes it possible to propose a new explanation of the behavior of turbulence in the near-
wall region.
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JEAKI IBUAKICHI METOJM PO3B’SI3KY HEJTHIMHUX OBEPHEHUX 3AJTAY
TEIIJIOITPOBIIHOCTI

Anomauin. Y cmammi npogedenuil wucenvHuil ananiz cepii memooie 6e3ymoeHoi onmumizayii
Ha HeNiHIUHUX 3a0ayax, AKi 0aomb MOMCIUBICIb 3MEHWUMU YacC NOWLYKY HUCENIbHO20 DPO38 A3KY
senuxozo kaacy ueninitunux O3T. Taxoowc y pobomi 3anponoHosani cymmesi Moougikayii KiacuuHoz2o
Mmemody Hviomona, saxi daroms MOAHCIUGICMb OMPUMAMU WYKAHUN YUCETbHUN PO38 30K HEeNIHItIHUX
3004y 3HAYHO WeUowe y NOPIGHAHHI 3 KiacuuHum memooom Hviomona. Moougixayii memooy
Hoiomona 3i 3minHuM Kpoxom O0aiomv 3HAYHO WGUOWLY 30idCHICMb mMa O0aiomb MONCIUBICID
ompumamu 00cumv weuoko po3e szxu neniniinux O3T.

Knrouosi  cnosa: obepnena  3a0aua  mennonposionocmi  (O3T), mpsma  3adaua
menaonposionocmi (I13T), memoou 6e3ymosHol onmumizayii, Keaopamu4Huil QYHKYIOHAL.

Beryn

ExcriepumeHTanbHi METOAM JOCHIKEHHS TEIIo(QI3UYHUX IPOLECIB Ta iX CHCTEM €
HaWOUIBII JOCTOBIPHUM JDKEPENIOM 1H(opMaIlii mpo TerioBuid ctad 00’ekty [7]. OcobnuBoro
3HAYEHHS TeOopis 1 MpaKTUKa PO3B'sI3aHHA OOCpHEHUX 337a4 HaOyBalOTh y HAlll Yac, KOJU B
CIIIy OOCTaBMH 10 CKJIAJIHUCS, OO €KTU EHEpPreTHKH, I[POMUCIOBOCTI, TPAHCIOPTY,
rocIo/IapcTBa, KOMYHIKallilld, OyaiBeab Ta CHOpYJ BIANpalLloBaJd CBiM IJIAHOBUH pecypc 1
noTpeOyloTh YHUKHEHHSI TEXHOT€HHUX KaracTpod, a came mnoTpeOyloTh TEpMIHOBOIO
OHOBJICHHS, MoOJIepHi3alii 1 pexkoHcTpykuii. [lepmmm kpokoM B peanizauii mnporpamu
PEKOHCTPYKIlIi TepepaxoBaHUX BHIIE OO €KTIB € IarHOCTHKA iX TEXHIYHOTO CTaHy 1
BU3HAUEHHS 3aJIMIIKOBOTO pecypcy, TOOTO uacy, MPOTATOM SIKOTO JaHUM OO'€KT MOXKe
HaJIMHO 1 €(eKTUBHO NPALIOBATH, HE CTAaBJISIYM M1 3arpo3y >KUTTS JIIOJCH 1 HaBKOJUIIHE
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cepenosuine. Ilpu mpoBeneHH1 N1arHOCTHKU Oe3MocepeHE BU3HAYEHHS IapaMmeTpiB, IO
0O0MEXYIOTh HallliHy poOOTy 00'€KTa yCKIagHEHEe, a 4acTO MPOCTO HEMOXJWBE. Tomy, fK
MpaBWJIO, MPO III HapaMeTpu CYyIATh 3a pe3yjibTaTaMM HENpSIMHUX BHUMIPIOBaHb, IO €
MPEPOraTUBOI0 OOCPHEHMX 3a/ady. TakKuM YHMHOM, B OCHOBI JIIarHOCTUKH TEXHIYHOTO CTaHY
JeXKaTh TEOpPis 1 MpPaKTHKa pO3B’si3aHHS OOEpHEHWX 3aJay, a 1€ BUMAarae IOJaIbIINX
JNOCHIKEHb 3 PO3pOOKM METOMIB BUPIMIEHHS LMUX 3aBJaHb, €(EKTUBHHUX AJITOPUTMIB 1
MIPOrpaMHUX MPOJYKTIB.

Jlo OocHOBHUX mpobieM i 4Yac BHPINIEHHS NPUKIATHUX OOEpHEHUX 3a/ay
terwionposigHocTi (O3T) BigHOCATh KOPEKTHICTh MOCTAHOBKHU 3ajaui, 4ac PO3B’SI3KYy CUCTEM
anreOpaiyHUX PIBHSAHb JI JUCKPETHOTO AaHAJOTy PIBHSAHHSA TEIUIONPOBITHOCTIL, 00’e€M
oOuMClIeHb IiJ] 4Yac ONTUMI3alli KBaJApaTUYHOIO (QYHKLUIOHAIY y OOEpHEHUX 3ajadax
(KUIBKICTH OOuMciIeHb Ha 1 ITepauiio), CTIMKICTh Ta 30DKHICTh METOAIB 0Oe3yMOBHOI
ONTHUMI3aIlii.

Binomo, 1o 4ucenpHUM po3B’A30K JHHIMHMX 3aJad MOpsSIMUX Ta OOEpHEHUX
TEIUIONPOBITHOCTI OTPUMYETbCA 3HAYHO IIBHIIIE, HDK HENTIHIMHMX 3a4a4, OCKUIbKU
JUCKPETHUN aHAJIOT JIHIMHMX 3a7a4 BUMAarae po3B’si3aHHs JIIHIHHOT CUCTEMHU PIBHSHB, a JUIs
HEeNHIMHUX — HeniH1HHOT [1;5;7]. Ilin yac 3HaXO0JKEHHS YUCEIbHOTO PO3B’SA3KY HENIHIMHUX
3aJ1a4 BUHUKAE s MpoOJIeM NOUIYKY pO3B’sI3Ky MIOCTAaBICHHUX 3ajau.

binpuiicte cydyacHUX METOIIB Ta alrOpPUTMIB pPO3B 3Ky NPUKIATHUX 3ajad, SKI
3BOJATBCA JI0 PO3B’SI3aHHS OOEpHEHUX 3a7au TEIJIONPOBIIHOCTI, BUKOPUCTOBYIOTh
OaraTopazoBUil BUKIIMK NpOLEAypH pPO3B 3Ky mpsimMoi 3azayi temonposigHocti (I13T).
Tomy, oueBHIHO, MO OJAHUM 13 Hale(EKTUBHIMIMX MUIAXIB CYTTEBOTO 3MEHIIECHHS 4Yacy
MOIIYKy 4yucenbHOTO po3B’si3ky O3T € 3menmends yacy posB’si3ky [I13T mist BimmoBimHOT
O3T [4;5]. V xnacuyHIil NOCTaHOBLI HEKOPEKTHHX 3anad, y Tomy uuciai O3T, mpucyrHiit
KBaJpaTUUHUN (YHKLIOHAI, SKUM MOTpiOHO MiHIMIZyBaTu. ToMy He MeHII €(pEeKTUBHUM
LUIIXOM TPUCKOPEHHS oTpuMaHHS po3B’sa3Ky O3T, 30kpema HENHIMHHUX, € MOAMQIKaIisL
ICHYIOUHX METO/(IB 06€3yMOBHOT ONTUMI3alii BIANOBIAHOIO KBAaAPATUYHOTO (YHKIIIOHATY.

Jia miHiiHUX Ta HeniHidHUX O3T KUIbKICTh BUKIUKIB npoueaypu po3s’ssky [13T Ha
OJIHY ITepalliio i Yac 3aCTOCYBAaHHA IPAJIEHTHUX METO/IB MPOMOPIIHHA KUIBKOCTI IIYKaHUX
napameTpiB po3B’si3yBanoi O3T. 3 pocToM pO3MIPHOCTI 3aadi POCTE€ KUIBKICTh BUKIHKIB
npouenypu II3T. Sxmo, nanpukinan, aBosumipHa O3T Ha BiTHOBIEHHS MOYaTKOBOTO
pO3MOAUTY TeMIepaTypu po3rsiayBaHoi oOmacti [4] po3B’szyeTrhes Ha citmi 34x34 (3
IPAHIYHIMH BY3JIaMH), TO KUTBKICTh BHKIHKIB mporieaypy po3s’ssky I13T 322, Skmio & 1o
caMy JBOBHUMIPHY 3aJladyy pO3B’A3ye€TbCS Ha citii 66X66 (3 TpaHUYHMMH BY3JIaMH), TO
KUTBKICTh BUKJTHKIB poneaypu po3s’sisky 13T 647 i 1. .

Meta poboTu

Po3poOka uncenbHUX METOMIB, Kl 3MEHIIYIOTh KUIbKICTh OOYHCIIEHb JUIsl OTPUMaHHS
PO3B’A3KY HENIHIMHUX OOCpHEHUX 3a]ay TEIUIOMPOBITHOCTI Ta ampoOailisi WX METOIIB Ha
KOHKPETHHUX 3aJlauax.

MaTtemMaTH4YHA IOCTAHOBKA 3a1a4i

VY obnacti Dx[0,7] po3risinaeTbCsi piIBHAHHS TEIIONPOBIIHOCTI [S]:

oT
pC—:V(kVT) (1)
ot
[ToBHMIT pPO3B’S30K 3aadi TEIUIOMPOBITHOCTI y 3amaHid o00yacTi MICTUTH Taki

BIJOMOCTI:
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—3HaYeHHS TeMIIepaTypH Yy BCIX BHYTPILIHIX TOUYKaX po3paxyHKOBOI o0OjacTi 3a1a4i,
T00TO VX € D, Vte [O,T] Bimomuit posnoaun T (x,t). Ile o3Hauae, 110 BiIOM1 PO3MOALTH Y

MMOYaTKOBU MOMEHT Yacy

T (x)=T(x,0) @
Ta KIHIIEBUM MOMEHT 4Yacy
T,,(x)=T(x,7); 3)
—I'paHUYH1 YMOBH:
0D =0D, +0D,, xedD, :T =T(x,7); xedD, : 0T /on= p(x,7), 4)

ae 0D — rpaHuns po3paxyHKoOBOi o0xacTi, 0D, — Iie YacTHHA I'paHHMIli (MOKINBO, TOPOXKHSA),
Ha sKiil 3an1ana ymoBa /Jlipixae ta 0D, — dyacTWHA IpaHHML|, Ha AKii 3a1aHa ymMoBa Helimana, a

n — 1€ HOpMaJTb JIO TPAHUIll PO3PAXyHKOBOI 00JIaCTI 3a/1a4i;
—3aJIeKHICTh IapaMEeTPIB 3aJa4i B1l KOOPIMHAT Ta TEMIEPaTypu:

p=pxT), C=C(x,T), k=k(x,T), (5)

ae

p —T'yCTHHA TUIa,

C — nuToMa TEIIOEMHICTD Tia,

k —xoedilieHT TeMIlepaTypoIpoOBiTHOCTI.

BpaxoByroun BuIleBKa3aHi BiIOMOCTI IPO MOBHUM pO3B’A30K 337a41l TEIIONPOBIAHOCTI,
MOXKHA c(hopMyIIIOBaTH NMPsAMY 3a/1auy JUIsl pIBHSAHHS TEIUIONPOBiIHOCTI B obnacti D x[0,7].

HNano piBHsHHA (1), mouyaTkoBuil po3moaul Temmeparypu (2), rpaHuyHi ymoBu (4),
3aJIe)KHOCTI IapaMeTpiB B koopauHaT 1 Temmneparypu (5). [loTpibHO 3HAWTH KiHLEBUN
po3nonin temneparypu (3) 1, sSIK NPOMDKHUN pe3ylnbTaT, 3HAUEHHsSI TEMIIEpaTypH Yy BCIX
BHYTPILIHIX TOUYKaX pO3paxyHKOBOi oOnacTi y piBHAHHI (1) ans Vi e [0,1'].

[Tepmoro O3T y po6oti posrasgaerbest HacTynHa O3T. Jlano piBusuHS (1), KIHIEBUN
po3nojun Temneparypu (3), rpaHuYHI YMOBU (4), 3aJIEKHOCTI NTapaMeTpiB Bl KOOPAUHAT Ta
temieparypu (5). Tpeba 3HaliTH MOYATKOBUM poO3MOAUT TemmnepaTypu (2) i, sIK MPOMDKHUM
pe3ynbTaT, 3Ha4eHHs] TeMIIepaTypH Y BCIX BHYTPILIHIX TOYkax obiacti mis Vi e [0,1']. O3T
BB@)XATbCA PO3B’SA3aHOI0, SKIIO 3HANWIEHO TaKUM NOYAaTKOBUM pO3MOJUT TeMIepaTypu

T,. (x) =T (x,O) , 10 pO3B’SI30K MPSAMOI 3a/1a41 3 BUKOPUCTAHHSIM Y SIKOCTI I0YaTKOBOI YMOBU

uporo posmnoauty 7’ (T

init

) CHIBNA/AE 3 MOTPIOHUM KIHLEBUM po3nojiiom T, .

[nakmie, moTpiOHO 3HANTU MOYATKOBUN PO3NOALT TeMnepaTypu 7, . Takuii, 1o

init

init

J(T,.)= HT(T_) - TﬁnH > min . (6)
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VY saxocti HOpMH y (6) BHUKOPHUCTOBYETHCS HOpMa L, TOOTO ||x||: [ J. x’dD abo, y
D

2 .
|x|| = le. . SlcHo, 110 VI 33/1aHOTO MMOYATKOBOrO po3noainy T,

init

JUCKPETHOMY BUIAJKY,

3Ha4YeHHS T (T ) OTPUMYETHCSI B pe3yibTaTre po3B’s3Ky AudepeHiialibHoro piBHAHHA (1).

init
Jliisa ckopoueHHs 3anuciB BBenemMo i piBHAHHS (1) mo3nauenHs (7). TyT migkpecitoerbes,
10 pO3B 30K OTPUMAHO 3 BUKOPHUCTAHHSAM ILIYKAaHOTO MapaMeTpy L(T ,9) =0, y nanomy

BHIIA/IKY, 3 [I04aTKOBOO yMoBot0 0 =T (x,0) =T, (x):

L(T,0)=0. (7)

MoxHa cka3zatu, mo audepenimiaabae piBHsSHHS (7) BUCTymae s 3amgadi (6) B podi
obmexxenns. ToOTo, cnmparunch Ha CydacHy Kiacudikailio, MaeMoO CIIpaBy 13 3aJadero
MOIIYKY [IOOaJbHOTO MIHIMYMY (¢yHKIIOHany (6) 3 oOOMEeXeHHSIM Yy BUIVIAL
nugepeHiaabHOro piBHAHHA (7). 3a1a4l MOUIYKY €KCTPEMYMY 3 OOMEKEHHSIMHU 3alHCYIOThCS
3 BUKOPHUCTAaHHSM MHOKHHUKIB Jlarpanya, TOOTO 3ajada CTaBUTbCS Yy BUIUIAII 3ajadl Ha
0€e3yMOBHHUN EKCTPEMYM:

[(r(6)-T,,) dD+AL(T.6) — min.

D

Tomy NOTpIOHO 3HAWTH IOYATKOBHUH po3moAul Temmeparypu O =7, Take, IO

posnozin 7 (6) nae minimym dyHKItioHaTY

J(0)= j (7(6)-T,,) dD - min, ()

OpUYOMYy [UIsi JOBUIBHUX II0YaTKOBHX yMmMoB O =171 . 3HaueHHd T (9) 3HaXOJUTHCA B

pe3ynbTaTi po3B’ 3Ky AU epeHiabHOTro piBHIHHS (7).

Jlpyroro 3amauero y AaHid poOOTi € 3amaya Ha MOHIYK I'paHU4HOi ymoBu [3]. JlaHo
piBHsAHHA (1), moyaTkoBUI PO3MOALT TeMnepaTypu (2), KiHIeBUI po3noaul temnepaTtypu (3),
IpaHUYHI YMOBH Ha YaCTHHI I'paHUL y BUIJIAAL (4), 3a1€KHOCTI TapaMeTpiB Bl KOOPJAUHAT Ta
temiieparypu (5). Tpeba 3HaiiTu rpaHMYH1 YMOBH (4) Ha Tl YaCTHHI I'PaHULl PO3PAXyHKOBOT
oOnacti, Ha $Kii BOHM HE€ 3a4aHi (HEBIIOMI) 1, SK NPOMDKHUN pe3yabTaT, 3HAYEHHS
TEMIIepaTypu y BCIX BHYTpimIHiX Toukax oOsacti. O3T BBaxkaTbcs po3B’A3aHOIO, SKIIO
3HAMACHO TaKU PO3MOJAUT TEMIIepaTypu abo TemIepaTypHUM IMOTIK Ha TpaHuUIlll oOiacTi (e
BOHA HE 3aJaHa Oyja 10 LIbOT0), HI0 PO3B’A30K MPSAMOi 3ajadl 3 BUKOPUCTAHHIM Y SKOCTI

3HAWJIEHUX TPaHUYHUX YMOB YMOBHM LbOrO posnoaity 7' (Qbm d) CHIBNAAA€E 3 MOTPIOHUM
KIHIIEBUM po3noaiiom 7', .

AmnanoriuHo TpeTs 3a7ada y JaHid poOoTi Ha Momryk KoedilieHTa TerIoNpOBIAHOCTI
[6]. Hdano piBHsHHS (1), mowarkoBHHl po3moaul Temmneparypu (2), KIHLIEBHI po3MOAUI
teMmiieparypu (3), rpaHUYHI YMOBHU Ha YaCTUHI IpaHUIll Y BUIISLAL (4), pO3MOALT TYCTUHH Ta
MUTOMOI TEIJIOEMHOCTI T11a, SIK1 3aJ]1€KaTh Bl KoopauHaT Ta Temmneparypu (5). Tpeba 3HaliTu
pPO3MOJIUT 3HAYEHb TEMIEPATypONPOBITHOCTI Yy (5) 1, SIK MPOMDKHUN pe3ynbTaT, 3HAUECHHS
TEMIIepaTypu y BCIX BHYTpimIHIX Toukax obOusacti. O3T BBaxkaTbcs poO3B’A3aHOI0, SKIIO
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3HANACHO TaKWW PO3IMOJUT 3HAUYEHb TEMIIEPATYPOIPOBITHOCTI, IO PO3B’SA30K MPSAMOI 3a1a4i 3

BUKOPUCTAHHSM Yy SIKOCT1 3HAaWJEHMX IPAaHUYHUX YMOB YMOBHU LbOTO posnoauty 7 (900" d)

CHIBIA/A€ 3 MOTPIOHUM KIHIEBUM po3moaiiom 7, .

Metoauka po3B’si3Ky

UucenpHul po3B 30K PO3IIIHYTUX Y poOOTI 3aa4 OTPUMAHO METOJOM CKIHYEHHHX

€JIEMEHTIB.

bynemo MinimizyBatu ¢yHkiioHan (8), po3B’s3yl0uu CUCTEMY PiBHSHS [ 1; 2; 5]

e

oJ

2(6,)

1

=0:,i=1N,

)

0 ; — myKaHe 3HaYEHHS TeMIEPaTypH B i-MY BY3ILY pO3paxyHKOBOI CITKH;
N — 3arajbpHa KUIBKICTb BY3JIIB, Y IKMX MOTPIOHO 3HAWTH 3HAYEHHS TEMIIEPaTypH.

Cucrema (9) 6yzne po3B’sizyBaTuch MeTo oM HetoToHa Ta Hioro MoaudikarisMu.

Toni 3aBgaHHs oNTUMI3alli MOXHa IOCTAaBUTU B Takui cnocib. Cepen iCHyHOuUuXx
YUCeNbHUX METOMAIB onTumizauii tuny HploToHa BuOpaTtu HaWOUIbII eQEeKTUBHI s
po3B’s13ky O3T 1 CKOPOTUTH B HUX KUIBKICTh BUKIIMKIB Mpo1ieaypu po3s’si3ky [13T.

MeToau MiniMi3anii KBaApaTHYHOrO (PYHKIIOHATY

Metonu Tuny Meroay HploToOHa 3aMiHIOIOTH PO3B’SI30K CUCTEMH PIBHAHb BHUAY

1

oF, (—k)
—|x
Ox,

oF, (—k)
X
ox,

oF, (—k)
—x
ox,

oF, (—k )
X
ox,

k E(
; Fn(

F (;) =F (x1 ,...,xn) =( pO3B’SI3KOM IMOCIIIOBHOCTI CUCTEM BUAY [4-6]:

(10)

VY skocti matpuui cucremMu B (10) BukopucroByerbes ['eccian, TOOTO Marpuis, IO
CKJIQZAETHCS 3 IPYTUX MOXITHUX PIBHSIHB CUCTEMU:

H (o)

ne k — Homep itepariii MeToy.

0%,
00?

)

o°J,
06,00, (6)

o°J, (9("))

06,00,

Z;Jz (o)

) (11)

Po3B’sa3ku nmoaibHUX 3a/1a4 MOXKYTh OyTH OTpUMaH1 TUIbKU YHUCEIbHO, TOOTO Y BUIIIAIL
TaOnuIe 3Ha4YeHb. llepen Tum, sk 3amucaté GOPMYIH IS PO3TJISHYTUX METOMIB Yy [5],
3anuiIeMo Kiracuuauii Meroq Herotona mist nocrasiaenoi O3T.
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G*AO* =—-R*

S (12)
0" =6" + A"

e G= (Gi/‘) = (82J/69i69j) — wmarpums Decce, A0 =(A6,,...A0,) — BexTOp-CTOBIUHK

. . T T .
npupoctis mapamerpis, R = (R,,...,R,) =(8J/06,,...,8J/06,) — BeKTOP-CTOBITUMK MOXimHHIX
LUIOBOIO KBaAPATUYHOTO (YHKIIIOHATY.

Buxopucranus meronais, ormcanux y [5], mis (12), Bege 1o moaudikaiid KIacCUIHOTO
MeToy HeroToHa 31 3MIHHUM KPOKOM.

[lepuia Mmoaudikaiiss METOLy 31 3SMIHHUM KPOKOM Ha OCHOBI [5] MaTtume Takui BUTIIS;

J(E(") - ﬁkJ'(E(")))z min J(E(") iy -J'(E("))) B>0,
Z_g% _B-H (5(k))J(5(k)) ’
Jz=nE)=minJ(z-n-0E)a>0,
0" =0 —2n, -(H(§("))+ H(Z))]J(é(")),

(13)

Jc

9( ) .. — BEKTOp HEBIIOMUX 3a/1a4l Ha iTeparlii k;
H —wmarpuus 'ecce;
h, — KpOK METOly Ha ITepauii k.
Merton (13) mae apyruil nopsa0K TOUHOCTI.
Amnanoriuso, apyra moaudikaiis metony HproToHa 31 3MIHHUM KpPOKOM Ha OCHOBI [5]
MaTUMe TaKui BUTIIS;

J(E(") - ﬁkJ'(E(")))z min J(E(") iy -J'(E("))) B>0,
z=0""—p-u6" ")

J(Z—th'(E)):minJ(E—h-J'(E)),h>o, (14)

5 o) ) ) )

Merton (14) mae npyruil nopsa0K TOYHOCTI.
Tpetst mogudikamis Mmetoy HproToOHa 31 3SMIHHUM KPOKOM Ha OCHOBI [5] MaTuMe Takuid
BUTJISIL:

—
D

J(E(") - ﬁkJ'(E(")))z min (6" - B -J'(E("))) B>0,
Z:é(k)—ﬁ-H-l(é("))J 0 )

J=ha )= min sz=n-0 ()L h>o0, (15)

)

—(k
gt _ g _th,{Q 2+ Z]J(é("))_

Cnin 3ayBaxkuTH, 110 MeToA (15) mae TpeTiit mopsI0K TOYHOCTI.
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Mosxna npuckoputu Mmeroau (13), (14), (15), BUKOPUCTOBYIOUYHM JJIsi 3HAXOJKEHHS
—(k+1) o
BekTOopa 6 METO/]1 HAUIIIBUIIIOTO CITYCKY.

TectyBanHs po3po0JIECHUX METOIIB MPOBOIMIOCS Ha psl 3a1ad. [leski 3 HUX HaBeJeH1
HIDKYE.
3aoaua 1. 3naiiTi rinobanbHUN MIHIMYM (QYHKIIOHATY:

J(Q(;)) = j(T(@,;,tf)—®()_c))2 dx —> min, x = (x,x,), (16)
Q
ne
Q — PO3paxyHKOBa 00JIaCTh;
9(;) — HeBioMa (1rykaHa) QyHKITis,

T(Q,x,tf) — IIYKaHUH pO3B’SA30K 3a7a4i, AKUH 3aJIeKUTh Bif Q(x) ;

@(;) — 3a/laHuii PO3IOALT TEMIICPATYPH Y MOMEHT 4acy [ .

PospaxynkoBa o6macte ) pa3oM i3 CITKOIO 300pa’keHa Ha PUCYHKY 1:

PospaxynkoBa obnacTh, 300pa’keHa Ha PHUCYHKY 1, mpeacTaBisie cO0Or0 KBaapaT 3i
CTOPOHOIO 2 3 IEHTPOM Yy MOYaTKy KOOpAMHAT. 3 KBaJApaTy BHUPI3aHO KOJIO 3 LIEHTPOM Y
MovaTKy KoopauHat pazaiyca 0,5 ta yotupu KBajapatu 31 cropoHamu 0.2 3 1eHTpamMu y TOUKaxX

(~0.5,-0.5), (~0.5;0.5), (0.5;-0.5), (0.5;0.5) Bianosizso.

JlonaTtkoBe OOMEXeHHs KBaapaTtuyHoro ¢yHkuioHany (16) 3amucyerbcs y BUIIIAIL
IU(EepeHL1aIbHOTO PIBHSHHS:

oT
= =V(kVT)+ f,
ot (KVT)+ f

tel0,t,|,t,=03, (17)
k(T)=T?-T+sinT+1, f(x,x,,T)=cos(T—x,+X,)+x +x,.

I'pannyuni ymoBu (17) MaroTh HACTYMHUM BUTIISAL;

T(-1,x,,t) =sinzx,,

or (x.t) or (x.t) or (x.¢) or (x.¢) (18)
(Lxy,t) (x1,—-1t) (x,1.1) Cinside

1
Ie n — HOpMajb [0 TpaHulli o0nacTi (y 1aHOMY BUIIaJKy 10 BHYTpimHbo1 ') .. ).

1
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Tpianrynsuia pospaxynkosoi odaacri

0.8

0.6

0.4

-04

-0.6

-0.8

-1
-1 08 -0.6 -04 -0.2 0 0.2 0.4 0.6 0.8 1
X

Puc. 1. Po3paxynkoBa 001acTh 3a7a4i 3 HAKJIaJACHOIO Ha HEIO CITKOIO.
Tpianrynsuisa: 1348 By3niB citku; 2472 enemeHTH; 232 TpaHUYHUX €JIEMEHTH

Posnmoain temmneparypu mna (17) 3 rpanmunumMu ymoBamu (18) st piBHsSHHS (16)
IIPEJCTABIICHO TaK:

T, (x)=T(xt,) (19)

npuyomy, posnoain 7T, (x) [PE/ICTaBICHO HA pUC. 2:

Pe3ynbTraTu yncenbHUX €KCIEPUMEHTIB HaBEJEHO Ha puc. 3-6.

Ha ocHoOBI oTpuMaHux pe3yabTaTiB MOKHA CTBEp/UKYBATH, 10 Mojau(ikaiii METoAiB
HploToHa mpaitoloTh Ha HENMHIMHMX 3aJadaX Ha IOLIYK II0OYaTKOBOi yYMOBHM 3HAa4YHO
edekTuBHIIIE, HDK KIacuuauil Mmetoa HproToHa.
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T(xy,0)

Kinuesuii po3nogin remneparypn
(v momenT yacy 7=0.3)

¥ -1 i X

Puc. 2. Po3noain TemmnepaTypu B KiHIIeBUiI MOMEHT 4acy (=0.3)

IoyaTkoBHii po3noJix TemMmepaTypu

-0.5 b e s

¥ -1 %

Puc. 3. TemnepatypHe nosue B MOMEHT dacy =0
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E . I'pagiune npeacrasinenns 3dizknocti merony HeloTona ta oTpuManux MogHpikamii
= i T T T T T T T

=

g *Kﬂacwmnﬁ merog Helorona

E e 1 -’-Mo,mq:ixauiﬂ smeroa Heorona 3i sminnum kpokom hk (13)| |
i) — p—

£ % -‘-MOﬂHdJlKaﬂlﬂ meroda HeloTona 3i 3MiHHEM KpokoMm hk (14)
= — o

E E 0.8 =3¢=Mopupirania merona Heworona 3i sMiHHEM Kpokom hk (15) |
:ﬁ a Monudikauis merona HeioTona 3i 3MIHHHM KpoKoMm hk (15)
3 i

= E 0. 3 BHKOPHCTAHHAM MeTo1y HalBHALIOTO COYCKY -
=

o

1

5 E 04 =
2w

i

g2

= 202

=

=

¥

=

g 0

£

Homep iTepanii
Puc. 4. [lopiBHANBHUN aHa3 poOOTH METO/IIB HA NIOCTABJIEHIM HENMIHINHIN 3a7a4i 3a
KpUTEpieM 30DKHOCTI BIIMOBITHUX METO/IIB

BigcoTok KiIbKOCTi BHKIHKIB
npouenypH II3T Bix MakcHMAIBHOT KIIBKOCTI
Yy KiIacHuHoMmy MeTodi Herotona

100%

100%

wi Knmacaunnii Metog HeroTOHA

90%

80%
NMopudikamia mMerony HeroToHa 31

 63.45% — 3MIHHHM EpokoM (13)

70%

60% o .
= Mogudixamis MeTomy HeioToHa 3i
3MIHHHM KpOKoM (14)

50%

40% 34.46%

= Mogudikamia Metoxy HeroToHa 31
3MIHHHM KpokoM (15)

3Ha"eHHA BITICOTKA

30%

20%

* Momudikamis Metomy HeioToHa 3i
3MIHHHM KpOKOM (15) Ha ocHOBIL
MeTOoAy HAMIIBHANIOTO CIIYCKY

10%

0% =
Puc. 5. lopiBHsuTbHUE aHATI3 PO3TIIIHYTHX METO/IIB HA MTOCTABJICHIN 3a1a4l
3a KpUTEpieEM KUIBKOCTI BUKIUKIB npolieaypu po3B’a3Kky 13T 3 HyaboBUM HaOIMKEHHSIM JI0

[I0YaTKOBOI YMOBH
BincoTok KiIbK0CTI BHKIHKIB
nponenyps II3T Binx makcuMaabHoY KiTbKOCTI
¥ Kracaaaomy Metoni HeloTtona

100%
100%
i Knacnunnit Metoa HeroToHA
90%
80%
NMogudikauiz meroay HeioToHa 31
g 0% 3MIHHEM KpokoM (13)
b=
g co% . .
=) EM(_)nH(iJucaum MeToay HproToHa 31
S 50% 3MIHHHEM KpokoM (14)
-]
W
r 40% 2 : 2
g ® Mopudikamnis meroay HeioToHa 31
7 30% IMIHHEM KpokoM (15)
20.85% 19.75%
0, 1270
20% N . L _
sz 11.46% +tMomndixania Metony HproTona 31
10% (3333saaiss—— 3MIHHEM KPOKOM (15) Ha ocHOBI
\\\ : : | METOIY HAHIIBHIIIOIO CIYCKY

0%
Puc. 6. IopiBHsuTbHUI aHATI3 PO3TIIIHYTHX METO/IIB HA MTOCTABJICHIN 3a1a4l
3a KpUTEpieEM KUIbKOCTI BUKIIUKIB npo1ieaypu po3s’a3Kky [I13T 3 nabnmxeHHIM
710 IOYAaTKOBOT YMOBH 32 J0NIOMOroo psany @yp’e [4] (4 wieHu po3kiany B psia)
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3aoaua 2. 3naiiTi rinobanbHUN MIHIMYM (QYHKIIOHAIY:

2

oT (0, x, :
J(Q(y))zj' M —(E)(y) dy — min, (20)
r Ox r
ne
9( y) — IIyKaHa 3O0BHINIHS T'paHWYHA YMOBA JPYroro pojy IpaBOi YacCTHHH

PO3paxyHKOBOI 00J1acTi;

T(0,x,y) — mykanuii po3B’s30K 3a1adi;

I', — rpanung, Ha sAKii NOTPIOHO 3HANTH PO3MOJUT TEMIEPaTypHu — i€ IpaBa 30BHILIHS
rPaHHIL PO3paxyHKoBoi 06macti st y € (0.2;0.8);

©(y) — 3amanuii TemIepaTyYpHHii MOTIK Ha NpaBiil YaCTHHI PO3paxyHKOBOi o6macti I, .

JHonatkoBe oOmexeHHs uist (20) y BUrisiai AudepeHnianbHOro piBHAHHS Ma€e BUTIIS!

V(kVT)=-f,
T’ +sin(Tj+2
k:k(T): 100 ’ (21)
100

1= F(x2)=10((x=1)" +(y-1)"),

MIPUYOMY PO3paxyHKoBa 00sacTh 2 A piBHSAHHS (21) 300paxeHa Ha PUCYHKY 7:
PospaxynkoBa obGnacTe 3amadyi, sika 300pa)keHa Ha PHUCYHKY 7, MpEACTaBisie cO0O0I0
NPSIMOKYTHUK PO3MipoM 2x1, JliBa HIDKHS BEPIIMHA SKOTO JISKHUThH y MOYATKy KOOpAWHAT. 3

MPSIMOKYTHUKA BUPI3aHO MaJUH NPSIMOKYTHHUK po3MmipoM 1x0.5 3 ieHTpoM y TouIli (1;0.5) Ta

YOTHUPH YETBEPTUHU Ki pajiycoM 0,2 3 IEeHTpaMu y BEpIINHAX BEJTUKOIO MPSIMOKYTHHKA.

CiTxa po3paxyHkosoi odaacti sagaui

VA
Al

7 7

0.9

X

SR

0.8

0.7

0.6

= 0.5

INININTN
K\I\I\

0.4

0.3

KK

0.2

RS

RS

K

0.1 \ \ Y, A

>

KN

0
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 L3 2
X

Puc. 7. Po3paxyHkoBa o0acTh 3a7a4i 13 TpiaHTyJIALIEI0 HA HIN:
932 By3nu; 1680 eneMeHTiB; 184 rpaHUYHUX €IEMEHTIB
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I'pannyni ymoBu (21) MaroTh HACTYMHUM BUTIISL;

oT oT
T|ril7side - 50, A - 0’ A = ®(y)’ (22)
an Coussiae\1 an )
ne I', ., — BCS BHYTPINIHA IPaHHUL PO3paxyHKoBoi oonacti, I') ., — BCA 30BHINIHA MPaHHLS

PO3paxyHKOBOi 001acTi, # — HOpPMalb JIO 30BHINIHBOI IpaHuul oOmacti, [, — BHyTpiIHA
IpaBa IpaHMIlsl BUPI3aHOTO MPSIMOKYTHHKA y PO3PaxyHKOBIM obacti 2.

Pe3ynbTaTy yncenbHUX EKCIIEPUMEHTIB HaBeACHO Ha puc. 8-13.

PospaxoBanuii po3nogiJ TemneparypH Ha npasiii rpanuni pozpaxynkosi o6acri.
IMopiBnanns 3 Bi1oMHM YHCEILHHM PO3B'A3KOM IOCTABJEHOT 3a1a4i
T T T T
®  Yycenbuuii po3s'aiok aaayi
— Bigomuii po3s'szok 3agaui

442 :

43.8

43.6

T(Zy)

434

43.2

43

428 L L L L L
0.2 0.3 0.4 0.5 0.6 0.7 0.8
v
Puc. 8. Pe3ynbraT 3Hax0)KEHHSI 30BHIIIHBOT TPAaHUYHOT YMOBH Ha MpaBiil 4aCcTUHI
PO3paxyHKOBOT 001acTi

PO}anOBaIIB TeMIleparypHe noJje 3aaa4i
3 BHROPHCTAHHAM MeTOIY CKIHUeHHHX eJIeMeHTIiB

148

< 46

50
45 “
40 . R
‘!'
— KX 40
30
) . 38
0.8 36
-
0.6 2 34
0.4 LS
‘ 32
02
" ™. -
Y > 05 30
0 0 X

Puc. 9. Po3zpaxoBane TeMnepaTypHe 1oJie IpH BIIHOBJIEHIN I'paHUYHIA YMOBI
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I'padix ainiii piBHA TeMIepaTypHOro moJis 3ajawi

1
0.8
0.6
0.4
0.2
0
0 0.2 04 0.6 08 1 12 14 16 18 2
X
Puc. 10. IlpencraBiieHHs TeMIepaTypHOTo MO Y BUTJIAL JIIHIN piBHS
E zf‘pat])iqlle npegcraeaenns 30ixnocti Meroga Helorona Ta orpuManux Moaudgikanii
= T T T T T T T T T T
= +I{Jlacuq|mﬁ merol HuioTona
g +Mn,u,ur]:i|cal.[in mero a Heorona 3i sMinuuM Kpokom I1k (13)
= . . PR S
g E 1wl -‘-Mnnm])maum meroa Helorouna 3i sminnum kpoxom h (14) |
=2 3 *Munuq:uiuauin meroaa HeoToHa 31 3SMIHHHM KpoKoM hk (15)
E[ Z Moandikauis Meroaa Helorona 3i SMiHHHM KpoKoM hk (15)
)
= 3 BHKOPHCTAHHSM MeTOAY HAHRIIBHIION0 CITy CKY
g
=%

ImyKkamoro

3navenng MAKCHMATLIIO]

Homep iTepauii
Puc. 11. IlopiBHsubHMM aHAMI3 pOOOTH AITOPUTMIB 32 KpUTEPIEM 30DKHOCTI
BincoTok KidLKoCTIi BHKIHKIB

nponenypu 13T Bin MmakcumaabHOT KiThKoOCTI
vy kI1acauHoMmy Metoli HeloTona

100% 100%
o '
i Knacaunnit Meton HeioToHA
90%
80%
NMomudikania Merony HeroToHa 31
z 70% 3MiHEEM KpokoM (13)
5 60% 56.03% o .
.E 52,05% L, = Monudikania metoay HeroToHa 31
E 50% 45.73% 3MIHHHEM KpokoM (14)
= Ry
£ 40% H S o ]
= i g = Momudixamia merony HeroToHa 31
M 30% 28,145 3MIHHHEM KpOKoM (15)
20% " y .
H ' Monudikamia merony HeroToHa 31
10% H 3MIHHHEM KpokoM (15) Ha ocHOBI
MeTO/Iy HAaHINBHIINOIO CIYCKY
0% .

Puc. 12. TlopiBHsIbHMI aHATI3 pOOOTH AITOPUTMIB 32 KPUTEPIEM KUIBKOCT1 BUKIUKIB
nporueaypu po3B’s3ky [13T 3 HynTbOBUM HAOIMKEHHSM JI0 TPAHUYHOT YMOBH
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BigcoTok KiTbKOCTi BHKIHKIB
nponenypu II3T Bin MakcHEManbHOT KLTBKOCTI

KaacunuHomy MeToai Herotona
Y Y
100%

100%

& Kinacuanuii Meton HeroToHa

90%

80%

NMozgudikaunia Meroxy HeroToHa 31
0% IMIHHHEM KpokoM (13)

60%

= Moaudikania Merony HeroToHa 3i
50% 3MIHHHM KpokoM (14)

40%

3HA'eHHA BiICOTKA

= Moaudikania Merony HeioToHa 31
IMIHHHM KpokoM (15)

30%

=l

17.329% 18.64%

na
-
¥
-
o

e ‘ u . s Momudikamia Merony HeroToHa 3i
10% \ E 958 3MIiHHHM KpokoM (13) Ha ocHOBI
J::f::::::j MeTOAY HAHIIBHIIIOTO CIYCKY
0% S
Puc. 13. TlopiBHsUIbHMI aHAMI3 pOOOTH AITOPUTMIB 32 KPUTEPIEM KUIBKOCT1 BUKIMKIB
npouenypu po3s’sa3ky [13T 3 BianmoBiqHUM po3KIIaJOM IPAHUYHOT YMOBH 3a MIOBHOIO
CUCTEMOIO TPUTOHOMETPUYHUX QYHKIIH (4 WieHU pO3KiIany B psil)

//

Ha ocHoOBI oTpuMaHux pe3yabTaTiB MOKHA CTBEp/UKYBATH, 110 Mojau(ikaiii METOAIB
Herotona (13)-(15) mpamroroTe Ha HEMIHIMHUX 3a/adax Ha MONIYK TPAHUYHUX YMOB 3HAYHO
edekTuBHIIIE, HDK KIacuuauil Mmetoa HproToHa.

Temnep po3rasiHeMo HACTYIIHY 3a/1a4y Y TaKiid MAaTeMaTHYHIA TOCTAHOBIII.
3aoaua 3. 3naiiTi rinobanbHUN MIHIMYM (QYHKIIOHATY:

9(x y) :jj( T(0,x,y,t ) Tm (x,y))2 dxdy — min, (23)

ne
T(@,x,y,tf) — PO3B’S30K 3a/1a4i;
O(x,y) — mykanmii posmoxinr  KkoedilieHTa TeMIEpaTYpONpPOBiTHOCTI y  BCiid
pPO3paxyHKOBIM o0macTi (OQUHUYHUN KBaJApaT 3 TMOYATKOM KOOPAMHAT Y JIiBiH
HUKHIM Oro BEpILNHI);

T (G,x, V,t f) — PO3paxoBaHe TEMIIEPATyPHE M0JIC Y MOMEHT 4acy ¢, PO3B’s30K 3aj1a4i;

T

" (X,¥) — po3mozin TemMnepaTypu Ha BCiif po3paxyHKoOBiii 06macTi 3axadi.

or o oT 0 oT
= 69 5 37” T~ ~ 69 5 37” T~ ’
or ﬁx( .y )ax}ray Tl Jo 1

2.2
f(xy)= 4rt” cos (2rtx) ——3mysin(37ty) - 2nxsin(27ix)+
(cos(27rtx)+cos(3my)) +1
27t (cos(2mx) + cos(37tty))(4 sin’ (27#x) +9sin’ (37rty))
+ . ,

((cos(me) + cos(37tty))2 + 1)
(x.y)el0:1F,t€[0,t, |,¢, =05

(24)
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[TouaTtkoBa ymMOBa Ma€ BUTJIS:
T(x,y,0)=2. (25)
['pannyHi yMOBH 331241 MatOTh HACTYITHUI BUTJIS:

T(x,0,t) =1+cos(27xzx), T(x,1,¢) = cos(27x) +cos(37t),

26
T(0,y,1) =1+cos(3xty), T(1,y,1) = cos(3xty)+cos(2xt). (26)
HonatkoBa ymoBa y MoMeHT Hacy ¢, =0.5:
3
T(x,,0.5)=T,, (x,y)=cos(7x)+cos S (27)

Pe3ynbraTy yncenbHUX €KCIIEPUMEHTIB HaBeACHO Ha puc.14-21.

Poznoain anauens koedinienrta remmneparyponposianocri k(x,y)
¥y MoMmenT uacy 7=0.1

0.32

0.28

Kk(x,y,0.1)

1 0.22

0.2

y L %

Puc. 14. BinHoBienuii po3noaiut koedimieHTa TeMIepaTypoIpoOBIIHOCTI y MOMEHT dacy ¢=0. /

Po3noain 3uauens koedinicnra remneparyponposiznocti k(x,y)
¥ MoMenT dacy 7=0.2

10.9

10.8

0.6

0.4

0.3

0.2

y 0 0

Puc. 15. BinnoBneHuil po3nout koedilieHTa TeMIepaTypopOBIAHOCTI
Yy MOMEHT 4acy ¢=0.2
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Posnoain snavens koedinienra remneparyponposignoceri k(x,y)
y MomenT uacy 7=0.4

0.9
0.8
- 0.7
=5
= T
P B
w 2 0.6
=z
0.5
0.4

0.3

0.2
¥ LA

Puc. 16. BignoBnenuit po3mnoin koedilieHTa TeMIIEPaTypoOIpOBIAHOCTI Y MOMEHT 4acy t=0.4

Posnoain Temnepatypn T(x,y)
y MomeHT yacy 7=0.1

T(xy,0.1)

.8 0.6 0.5 0.4 0.3 0.2 0.1 00 0.2 X

Puc. 17. Po3paxoBaHe TeMIiepaTypHe I0jI€ Y MOMEHT 4yacy t=(./ Ha OCHOBI BITHOBJIEHOI'O
Koe(ilieHTa TeMIepaTypornpoBiJHOCTI

Posnoain remmepatypu T(x,y)
y MoMeHT yacy 7=0.2

0.6

0.4

0

0.8 0.6 0.4

0.4 0.3 0.2 0.1 00 0.2
X

Puc. 18. Po3paxoBaHe TeMIiepaTypHe IojIe Y MOMEHT 4Jacy t=(.2 Ha OCHOBI BITHOBJICHOI'O
Koe(ilieHTa TeMIepaTypornpoBiJHOCTI

X
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Posnoain remnepatypn T(x,y)
y MoMenT qacy 7=0.4

T(xy.0.4)

] -1.5
2 ——ﬁﬁﬁﬁﬁﬁ%ﬁﬁ—'/l
109 08 07 06 05 0.5
0. 0.4 v 0.3 0.2 0.1 00 5
Puc. 19. Po3paxoBaHe TeMIiepaTypHe IojIe Y MOMEHT 4yacy t=(0.4 Ha OCHOBI BITHOBJICHOI'O

Koe(ilieHTa TeMIepaTyporpoBiJHOCTI

BiacoTok KiTEKOCTi BHKIHKIB
nponenypu II3T Big makcaMaIbHOI KLIBKOCTI

¥y kiIacauHoMy MeTodi HrloToHa
100%

100%

ki Knacuunnii MeToq HproTOHA

90%

sRmii

80% it

NMoaudikania merogy Heiorona 31
70% IMiHHHEM KpokoM (13)

60%

= Moaudikanis meroxy HeioToHa 31

3HaveHHA BiICOTKA

50% IMIHHHM KpokoM (14)

40% SO :
e = Moaudikanis meroxy HeioToHa 31

30% IMIHHHM KpokoM (15)

o, 20.78%  20.91% 15 9304
20% T NN e i 12.45% *t Momudixania meroxy HeroroHa 31

10% IMIHHHM KpokoM (135) Ha ocHOBI
MeTOIy HANIIBHIIIOTO CITYCKY
0% LA N

Puc. 20. TTopiBHsUTbHMIA aHATI3 POOOTH KOXKHOTO METO/Y 38 KPUTEPIEM KUTbKOCTI
BUKIIMKIB nponenypu po3s’sizky [13T

[lin ywac TecTyBaHHS METOJIB CJiJl 3a3HAYWTH, IO 3HOBY X MOIU(IKAIli METOIB
Herotona (13)-(15) mpamtoroTs Ha  HENHIMHUX — 3aJadax MOWIYKY — KoedilieHTa
TEIUIONPOBIIHOCTI 3HAYHO e(eKTHBHIIE, HDK KiacuuHuil meton Herotona. TectyBaHHs
metoaiB (13), (14) 1 (15) 6yno mpoBeaeHO Ha PI3HUX HENIHIMHUX 3a/ayax, y TOMY YHUCI1 Ha
3amauax (16)-(19), (20)-(22) 1 (23)-(27). Po3rusiHyTi y po6OTi 3aBHaHHs Oynu BHpIlIeH] Ha
CITKax pI3HOT PO3MIPHOCTI. Y KOXHOMY pa3l NpU BUPINIEHHI JaHUX HENIHIHHUX 3a1a4
HalOUIbIIe BUKIMKIB (yHKIIT Mae Mmeton HeroToHa. [ KOKHOTO 3aBIaHHS YMCIIO BUKIIUKIB
¢GyHKIIIT Ipy BUPIIEHH] JaHUM MeToAoM Opaiock 3a 100%.

BucHoBku

Ha ocHOB1 oTpuMaHUX pe3yabTaTiB MOXHa CTBEPHKYBaTH, L0 3MIHHHUI KPOK Iija yac
MiHIMI3allil KBaJpaTuyHOTo (yHKIIoHaNYy noAiOHux HeniHiiHuX O3T € HeoOX1AHOI YMOBOIO
3MEHILEHHS 3arajibHo1 KUIbKOCTI BUKJIMKIB npouenypu po3s’s3ky II3T. TecryBanHs meroniB
(13), (14) Ta (15) Oynmo BMKOHAHO Ha PI3HUX JBOBUMIPHHX 3amadax. [lokazaHo moOMITHE
MIPUCKOPEHHS PO3PaXyHKIB Yy MOPIBHSAHHI 3 KJIJACHYHUM MeToJIoM HbroToHa.
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SOME HIGH-SPEED METHODS FOR SOLVING NONLINEAR INVERSE HEAT
CONDUCTION PROBLEMS

Abstract. In the article a numerical analysis of a series of methods of unconditional
optimization on nonlinear problems was carried out, which enable to reduce the time of searching for
a numerical solution of a large class of nonlinear IHCP. Also in the work, we proposed significant
modifications of the classical Newton method, which give an opportunity to obtain the desired
numerical solution of nonlinear problems much faster than in the classical Newton method.
Modifications of the Newton method with an alternating step give much faster convergence and give
the opportunity to obtain fairly fast solutions of nonlinear IHCP.

Introduction. Experimental methods for the study of thermal processes and their systems are
the most reliable source of information about the thermal state of the object [7]. Of particular
importance there are the theory and practice of solving the inverse problems in our time, when, due to
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the circumstances, the objects of energy, industry, transport, economy, communications, buildings and
structures have worked out their planned resource and need to avoid man-made disasters, namely
need urgent renovation, modernization and reconstruction. The first step in implementing the program
of reconstruction of the above objects is the diagnosis of their technical condition and determination
of the residual resource, that is, the time during which this object can operate reliably and effectively
without endangering people's lives and the environment. When conducting a diagnosis, the direct
determination of the parameters limiting the reliable operation of the object is complicated, and often
simply impossible. Therefore, as a rule, these parameters are judged by the results of indirect
measurements, that is the prerogative of inverse tasks. Thus, the theory and practice of solving the
inverse problems lie at the basis of the diagnostics of the technical condition, which requires further
research on the development of methods for solving these problems, effective algorithms and software
products.

The main problems in solving applied inverse heat conduction problems (IHCP) include the
correctness of the statement of the problem, the time of the solution of systems of algebraic equations
for the discrete analogue of the heat conduction equation, the volume of computations during the
optimization of the quadratic functional in inverse problems (the number of calculations per iteration),
stability and convergence of unconditional optimization methods.

It is known that the numerical solution of linear problems of direct and inverse thermal
conductivity is obtained much faster than nonlinear problems, since a discrete analog of linear
problems requires solving a linear system of equations, and for nonlinear ones it is nonlinear [1; 5;
7]. When finding a numerical solution of nonlinear problems, a number of problems arises in solving
the problems.

Most modern methods and algorithms for solving applied problems, which are reduced to the
solution of inverse heat conduction problems, use the multiple challenge of the procedure for solving
the direct heat conduction problem (DHCP). Therefore, it is obvious that one of the most effective
ways to significantly reduce the search time for a numerical IHCP solution is to reduce the time of the
DHCP solution for the corresponding IHCP [4, 5]. In the classical statement of incorrect tasks,
including IHCP, there is a quadratic functional that needs to be minimized. Therefore, the
modification of existing methods of unconditional optimization of the corresponding quadratic
functional is no less effective way of accelerating the solution of IHCP, in particular nonlinear ones.

For linear and nonlinear IHCP, the number of calls for a procedure for solving DHCP for one
iteration during the application of gradient methods is proportional to the number of desired
parameters of the IHCP to be solved. As the dimension of the task grows, the number of calls for the
DHCP procedure increases. If, for example, a two-dimensional IHCP to restore the initial
temperature distribution of the considered area [4] is solved on a grid of 34x34 (with boundary
nodes), the number of calls to the DHCP 32° solution procedure. If this same two-dimensional
problem is solved on the 66x66 grid (with boundary nodes), then the number of calls for the procedure
for resolving DHCP 64°, etc.

Purpose. Development of numerical methods that reduce the number of calculations for
obtaining a solution of nonlinear inverse heat conduction problems and approbation of these methods
for specific problems.

Results. When testing methods, it should be noted that again, the modifications of Newton's (13)
- (15) methods work on nonlinear problems in finding the coefficient of heat conductivity much more
efficiently than the classical Newton method. Testing of methods (13), (14) and (15) was carried out
on various nonlinear problems, including problems (16) - (19), (20) - (22) and (23) - (27). The
problems considered in the work were solved on grids of different dimensions. In any case, when
solving data of nonlinear problems, the greatest function calls are Newton's method. For each task,
the number of function calls in solving this method was taken 100%.

Conclusions. On the basis of the obtained results it can be argued that an alternating step
during minimization of the quadratic functional of similar nonlinear IHCP is a necessary condition for
reducing the total number of calls to the DHCP procedure. Testing methods (13), (14) and (15) were
performed on various two-dimensional problems. A marked acceleration of calculations compared
with the classical Newton method is shown.

The correctness of the formulation of the problem, the time of solving algebraic equations for a
discrete analogue of the heat equation, the amount of computation for the optimization of a quadratic
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functional in inverse problems (the number of calculations per iteration), the stability and
convergence of unconditional optimization methods are among the main problems of solving inverse
heat conduction problems. In this paper, a numerical analysis of a series of methods of unconditional
optimization on nonlinear problems that enable us to reduce the time for searching for a numerical
solution of a large class of nonlinear inverse heat conduction problems is carried out.

Key words: inverse heat conduction problem (IHCP), direct heat conduction problem (DHCP),
unconditional optimization methods, quadratic functional.
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MOPIBHAHHSA E®OEKTUBHOCTI CTPATETTA PO3NOALJIEHHA 3
BUKOPUCTAHHSAM CAMOOPIAHIBAIIIMHUX KAPT KOXOHEHA B
CHUCTEMAX OPKECTPYBAHHSI BIPTYAJIbHUX KOHTEVMHEPIB

Anomayia. Y cmammi ORucyromvcsi OCHOGHI emanu Memooy pO3NOOINeHHS OUHAMIYHOT
NOCNI00BHOCMI BIPMYANbHUX KOHMELHEPI8 3 BUKOPUCMAHHAM camoopeaHizayiunux kapm Koxonena
ma MONCAUGl napamempu 1o2o Kougicypayii. Onucanuii memoo dae 3mocy nobyoysamu mooeisb, wo
0a3yEmMbCsl HA HESIBHUX 38 A3KAX MIJIC 8IPIMYATbHUMU KOHmMeUHepamy ma ey3iamu ¢ kiacmepi. Taxoox,
y cmammi onucami pi3H020 pody eKcnepumeHmu, 30Kpema YNAKoeKd Kidacmepy 00 Hepuiozo
BIOXUNIEHHA Ma YNaKkosKka Kiacmepy 0o nosnomu. Excnepumenmu npoeooamuvca Ha Kiacmepax pisHoi
PO3MIpHOCIE, OEeMOHCMPYIOUU 0COOIUBOCHI NOBEJIHKY ONUCAHO20 MemOoOdy 8 PI3HUX 8apiayiax 1o2o
KOH@icypayii.

Onucana memooono2cis NpoeedeHHs eKCNepuMenmie Mmodice Oymu euxopucmana O
00CHiOJCeHHsT Kiacmepie ma noutyky egexmuenoi kougieypayii xapmu Koxowena ma mononocii
Knacmepy. 3pobieni SUCHOBKU MONCYMb OYMU GUKOPUCMAHHI O PO3POOKU Oilbid epexmusHux
Memooi po3n0dileHHs 3 BUKOPUCIAHHAM UWMYYHUX HEUPOHHUX MePeiC.

Knrouosi crnosa: posnodinenns, barancysanns, camoopeauizayivni kapmu Koxonena, wimyuni
HeUpOHHI Mepedici, Gipmyanizayis, KoOHmelHep, cCucmema opKecmpy8anHs.

Beryn

Cucremu opkectpyBaHHs BipTyanbHUX KoHTelHepiB (COBK) 3aiiMaroTh BaXxJIMBY Hilly
B 1HGOpMALIHHUX TEXHOJOTIAX, 30KpeMa Y BHUCOKOHABAaHTAKEHUX Ta PO3MOJAUICHUX
cucremax. Onunuuero Bipryanizauii B COBK € BipTyanpHuil koHTeiHep (mani mpocto
KOHTEHHED), KU sBJsie COO0I0 BUKOHABYE CepeIoBHILE, iICHYIoue B Mexax oaHiei COBK 1 €
obmexene ii pecypcamu. KoHTeitHep onucye psiji BUMOT SKUMHU BiH Ma€ OyTH 3a0e3TMeqeHHI
JUIs TIOBHOLIHHOI poOOTH. Y 3arajJilbHOMy BHIIQJIKy 1O TaKMX BHMOT MOKHA BIJIHECTH
KUIBKICTh siiep LeHTpanbHoro mnpouecopy (LIII) ta kimbkicte omepatuBHOI mam’sti (OIN)
noTpibHOi Homy mis pobotu. Y 3anexHocti Big koHkperHoi COBK, kondirypamis
KOHTEHHEepa MOK€e OMKUCYBaTH HAOIp 10JaTKOBUX BUMOT.

OcHoBHoro 3anagero COBK € 3a0e3nedyeHHss KOHTPOJIIO MOBHOIO JKUTTEBOTO ILHKITY
KOHTeHHepiB y kinactepl. ONHIEI 3 HEBLI €MHUX YacCTHH JKUTTEBOIO LMKIY KOHTEWHEpa €
roro ctBopenHs. [Iporiec cTBOpeHHs BKIItOUa€e B ceOe MOIIyK By3ja, TOOTO BUTLHOTO MICIIS B
KJlacTepi, fike O 3a/JI0BOJIBHSUIO BUMOTM Horo KoHgirypauii. Jlyis BUKOHaHHS IIi€l 3aaadi
COBK BUKOPHUCTOBYIOTH P13H1 CTpaTerii pO3MOUICHHS.

Buxopucrtanns crtparerii po3nojauUIeHHs 3allOBHEHHSM YM TO CTpaTerii po3noiuUIeHHS
nomupeHHsM € cra"papTHuMm pimenHsMm it COBK. IlepeBara mepmioi B Tomy, 1o ii
3MOraMH JIOCSITA€ThCS BUKOPHUCTAHHS MaJloi KUIBKOCTI BY3IIB, 1O 3MEHIIYE HOTpedy B
JIOTATKOBUX alapaTHUX pecypcax, aje KOHIEHTpaIllsl 0aratboX KOHTEHHEPIB HA OJHOMY BY3JIi
MOPOJKYE HM3BKUH pIBEHb BIIMOBOCTIMKOCTL. Y CBOIO 4epry, OUIbII BHUCOKUN pIBEHb
BIIMOBOCTIMKOCTI [1] JOcATa€eThCsl 3 BUKOPUCTAHHSAM CTpATErii po3MOAUICHHS MOUIUPEHHSM,
3a paXyHOK pO3MIIIEHHs KOHTEHHEPIB Ha BUIBHUX BY3JIax, aje B TAKOMY BUIIAAKY 3 SBIISETHCS
npoOiemMa NOpPOCTO BUIBHUX amapaTHux pecypciB. OOuaBI crTparerii He aHali3yloTh
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NUHAMIYHY TOCIIIOBHICT, Ta HE OYAYIOTh MOJENI 3B’S3KIB, y pPE3yJbTaTi 3 SBISIOTHCS
BUIAJKU, B SIKUX OajJaHCYBaHHS 3/1MCHIOEThCS HeepeKkTUBHO. lle HeraTuBHO BIUIMBaE Ha
COBK, 110 3mymiye cucteMy npuiiMaTi KpUTUYHE PIILIEHHS BIIHOCHO 3aluTy OallaHCyBaHHS,
30KpeMa: He NMpUHMaTH HOBUX 3allMTIB, 3aTPUMATH 3alUT O TUX IIP MOKHU HE 3 SBISATHCS
amapaTHi pecypcu, abo 3K MOYaTH CTBOPEHHS HOBOIO By3Ja 3 MOJAJBIIMM 3aIlyCKOM
KOHTEHHEpa Ha HbOMY, L0 TaKoX NOTpeOye yacy. BuxopucraHHS €BpUCTUUYHHUX METOJIB,
BKIIIOUaroun camoopranizaniini kaptu Koxonena (CKK), no3Bosise aHanizyBaTu 3B S3KU
€JIEMEHTIB TUHAMIYHOT MOCIIIJOBHOCTI Ta M1ATH OUThI €()EKTUBHO.

AHaJIi3 0CTaHHIX J0CHiTKeHb 1 myOJrikanii

[Ipo HeepeKTUBHICTH ICHYIOUMX METOJIB Yy CBOill poOoTi onucye €.B. BoeBoin. ABTOp
MOPIBHIOE MK CO00I0 METOAM PO3MOJUICHHS 3allOBHEHHSIM 1 PO3MOJAUICHHS MOLIMPEHHSM,
HABOJSUM iX IepeBaru Ta HENONIKH. Y XOJ1 MOpPIBHSHHS aBTOp IOKa3ye, 3a SKUX YMOB
ICHYIOU1 cTpaTerii 3A1iCHIOI0Th Hee(EeKTHUBHE OalaHCyBaHHS, Ta OMKUCYE MOKIIUBY MOBEAIHKY
COBK y kxpuTH4HUX BUIAIKaX. ¥ pOOOTI TAKOK OMUCYIOTHCS MOXKIIUBI CIIOCOOM ONTUMI3aIlli
nporecy 6alaHCyBaHHS, 30KpeMa 3 BUKOPUCTAHHSAM €BPUCTUYHUX METO/IIB.

VY cBoiif iHmiA poboti €.B. Boeonin omnucye, sik MmoxxkHa Bukopucratu CKK mns
peastizaiiii eBpUCTUYHOI cTpaTerii OasaHCyBaHHsS KOHTEWHEpiB. TakoX aBTOp MPOBOJUTH PsiA
EKCIIEPUMEHTIB, SKI TOKa3ylOTh, /I SKUX JUHAMIYHAX TIOCTIIOBHOCTEH CTpaTerii 3
BukopuctanusiM CKK 3nilicHioroTh OanaHcyBaHHs Outbll edekTuBHO. Tak, Hampukiai,
JIMHAMIYHY MOCIII0BHICTh KOHTEHHEPIB 3 BUMOramu 1o oneparuBHoi nmam’siti 1 I'6, 3 16, 4
I'6, 316, 5 I'6 cTpareris po3noAUICHHS 3aIIOBHEHHSM HE MOYKE PO3MOJIUIMTH iX MOBHICTIO Ha
TppOX BYy3Jax MictkicTio 6 I'6, Tonmi konm crpateria 3 BukopuctanHsMm CKK ycmintHo
CIPABJISIETHCS 3 LI€I0 3a7a49€TO.

ANTOPUTM MapaMeTpUYHOT ONMTHUMI3AIlii Ha OCHOBI MOJIEJ1 MOBEAIHKH POIO CBITJISTYKIB
onucytoTh B. Kypeituuk Ta iHmi [2]. B ocHOBI HOBEAIHKH pOO JIEKUTH CaMOOpraHizaiis, aKa
3a0e3neyye JNOCSITHEHHS CIUIBHMX I[UIEM Ha OCHOBI B3a€MOJIA HHU3BKOTO pIBHS. ABTOpHU
PO3pOOIISIOTH METOJ, SIKUM 0a3yeThCsl HA AWHAMIYHINA 00JacTi NPUHHATTS PILICHHS KOXHUM
areHToM, L0 TapaHTye 3HAXO/JKEHHS BCIX JIOKAJBHUX ONTHUMYMIB IIUIbOBOI (PYHKLII 3a
noyiHoMiaJIbHUK  4Yac. EQEeKTUBHICTh METOJy aBTOPU JOBOJASTH EKCIIEPUMEHTAIIBHO,
MOPIBHIOKOYH HOT0 3 MypalllMHUM aJlTOPUTMOM Ta METOJ0M POIO YACTOK.

Mertor0 cTarTi € ONUC, EKCIIEpUMEHTAJbHA IEepeBIpKa Ta TMOPIBHAHHSA pIZHUX
KoH(Irypariiif Mmetory OanaHcyBaHHS JUHAMIYHOI OCIIIIOBHOCTI BIPTYalbHUX KOHTEHHEPIB 3
Bukopuctanusm CKK.

TeopeTnuHi 0CHOBH MeTO1Y

Y nmaHomy JOCHIDKEHHI Ui PO3B’SI3aHHS  3a1adl  PO3MOAUICHHS JIWHAMIYHOT
nocnigoBHocTI KoHTeHepiB BukopuctoByeThess CKK. CKK — 1e mtyyHa HelipoHHa Mepeka
[4-5], sixa HaB4aeThCs O€3 y4yUTeNd 1 3a CBOEIO CYTTIO JA0OpEe MIAXOOUTh JJS PO3B’A3aHHS
3anau kinacrepusanii. CKK parots 3mMory BinoOpaxaT npocTip OUIBIIOr0 BUMIPY B MPOCTIP
MEHUIOT0 BUMIPY, 30€piratouu TOMOJIOTTYH1 BJIACTUBOCTI BX1IHOTO IPOCTOPY.

Ockinbkun CKK Moxe mpuitmMaTé Ha BXiJ 06arato €JIeMEHTIB, TO MOXHA MPEICTaBUTH
BUMOTH KOHTeWHepa y BUrisnl BxigHux manux st CKK, BiAmoBimHO By31IM B KjacTepi €
BUXITHUM mmapoMm (puc. 1), abo x Tak 3BaHOIO KapToro. ToOTO KapTta — € BIOOpaKEHHSIM
JUHAMIYHOT TOCIIIOBHOCTI KOHTEHHEpIB B OJHOBUMIPHHMI mpocTip By3miB. Take
B1IOOpaKEHHS J103BOJISIE (POPMYBATH TPYIHU CXOXKHMX 32 BUMOTaMH KOHTEHHEPIB Ha OCHOBI
HESBHUX 3aJI€)KHOCTEH.
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BXiAHWIA Wap(BUMMOrM KoOHTelHepa) '

Byson 1 By30/ 2 By30J1 M

Puc. 1. Bizyansna cxema CKK

Jliig nmovarky onuiieMo ocHOBHI eranu pobotu anroputMmy CKK Ta moxiuBi Bapiamii
KOH(Irypariiif Ha pI3HUX €Tarnax ajJropuTMy.
Ertan mepumii — iHilianisauis BaroBux KoedilieHTIB w;. IHimiani3yBaTh Barosi

koepinienTn CKK wmoxHa mno-pizHOMy. OAHMM 3 OCHOBHUX METOJIB IHiIianizamii €
1HIIIai3a1isl BUMMAJIKOBUMHA MaJICHBKUMHU 3HAYCHHSIMU [6], Hanmpukiad, 3 npoMmikky [0,1]. ¥V
TaKOMy BHIAJIKy € CEHC Yy TOMY, 11100 HOpMalli3yBaTH MHOXKHMHY BXITHUX JaHHUX, TOJl BCI
3HAQYEHHS 3 MHOKUHU TaKOX OyIyTh 3 4MCIOBOTO TpoMiKKY [0,1]. st HOpMmamizanii BXiTHUX
3HaY€Hb MOKHA BUKOPHUCTATU GOPMYITY:

X, —min (%)

1

5 max(7)-min(7)”
Jie X — BEKTOD BXIIHUX JAHUX; Z — HOPMAaJII30BaHUM BEKTOP.

[HmMM OCHOBHMM METOJOM IHIIami3alli € BCTAHOBJEHHS 3HA4Y€Hb BaroBUX
KOe(]iIieHTIB PIBHUMH 3HAYCHHSIM BHUITAJIKOBO OOpaHUX BEKTOPIB 13 BXITHUX JaHUX. SKIIO
MHO>KMHA BXIIHUX JIaHUX OLIbIIa, HDK PO3MIP KapTH, TO MAa€ CEHC Y X011 BUOOPY BUIIAAKOBUX
BEKTOPIB pO30UTH BCIO MHOXKMHY Ha CTUIbKM BIAPI3KIB, CKUIbKM HEHPOHIB y KapTi, Ta B3SATH
KOXXHUI TaKUi BEKTOP, SIKUH 3HAXOUTHCS YCePEAUHI IKOTOCh 13 OTPUMaHUX BIAPI3KIB.

Etan ppyruii — 3maradas. Y X0l 3MaraHHs 3HaXOOUTHCA BIJICTaHb BiJ BXIIHOTO
BEKTOPY J0 KOXXHOro 3 HeHpoHiB. B sxocTi (yHKIIi MOIIYKY BIJACTaHI, y MeXax AaHOi
po6otu, Oyme BHUKOpHCTOBYBaTHCHh EBKIimoBa Bimcranb. Tojai BiacTaHb A0 HEWpOHa-
MEePEMOXKIS MOKHA BUPA3UTH HACTYITHUM YHHOM:

|

(oA = (1) _ ()
[(0)- 70 = min {¥()- ()
ne ¢ — IHJEKC HEeHpOHA-TIEPEeMOXKIlI; ¢ — HOMEp ITepallii; ?c(t) — BEKTODP BXIJHUX JaHUX Ha

je{l,...,M

iTepauii £ WY )(t) — BEKTOpP BaroBUx Koe(iie€HTIB AJisi HEUpOHA 3 IHAEKCOM j Ha irepauii £; M
— kuibKicTh HelipoHiB y CKK. Helipon-nepemorxenp — e HEHpOH, SKUIl 3HAXOAUTHCS
HaWOIMHKYe IO BX1THOTO BEKTOPY.

Etan Ttperiii — xoomepanis. ¥ XoJi TpeThOTO €Tamy HOTPIOHO 3HAWTU TOMOJOTIYHY
OKOJIMI}0O HABKOJIO HEMpOHA-MEPEMOXKI[, TOOTO 3HAWTU HEUPOHH, YMi BaroBi Koe(dilli€eHTH
MOTPIOHO aJanTyBaTH A0 BXIIHUX AaHuX. [lo3HauuMO (QyHKLIIO CYCiACTBAa MK HEHPOHAMH,
K h, (t) , Toal GyHKII KoHcTaHTHOTO BBy (OKB) 6yne matu Burmisia:
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0, d>olt)

ho(f)= ,
/) const,d < o(t)

1€ ¢ — 1HJIEKC HEHUPOHA-TIEPEMOXKIL; j — THAEKC HEeHpOHa, 10 MPOOYIKYEThCs; d — BIACTaHb
Bl HeHMpoHa-mepeMoXlsg J0 HelpoHa 3 iHAeKkcoM j. OnuiieMo BiJICTaHb HACTYIHOIO
dhopmyroro:

9

d= Hnec —ne;

Jie ne, — TO3MIs HEHPOHA-IIEPEMOXKIIS, ne, — MO3HLIS HEHPOHA, MO NPOOYMIKYEThCA. Y

CBOIO Yepry, O'(t) BIJINIOB1/Ia€ 32 pajilyCc BIUIMBY, B IKOCTI Takoi (PyHKIIIT 00epeMo HACTYITHY:

I+

ne R = const —nodaTkoBui pajiyc; 7 — 3arajbHa KUTBKICTh iT€pallii.

OcnoBHa igess ®KB y Tomy, 1m0 HEWpPOHH SIKI MiAIATAIOTH agamnTallii, 3MIHIOIOTh
3HAYECHHS BAaroBUX KOE(IIIEHTIB HE3aJIEKHO BiJ TOTO, HACKUIBKU JAJIEKO BOHU 3HAXOJSATHCA
B1Jl HEMpOHa-IEPEMOKIISL.

VY skocTi PyHKIIIT BILIUBY TaKOK MO>Ke BUcTymaTtu 1 pyHkuis ['ayca (OBI) [5]:

ne O'(t) — 11e (QyHKIIIsI BU3HAYCHHS TOTIOJIOTTYHOT OKOJIHII, B IKOCT1 IKOT MOYKHA BUKOPUCTATH
(GYHKIIII0 eKCITOHEHIIaJIbHOTO po3nany [7]:

t

O'(I) = O'Oe? ,

Ie O, =const — IIOYAaTKOBA HIMPHHA TOIOJOIIYHOI OKONHMLI; ! — HOMep irepauii; 7 —
3arajbHa KUIBKICTb ITepariiil.

Ha Binminny Bigx ®KB, ®BI" gae 3mory 3MiHIOBaTH BaroBi KO€(IIi€HTH HEUPOHIB TO-
pI3HOMY, UMM Jajl LUIbOBUH HEWPOH B HEHpOHa-MepeMOoXIlsl — THUM cialuie BiH
aJanTyeTbcs 10 BXIIHUX JIaHUX, OKpPIM IOTO, 31 30UIbIIEHHSM ITepalii 3MEHIIYEThCS
TOMOJIOTTYHA OKOJIMIISL.

ETan uerBepTuii — aganTauiga. ¥ xoAl aganTtaiii 3HaueHHs1 BaroBux koedirientis CKK
3MIHIOIOTBCSL Y HamlpsIMKy BXIZHOro BekTtopy. KopuryBanHs BaroBux KoeQil[i€HTIB
3MIACHIOETHCS 32 GOPMYIIOHO:

W0 (t+1)= 3 (e) + a0, (0l - ) (0)],

ne oc(t) — (¢YHKIS MBUAKOCTI HaBYaHHS, $5Ka, y CBOIO Yepry, J03BOJISIE KepyBaTH
IHTEHCUBHICTIO afanTallii BaroBux Koe(imieHTiB Ha BIAMOBIAHIN iTeparlii.

V sxocti Takoi pyHkuii, sk 1 B @BI', MokHa BUKOpPHUCTATH €KCIIOHEHUIAIBHY (YHKIIIIO
po3mnany, aje Jeuo 3 IHIIMMU apaMeTpaMu:
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t
Oc(t) =aye”,

Ie  Q, =const — IOYaTKOBE 3HAYECHHs HMIBHIKOCTI; 1 = const — JO3BOJIIE KOHTPOJIIOBATH,

K IIBUJIKO 3MEHUIYETHCS 3HAUEHHS (DYHKIII; # — 116 HOMEp ITeparli.

IIpouec napuanus CKK 3aiiicHioeTsest 3a 7' iTepallii, 1e Ha KOXKHII HAaCTYIHIN iTeparii
3 BUOIpKHM 0OMpaeThbcs BUNIAAKOBUM BXIJHUM BEKTOP X, Ta MPOXOASTHh BULIEONHCAHI €Tanu —
3MaraHHs, Kooreparii Ta aganTarii.

OcHOBHI pe3yJIbTaTH J10CJIiIzKeHHS

Jlist ipoBeIeHHsT eKCIIEpUMEHTy Oyra peanizoBaHa ctparteris OamancyBanHs y COBK
Docker Swarm [8]. Peanizaiiis ckiiamaeTbcs 3 TBOX OCHOBHUX YacThH. [lepia — iHimianizaris
cTpaterii, y XoAl iHimianizamii 3aiicHIoeTbes KoHQirypauis Ta HaB4aHHs CKK Ha ocHOBI
MONEePEeTHHO BKAa3aHOI MHOXKMHU KOH]irypauiil. [Ipyra — posnoninenHs konteinepis. 11lo6
PO3MOJIUIUTH OAUH KOHTEHHEpP NOTPIOHO 3pOOUTH HACTYIIHE:

1. TleperBoputH KOHGIryparito KOHTEHHEPA Y BEKTOP BXIIHMX JAHUX.

2. 3HaliT¥ BEKTOD BifCTaHEH, TaK CaMo, K i Ha eTarri 3MaraHHs.

3. BixcopTyBaTu MOCIiIOBHICTH BY3/IiB 3a 3HAYEHHSIMH BEKTOPIB BiJICTAHEMH.
4

3 OTpUMaHOi MOCI1I0BHOCTI BUKIIOUUTH BCl BY3JIH, SIKI HE 3a/10BOJIbHSIIOTH BUMOTH
KoH(Irypartii.

5. SIKuio micis BUIyYEHHs HE 3QIMIIAETHCS BY3JIiB, TO IIOBEPHYTH MIOMUIIKY, B HIIOMY X
BUIAJIKy — HOBEPHYTHU BiI(UIBTPOBAHUN CITUCOK BY3JIIB.

VY X011 eKcriepuMEeHTY BUKOPUCTOBYETHCS T'€HEPATOP ICEBIOBUIIAAKOBUX KOHDIryparii
(I'TIBK), sixuii nae 3Mory OTpUMYBaTH JUHAMI4H1 TOCIIOBHOCTI KOH(Irypauiii KOHTeHHEPIB
3a TOTIEPEIHbO 3aJaHUX BHUMOT Ta OOMEXKEHb. Y KOHTEKCT1 JaHOTO JOCIIIKEHHS BHMOTHU
onucani B Tabnuui 1.

Ormc sumor g [TIBK

Taomums 1
Kaacudikanis MmogipHicTh Onuc Bumor
Hwu3pki BUMOTH 50% [OIT 1], [OIT 2], [OII 3]
Cepenni BUMOTH 33% [OIT 4], [OIT 6]
Bucoki Bumoru 12% [OII 8], [OIT 16]
Hansucoki Bumoru 5% [OIT 32]

JluHamiyHa MOCHIAOBHICTE GOPMYETHCS 3a JONOMOIrol0 3HaueHb, siki reHepye I'TIBK.
Crnouarky I'TIBK o0upae sikych KOHKpeTHY Kiacu(ikalilo, KEpyHOUUCh WMOBIPHOCTSAMH,
OMMCAHMMH Yy 3aJlaHii TaOauIll, ai 3 OMMCAaHOT MHOXUHHU BUMOT (KOH(]Irypaiiiii) ooupaeTbes
BUIIaJIKOBE 3HAYECHHS, SIKE, IPU MOTPeOl, CTa€ HACTYITHUM €JIEMEHTOM JIMHAMIYHOIO PSAY.

[lepmnii eKCIEpUMEHT MOJISITa€ y TOMY, 100 3A1HCHIOBaTH MapajiesibHy YIIaKOBKY J0
MEepIIOTO BIAXWIEHHA 3anuTy. EKcnepuMeHT mnpoBOAMTHCS Ui KUIBKOX —CTpaTerii
nmapajeibHO, TMPH I[bOMY BHUKOPHUCTOBYETHCS OJHA M Ta K JUHAMIYHA IMOCIIJIOBHICTH
KoH(irypamiii xoHteiHepiB. Ilin BiIXWIEHHSM 3alUTy MA€ThCS Ha yBa3l CHUTYallis, KOJIU
CTpaTerisi He MOKe PO3MOJUINTH HACTYIHY KOH(Irypauioo y IMHAMIYHOMY ps/l, OCKUIBKH Y
KJIacTepl MPOCTO HEMAE By3Ja, SKUW BianmoBifae il BuMoram. [IpoBiBIIM Takuii €KCIIEPUMEHT
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KiTbka pa3iB, ckaximo, 1000, Mo)XHa BHW3HAYUTH, JUISI SKOi KUIBKOCTI JWHAMIYHHUX
MOCIIIZIOBHOCTEN KOHTEHMHEpIB OJHa crparerii Oyna Ouibll edeKkThBHa 3a 1HIIy, TOOTO,
yacTiule po3noAuisuia Oulbllie KOHTEHHEPIB.

Jns moYaTKy BH3HAYMMO 3alesKHOCTI s koedinieHTiB R mig OKB 1a o, ana OBI.
Hexaii y Hac € xnacrep, axuil ckinagaerscs 13 10 BysniB 32I'6 OII koxeH, ToJl, MPOBIBIIX
ONMCAHUN €KCIIEPUMEHT JJISl CTpATEril po3NnoUIeHHs 3anoBHeHHAM nonapHo 3 ®BI" ta ©KB,
MOXXKHa BHU3HAUUTH, MpPU SAKUX 3HAUEHHSAX KOe(DIIIEHTIB cTparerii € MaKCUMaJbHO
e(eKTUBHUMH.

3 rpadiky (puc. 2) BUAHO, 110 €(EeKTUBHICTh PO3MOJIUICHHS CTpaTerii, ika 0a3yeTbCs Ha
@BI', € makcuManbHOWO 1Ipu o, =4, ToAl kKoiau 3 BukopucTaHHiaM PKB makcumanbHOi

e(eKTUBHOCTI BAA€THCS AOCATTH ITpU R = 3.

EcheKTMBHWX PO3NOAINeHb

0 t t t {
1.0 2.0 3.0 4.0 5.0
3HayeHHA KoediLLiEHTY

Puc. 2. EpextuBnicts po3noauieHHss ®BI" ta ®KB s pi3Hux koedilieHTiB

Ockutbku 'y onucaHomy anroputmi CKK  BuKOpHCTOBYeTbCS 3  OJHOBHUMIPHOIO
TOIOJIOTIEID, TO MA€ CEHC BU3HAYEHHS 3aJIEKHOCTI BEIMYMHM Koe(ilieHTa Bl poO3Mipy
Knactepa. 3 orpumanux naHux s GBI Taka 3anexHicTs Oyne matu Buran o, =0.257, a

st ®KB R =0.33n, ne n — 11e KUIbKICTh BY3JIIB Yy KJIacTepi.

JUis TOoCNiPKeHHsT MOBEAIHKM (PYHKIIN A KiacTepiB IHIIMX PO3MIpHOCTEH Ha 0a3i
OTPUMAHUX 3aJIEKHOCTEH MPOBEIEMO AHAJIOTTYHUNA EKCIEPUMEHT, 3IIMCHIOIOYHM OJIHOYACHE
po3nojuieHHs crpaterisiMu 3 BukopuctanHaM PBI' ta ®KB. Koxnwuii kiacrep, mo Oepe
y4acThb B €KCIIEPUMEHTI, CKIAJaeTbes 13 BY3JiB po3MipHicTio 32 I'6 OIl, kinpkicTh BY3J1iB
BapIIOETHCS.

Jis po3’sicHEeHHsI 3HaueHb Ha rpadiky (puc. 3) BI3bMEMO, HaNpUKIAJ, 3HAYEHHS
edexktuBHOCTI posmoauieHs st S50 BysmiB. s 225 pgunamivaux psaxpie i3 1000
Bukopuctanus ®BI" O6yno Outbi edextuBHe, Hbk PKB, y cBoto uepry s 272 — HaBnaku, a
B 503 Bumankax BUKOpUCTaHHS 000X (yHKIIH Oyno oaHakoBO epekTuBHUMHU. OAHAK, SIK
MOKHa 0auuTH 3 rpadiky, A HEBEIUKUX PO3MIPIB KilacTepy BUKOpUCTaHHS 000X QyHKIIH €
OJIHAaKOBO €()E€KTUBHUM, aJI€ 3 POCTOM PO3MIpy Kiiactepa Oulblll €(eKTUBHUM € BUKOPUCTAHHS
OKB.

[IpoBenemo TOH e AOCHIA, aje 3acTOCOBYIOUM B XOJ1 HAaBYaHHSA KapTu (yHKLIIO
LIBUJKOCT1 POCTY oc(t) =1, ToOro Monupikaiist BaroBux KoedilieHTIB 0a3yeTbcsl TUIBKM Ha

3HAuYE€HHI, 110 MOBEPTAETHCS (DYHKIIIEIO BILJIUBY.
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Puc. 3. EpextuBnicts po3noaienss OBI" ta ®KB
3 rpadiky (puc. 4) BUOHO, MO JUIsI MaIUX Ta CEPEAHIX PpO3MIPIB KIacTepy
Bukopuctans ®BI" 103BoJsie 1ocsarti MakcuManbHO e(eKTUBHUX pe3ynbTaris, Toal sk KB
MPOJIOBKY€E OyTH OUIbII €PEKTUBHOIO /Ul BEJIMKOI KUTbKOCTI By3:iB. Tak, Hanpuknan, ans 20
BY311B BUKopuctanHa ®BI' nae 3Mory nocsrtu He MeHII €()eKTUBHOIO PO3MOAUICHHS, HIXK 3

BukopuctandHsiM @OKB mns 956 munamiuamx psgie 13 1000, Tomi xomu ans 70 BysiiB
Bukopuctans ®KB € ne menm epexruBHuM y 705 Bunaakax.

500 |
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Puc. 4. EdpextuBHicts po3noauenHs O@BI" ra ®KB
31 CTaJI00 IBUJKICTIO POCTY piBHIN 1

[IpoBiBIIM ONMCaHWI EKCHEpUMEHT 1€ pa3 g oAHiel 1 Tiel x (yHKuii, ane 3
BUKOPUCTAHHSIM PI3HUX METOJIB IHIlIani3anii, MoxHa Oauutu (puc. 5), IO 3HAYEHHSA
PO3MOJIUIEHb 3HAXO0IATHCS MPUOINU3HO B TOMY K Jl1alla30H1, 3 HEBEJIUKUM BIAXUJICHHSIM y 01K
iHiianizamii Bekropamu 3 BuOipku g OKB.

[HmMii exciepuMeHT noJisrae y Tomy, o0 3anakoByBaTH KJIAcTEPH A0 TUX HIp, OKU Y
KJ1acTepi He Oye Micis xoua O Juist KoH(Irypauii 3 HalMeHIIUMH TOTpedamMu, MpU LbOMY, SIK
1 y onepeIHbOMy €KCIEPUMEHT1, BAKOPUCTOBYBATH OJIHY M Ty X JUHAMIYHY MOCIIIOBHICTh
KOH(pirypariii koHTeiHepiB. [IpoBIBIIM Takuii E€KCIIEPUMEHT JOCTaTHIO KUIBKICTh pasiB,
ckaximo, 1000, 1 B3sBIIM cepeHE 3HAYEHHS PO3MOJUIEHb, MOXKHA MpOaHANI3yBaTH, sKa 13
CTpaTerii B cepeIHbOMY MOXE PO3MOAUIUTH OUIblLIE KOHTEHHEpIB, IPU LbOMY 3pOOMBIIN
MEHUIY KUIbKICTh TOMUJIOK.
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Puc. 5. EpexruBnicts po3noaienss OBI" ta ®KB
3 BUKOPUCTAHHSM PI3HUX METOMIB iHIIiami3amii

[Tounemo 3 TOTO, 1110 3HAWJEMO 3AJIEKHICTh MDK KOE(IllieHTOM Ui (PYHKLIHA BIUIUBY Ta
KUIBKICTIO BY3JIIB y KJactepi, 0a3yluuch Ha CEpPeIHbOMY 3HAYCHHI 3alaKkOBaHHUX
KOHTEHHEPIB Ta 3p00JIeHUX TOMUIIOK.

3 rpadikiB (puc. 6) BUAHO, IO KUIBKICTh PO3MOAUICHUX KOHTEHHEPIB Y CEpeAHbOMY
ckianae Omu3bko 65 koHTeiHepiB i kiactepy 13 10 By3niB mo 3216 koxkeHn. OpnHak,
MakcumaibHe cepenne 3HaueHHs a1 OKB nocsraerses mpu R =1, BIAMOBIAHO 3alEXKHICTh
paziycy Bil KUTBKOCTI BY3/IiB Mae HacTynmHuid BUrisg R =0.1n, y cBow uepry misi OBIT
o, =0.25n, ne n — 1€ KUIBKICTB BY3JIIB y KJIacTepi.
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Puc. 6. Edpexrusnicts po3noaueHHs @BI" ta ®KB st pisHux koedilieHTiB

BusnauuBmu 3anexHOCTI U1 KOeIIeHTIB (YHKIIN BILUIUBY, IPOBEIEMO €KCIIEPUMEHT
JUIS KJIACTepiB Pi3HOI po3MIpHOCTI. Pe3ynbTaT Takui, 110 KUIBKICTh CEpPEeaHIX pO3NOALIECHb
crpaterisimu 3 BukopuctaHHsM PKB Tta ®BI' € maibke €KBIBaJIEHTHHMH, 3 MI3EPHOIO
nepesaroto ®KB. Ane npu npomy, y OUIBIIOCTI BUMAJIKIB, 3aI0BHEHHS KJIacTepy 3 MEHIIOO
KUIBKICTIO TTIOMUJIOK BJA€ThCS 3M1MCHUTH 3 BUKopucTaHHIM DPBI', ocobmmBo aisa kimactepiB
HEBEJIMKOT pO3MIpHOCTI (puc. 7).

[Ipu BukopHcTaHHI oc(t) =1 cepenHi 3HaUEHHS Mai’ke HE 3MIHIOIOTHCS, OKPIM TOTO, 1110
KUIBKICTh BiAXWJeHUX 3anuTiB mpu BukopuctanHi KB mns kmactepiB BETUKOro po3mipy
3MEHILYEThCS.
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Puc. 7. I'padiku po3noauieHs Ta BIAXUIEHD JUTsl HEBEJTUKUX KJIACTEPIB

[Ipu mpoBeneH1 TOTO X €KCHEPUMEHTY Ta MOPIBHSAHHI (PyHKLINH camuXx 13 co0or0 mpu
BUKOPHUCTAHHI PI3HUX METOJMIB IHIIami3almii, MOXXHa CIOCTEpIraTH 3HAYHE 3MEHIICHHS
kiIpKocTl BiaxwieHnb g @KB 3 BukopucTaHHAM iHiUiadi3auii BUNAQAKOBUMHU 3HAUYEHHSAMU,
ko it OB KUTBKICTh BIIXUJICHB HE 3HAYHO 3POCTAE.

BucHoBku

VY xoai pochimpkeHHs Oyno omucaHo ocHOBHI eranu poborn CKK Ta MoxiuBi
napameTpu ix koHpirypauii. Takox OyB omucaHuil ajropuTM poOOTH cTparerii
po3nonuieHHs, o 6aszyerbea Ha CKK. V xoni nmpoBeaeHUX €KCIEpUMEHTIB OYyJ0 BHUSIBIICHO,
o Juisl KiactepiB HeBenukoi po3mipHocTi (10-30 By3niB) BUKOpHUCTaHHS (DYHKIII BILTUBY
["ayca n03BoJIsI€ JOCATTH MaKCUMaIbHOI €()eKTUBHOCTI, OCOOJIMBO KOJIU IIBUJKICTH HABYAHHS
irHopyetbes. g knactepiB Ouibmioi po3mipHocTti (70-80) makcumanbHOI €(pEeKTUBHOCTI
BHaeTbcsa gociartu 3 Bukopuctanasm @OKB. BopHouac BuKopucTaHHs —IHIIIami3amii
BHUMAJKOBUMH 3HAUYCHHSIMHU JAa€ 3MOTY 3MEHIIUTH KUIBKICTh BIAXWJICHb 3aluTIB Ha
pPO3NOJIUIEHHS. Y pe3ynbTaTi JOCHIPKEHHS MOKHAa CTBEpIKYBAaTH, IO €(EeKTUBHICTb
cTpaTerii po3MOAUIEHHS IWHAMIYHOI MOCHIJOBHOCTI KOHTeiHepiB 3 BukopucranHsi CKK
3aJIeXKUTh Bl KOH(Irypailiif 0CTaHHBOI Ta TOMOJIOTTYHUX BJIIACTUBOCTEH KilacTepy.

Jnsa  mnokpauieHHss egexkTtuBHOCTI anroputmy pobotu CKK € cenc mnposectu
JOCIIIKEHHS PI3HUX TOIOJIOTIH KapTH 3 MOJAJIbIIUM aHAII30M IpyIl, SIKI YTBOPHINCA B XO/1
1l HABYaHHS.
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COMPARISON OF THE EFFICIENCY OF DISTRIBUTION STRATEGIES BASED ON
SELF-ORGANIZING KOHONEN MAPS IN VIRTUAL CONTAINERS ORCHESTRATION
SYSTEMS

Abstract. The paper starts from the description of the basic functions of orchestration systems,
including distribution of dynamic virtual containers sequence. The positive and negative aspects of
existing containers distribution strategies are discussed next. Recent studies and publications mention
inefficiency of existing distribution strategies and describe alternative methods that can be used to
optimize them. These methods include self-organizing maps.

The paper covers a detailed overview of the structure of Kohonen maps and the main stages of
their work, which are: initialization, competition, cooperation and adaptation. The author describes
detailed map configuration options for each of the stages, such as different initialization approaches,
different influence functions and their parameters. Then the author defines the algorithm for
distributing containers between nodes in a cluster based on self-organized maps.

Also, the article covers two types of experiments, they are: packing cluster until the first packing
request is rejected and packing cluster unit it is full. The first one demonstrates in how many cases, the
differently configured strategies, will pack more containers for the same dynamic sequence. The
second experiment shows the average number of containers that can be packed. The experiment is
done for the same dynamic sequences, differently configured strategies try to fill up dedicated clusters
until they are full. As a result experiments show that strategies based on self-organizing maps behave
differently in case different map configurations are used. So, for instance, using the Gaussian
influence function is more efficient for small clusters, while using the constant influence function is
more efficient for large clusters. The findings can be used to develop more efficient methods using
artificial neural networks.

Key words: distribution, balancing, self-organizing Kohonen map, artificial neural networks,
virtualization, container, orchestration system.
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MOJEJIOBAHHSI ABCTPAKTHOT'O MEPEJXXEBOI'O TAKETHOI'O
®LIBTPA 3 MOXKJIUBICTIO KJIACU®IKAIIIL OJHOPAHI'OBOI B3AEMOIII

Anomauin. ¥ pobomi pozenanymo mooeib a6CmpakmHoz0 Mepeicesoeo NaKemuo2o Gitbmpa
AKUU 00360718€ NPOBOOUNMU  KAACUPIKAYII0 00HOPAH20601 63aeMO0Ii 6udy mouka-mouka. Moodenw
8i0N08I0AE MAMeMAMU4HO20 ORUCY, ANPOKCUMOBAHOZ0 3d OONOMO20!0 HONIHOMA HPeOCmAasieHHs
NAKemHo20 3a20N08KY mMa NPOMOKOAbHUX NOBIOOMIEHb MEpedtce8o20 PpIiBHA. 3 GUKOPUCTIAHHAM
anapamy memooy 2pynoeozo epaxysanus apeymenmie (MI'BA) po3pobreno mooenb abcmpakmuoco
Mepedceso2o NaKemHo2o @itbmpa 3 MONCIUGICIIO Klacu@ixayii 00OHopanzo68oi 63aemodii. Memoio
0anoi pobomu € cmeoperHst cHyUKoi abcmpaxyii QyHKYill Munoeo2o mepeiceso2o Pilbmpa 6 ymoeax
nepesadcaryoeo 8 210banvbHux Mepedcax muny mpagiky. B pobomi Hnagedeno moougpikayii
aneopummy MI'BA, nposedena onmumizayisi 6ubO0Opy KII0OU08UX 8XIOHUX NApAMEmpis, 30Kpema npu
opmysanni wapy kracugixayii ma subopy macugy exioHoi mecmogoi nocii008HOCHII.

Knrouosi cnosa: kracugixayis mpagixy, mepesicesuii (hinbmp, 00HOPAH206a 63A€MOOIsl, AKICMb
00CNY208YBAHHS 8 NAKEMHUX MEPEINHCAX.

Beryn

HeoOxinHicTh mpoBeaeHHS MMAKeTHOI OOpOOKM Ha BHCOKHMX IIBHUJIKOCTSX BUHUKAE
BHACJIIOK 3pOCTaHHS MOMUTY HAa JOCTyn J0 Mepexi [HTepHer 3aramom, 30Kkpema, 3a
JIOTIOMOTO10 ~ G€3pOTOBUX MOOUIBHUX HpuUCTpoiB. [IpoBeneHHS MOHITOPUHTY TakKoi
AaKTUBHOCTI Ma€ YiTKI IIepeBaru — MOXHa MPUOJIM3HO OLIHUTU HANPSIMOK PO3BUTKY OKPEMOi
TEXHOJIOT1l, 100 B MaWOyTHOMY CHpPOTHO3YBaTH HEOOXITHY €MHICTh JUISI PO3LIMPEHHS
30BHIIIHIX KaHaliB 3B 53Ky [1]. 3acrocyBanHsa Takux npuctpoiB sik NAT uu IDS pobuth ix
LEHTPAJIbHUMH CEPBICHUMHU €JIEMEHTAaMU [MaKETHOI MEPEeXk1, OCKUIbKU 38 YMOBAMH IX PEXKUMY
po6oTu Bech Tpadik mMae mpoxoauTH yepe3 HuX. CTBOpeHHs e(EeKTHBHOT MOJENI B3aEMOIIT
OJIHOPAHTOBHX JI0JIATKIB JI03BOJIMTH BCTAHOBJIIOBATH KJIaCH(PIKaTOPU MEPEXEBOro Tpadiky He
JIUIIE SIK arnapaTHI CUCTEMH aHali3y Tpadiky, aje i K MporpamMHi KOMILJIEKCH MOCT-00poOKH
nepexorieHoro Tpagiky [2]. Jleski cucteMu MepexeBoro MOHITOPUHTY Ta CUCTEM MEPEXKEBO1
6e3nexu 00poOIIA0Th HAOIp MaKeTIB K OJHE Ilie, 3aJIEKHO BiJ] TUIY IPOTOKOJIY KOPUCHOTO
HaBaHTAXXEHHS BEPXHBOTO piBHS, Oa3zyrounch Ha iH(popMmalii, ska Oyna oTpuMaHa 3 HaKeTHUX
3aroJIOBKIB.

1. MopeloBaHHS1 O/ITHOPAHIOBOI B3a€MOII B I710021bHUX MepeRax

B Toi1 yac xonu icCHye BelMKa KUIBKICTh PillIEHb BiJ BIAOMHUX PO3POOHUKIB anmapaTHUX
MEPEKEHUX MPUCTPOiB, PO3POOHUKH BIAKPUTHUX CHUCTEM CTUKAIOTHCS 31 TPYAHOIIAMH,
OB’ SI3aHUMU 3 HEOOXIJIHICTIO MPOBOJUTU ONTHUMI3alli y MpOrpaMHOMY 3a0e3MedeHH] s
NOCATHEHHSI JOCTAaTHBOI IIBUAKOIIT abo uepe3 nedeKkTu y peanizalii amapaTHUX CXeM
MEpPEKEHUX aJanTepiB, sIKI BUKOPUCTOBYIOThCS JIsl aHallizy MepexeBoro tpadiky [3]. Heski
JOCIIITHUKHN CKap)KaThCs, IO 3POCTAaHHS IBHUIKOCTI MIJKIIOYCHHS HE BIANOBITA€ 3aKOHY
Mypa, IHIII CTBEpIXYIOTb, [0 3alpPONOHOBaHI IIBUJAKOCTI  37€OUIBLIIOTO  HE
BUKOPHUCTOBYIOTHCSI MacoBO.

CyrreBoro nepeBaroro MI'BA € oqHO3HAUHICTh IHTEPIPETOBAHUX JAHUX 1 3B A3KIB B
KOPOTKHX BHOIpKax CIOCTEPEXKEHb, TOJl SIK MIHIMyM KPHUTEpII0 BKa3ye Ha ONTUMAJIbHY
HaOIMKEHY MOJEIb 3 OUIBLI MPOCTOI0 CTPYKTYPOIO 1 MIABUIICHOIO TOYHICTIO Y MOPIBHSAHHI 10
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CTpYKTYpH imiTaninoi mozaeni. Cuix 3a3HaunTH, 1o 3a jgonomororo MI'BA mMoxyte Oytu
OTpUMaH1 JuIIe HaOMMKEeHI Mojaeni. 3 BUKOPUCTAHHSIM amapary METOJy TpPYIOBOTO
BpaxyBaHHs aprymeHTis (MI'BA) po3po0ieHo Mojenb abCTpaKTHOTO MEPEKEBOTO MaKETHOTO
GbuIbTpa 3 MOXIMBICTIO Kiacudikallli OJJHOPAHTOBOI B3a€EMO/IIi TUIY TOYKa-Touka. Mojenb
TOTOXKHA TMOHSTTIO MAaTEMaTHYHOTO IPEACTaBICHHS, alpOKCUMOBAHOTO 3a JONOMOIOIO
MOJIIHOMA OMKCY MAKETHOT'O 3aroJIOBKY Ta MPOTOKOJIbHUX MOBIAOMIIEHb MEPEKEBOIO PIBHS.
3a cBoero cTpykTyporo anroputm MI'BA MokHa oxapakTepusyBaTH K MIAXiJl Yy HaBYaHHI
MOPSIIKOBUX CHUCTEM 11eHTU(IKalil 300pa)keHb, 10 3arajoM peaii3yloTh 3a JIOIIOMOTIOIO
MepcenTpoHiB 4u HepoMmepek. OCHOBHOIO BIIMIHHICTIO OaraTomapoBoro anroputmy MI'BA
€ ONEpyBaHHS 3 HEMEPEepPBHUMH 3MIHHUMHU (CaM€ TaKOK BaplaTUBHICTh XapaKTEPU3YETbCS
MepexeBUi Tpadik Ta OJHOPAHTOBA B3AEMOJIA). 3a CBOEK TOYHICTIO TaKWW MIAXIT 3
MEepPCEeNTPOHAMU B HEHWpOMEpekax He MOCTYMAEThCS MOJIIHOMIaIpHUM anroputMam MI'BA,
IIpU HAsABHOCTI JOCTaTHbO JOBroi TPEHYBAJbHOI HAaBUaJbHOI BUOIPKM, HHU3bKOI aucrepcii
XUOHUX CIIpallbOBYBAaHb Ta BEJUKIA KUIBKOCTI piBHIB Kiacu@ikamiiinux mapis[4]. Sk Bxke
Oy/no 3a3Ha4yeHo, JIUIIEC HEMEepPEpBHI 3MIHHI JO3BOJISIIOTh BU3HAYUTH MIHIMYM CEJIEKTHBHOTO
KpuTepito, (GOpMyrOUMd CHOPOIIEHY CTPYKTYypy HaOmmwkeHoi wmoxaeni. MI'BA  moBHO
XapaKTepu3ye MIABUILIEHHS TOYHOCTI OTpPUMaHHS HaOMMKEHUX MOJENIeH MepeskeBOoro
Tpadiky, a y PO3MISIHYTOMY BHUIAIKy 3 OJHOPAHTOBOIO B3aEMOMIEI0 Ta BIAMOBITHOIO
kinacudikalielo BiH 3abe3neuye HalOUIbII edeKTHMBHE BHUKOpUCTaHHS pecypciB. MI'BA
BUKOPUCTOBYIOTbCSI B PI3HUX cdepax NONEepeHbOr0 aHaji3y JaHUX Ta 3HAXOKEHHSI
BIJTHOILIEHb, MOJEJIOBAHHS CKJIAJHUX CUCTEM, ONTHUMI3alil Ta MPOTHO3yBaHHI. [HIYKTUBHI
nigxoqn MI'BA HagarOTh MOMKIMBICTE aBTOMATHYHO 3HAXOOUTH 3AJIEKHOCTI B IIOTOKax
JaHUX, BHUOMpAaTH ONTUMaJbHY CXEMy peaii3auii MoJenl, MiABUILYBaTH TOYHICTh
Kkiacudikaii 3aCTOCOBHUX allTOPUTMIB, TOIIO. METO/ CKIIaIa€ThCs 3 NEKUIHBKOX aJTOPUTMIB
JUIs BUPIIIEHHS JAESIKuX crenuiyHuX 3aBlaHb. B HbOro BXoauTh HaOIp MapamMeTpUUYHHX
QITOPUTMIB, @ TAKOXK AJIFOPUTMH AJUTUBHUX aHAJIOrIH, OIHAPHOTO PO3KJIAAy Ta WMOBIPHICHI
anroputmu. [linxig camoopranizanii MpoXoauTh Yepe3 Migdip MOJENeH, Mo KOKHOTO pasy
CIPOILYEThCSI Ta Ha BHOOpPI HAOIMIKEHOTO PO3B’SI3KY 3TIHO 3 MIHIMYMOM BH3HAY€HOI'O
kputepito. [Ipy yomy KUIbKICTh IapiB 1 HEMPOHIB B IPUXOBAHUX IIapax, CTPYKTYpY, Barosi
Koe(ilieHTH Ta HIII ONTUMAaJbHI MMapaMeTpu HEHpOMepeki 3HAXOAATbCS aBTOMAaTHU4HO. B
TOM K€ Yac TapaHTYEThCS 3HAXO/PKCHHSI HAUTOYHINIOT MoIeni Kiacudikaiii, OCKUIbKH METO]I
HE MPOITyCKae HAMKPAIOTo PpillieHHs MMiJ 9ac nepedopy Beix BapianTis [1]. B 3ampononoBaniit
MoJiei Oynb-SKi O3HAKM MEPEKEBOi B3a€EMOJIl, IO MOXYTh MaTH BIUIMB HAa BUXIIHHI
pe3ynpTaT Kiacudikalii BHKOPUCTOBYIOTbCA SIK BXiJHI mapameTpu. [HTeprperamiiini
B3a€MO3B SI3KU Y MPOTOKOJIbHUX 3arojOBKax OOMpAIOThCA LIE J0 aHali3y JaHuX, 0OUparoun
TUM CaMUM TPOAYKTHBHI BXigHI 3MiHHI. PeanizoBaHuii anropuT™M Mae OaraTomiapoBy
CTPYKTYpY, 3aBISKA YOMY MOXJIMBE 3aCTOCYBaHHS MapajieIbHUX OOYMCIIEeHb s HOTo
peanizaiii. 3 MOMEPEIHBOTO PIBHA HA HACTYMMHUHN NEPENAEThCA HE OJUH, a JIEKUTbKa Kpalux
pe3ynbTaTiB  Kiacu@ikaiii MepekeBOl B3aEMOJIl, IO MOXXE BHUKOPUCTOBYBATHUCS IS
MIIBUIIEHHS] TOYHOCTI 1HIIMX MOJIEJICH YU alTOPUTMIB iX MoJenoBanHs. OTpuMaHHS MOJACII
a0CTPaKTHOTO MEPEKEBOTO MAKETHOTO (UIBTPA 3 MOXKJIMBICTIO Kiacudikailii 0JHOPAHTOBO1
B3a€EMO/IIT TUIy TOYKA-TOYKA IUIMTHCSA Ha Kuibka eramiB. Etan ¢opMyBaHHS MOYMHAETHCS 3
BUOOpPY KIIIOUYOBUX 3MIHHMX, @ 3aKIHUY€ThCS BHU3HAUEHHSM HaAWOUIbII TOYHOI Mojeni 3
NepeBeIeHHsM ii Ha HACTYIHUM piBEHb Kiacu(ikallii.
KinbkicTe piBHIB Kinacudikailii Moxxe OyTu Bu3HadeHa 3a popmysnoro (1):

Cy=—r"+ (1)
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Jst popmyBanus psany kinacudikamii omuc o6’exkra O = f (x] ,...,xn) 3aMIHIOETHCS
KUIbKOMA PAZaMH OKPEMHX 3allUCiB BUITAAY 0, = f (x] ,xz). B HbOro BXOIATH BCl €(heKTHBHI1

apryMeHTH IMOBHOTO onucy. BuxigHumu aprymeHTamMu HaOIMKeHo1 Moieni, o (GOpMYyIOThCS
IpU LbOMY BUCTYNAIOTh (QYHKI[Ii 110 MEpEeHECeH1 y BUIIUN psAl 3a KpUTEpieM HaMBUIIOi
noaidHocTl. TakuM 4YMHOM O3HA4yeHi MapamMeTpu HaOIMKEHOT MOJel Ha MeplioMy psil
kjacudikauii (2) BUKOPUCTOBYIOTHCS 1 HOXOJAThH 3 MaTPUIIl JOCTIIKEHb:

0 :f(xl’XZ)’ 0, :f(xz’x3)’ e Oy :f(xN—l’xN)’ e A:CI%I- (2

Jlnst omucy Mojeneit napyroro psay kinacudikamii 3a mapamerpu  QyHkiii  “O”
MPUIMAaIOTHCS MOJIEN1 ONEepeIHBOro paxy (3), o nepeBeieH1 Ha BULLIUMHM psit Kiacugikanii —
‘LP’,:

P :f(OI’OZ)’ P> :f(02’03)’ o Pp :f(OM—]’OM)’ (3)
1€ KUTBKICTh KIacu(iKalidiHuX MOJeNIe B BU3HavdaeThes 3a hopmyrnoro (4):
B=Cj(ci-c). @)

IIpu cTBOpeHHI Mojenel TpeTboro psny kiacudixauii 3a mapamerpu ¢yHkuii “Q”
MpUIMaOTh MOJIEN1 MOMEPeIHbOro psiay (5), 10 nepeBeieHl y BULMi map kiacudikamii —
LLO”

0, =f(p..p.). @ = f(P2ups)s oo dc = F(p0py), (5)

e KUIbKiCTh Kiacuikamiianx wmoxened C BU3HAYAETHCA 3a TIEKO K OIHOMIAIBHOIO
dhopmyroro (6):

c=ci(cz -cz)-(cz -c2)). 6)

[lepeBipka Ta BU3HaUEHHs psAiB Kiacudikalii i 3HaYMMHUX IapaMeTpiB BU3HAYCHHS
OJIHOPAHIOBOi B3a€MOJIi 3YNUHSETHCS BIANOBIAHO JIO IpaBWia 3YNMUHKH (K pe3yJibTarT,
dhopmyBaHHS 3anuCcy GUIBTPa MEPEKEBOT AKTUBHOCTI), 110 ONMHUCAHE HUXKYE. Y TEPIIOMY sl
peasii3oBaHa JIIHIHHA perpecis, y IpyroMmy psiii - KBagpaTUyHa pErpecii, y TPEeTbOMYy -
perpecis 3-ro crtymens 1 T. A. KokHa KOHKpeTHa MOJENb 1ACHTH(IKOBAHOI B3aeMoOJii €
(YHKIIIE€I0 TTapu apryMEHTIB, TOMY BaroBi KOe(IieHTH MOKHA JIETKO BU3HAYUTH 34 JAHUMU
HABYAJIbHOI IOCIIJOBHOCTI 32 MaJOl0 KUIbKICTIO BY3JIIB IHTEpHOJALil (Tmepiia iTeparis).
Buxirouaroun npoMDKHI HE3B SI3HI 3MIHHI (JApyra iTepauis), MU MOXKEMO OTpHUMAaTH
HaONIMKEHY MOJIETh 31 CHPOIIEHOI CTPYKTyporo. CTymiHb moaiOHOCTI MOKHA OIIIHUTH 3a
BEJIMYUHOIO CEPEIHHOKBAIPATUIHOT MOXUOKH (cepenHs s BCiX PyHKIINH [, siKi BHOUPAIOTH
JUIA BCIX 3MIHHUX Y BIATNOBITHOMY HOTOLI JaHUX IO MPOXOAUTH Kiacudikalio). K TUIbKU
JNOCATHYTUN MIHIMYM MOXHOKH a00 HE3MILIEHOCTI, IIeHTU(IKALII0 OJTHOPAHIOBOI B3a€MO/I1]
HEOOX1IHO 3YNMUHUTHU. 3 MPAKTHUKH, 1l 3yIUHKY CJI11 MPOBECTU ACLIO paHillie Bif JOCATHEHHS
[IOBHOT'O MIHIMYMY, SIK TUIbKM IOXMOKa Kiiacu@ikallii moyHe 3MEHIIyBaTUCh NoBUIbHIIIE. Lle
rapanTye OTpUMaHHs KOPEKTHUX pe3yiabTaTiB kinacudikaiii. st oTpuMaHHs MaTeMaTHYHOTO
OMMHCY, SIK KPUTEPIN CeNeKiii NPy BUKOPUCTAHHI KPUTEPIIO PEryIsSipHOCTI BUKOPUCTOBYIOTh
CepeHbOKBAJPAaTUYHy IOXUOKY, BHUMIPSHY Ha OKpeMii NepeBIpoYHId MOCIIAOBHOCTI
MEPEKEBUX JAHUX.

103



ISSN 2076-5886. Bicnux Yepracvkoeo ynieepcumemy. 2017. Ne 1-2

1 & = !
2=WZ ); 82 = 100%. (7)

i
S}

[lepme piBasiHHA (7) omucye aOCONIOTHY MOXWMOKY Ha TOCHIITOBHOCTI JIS TEPEBIPKHU
ICTUHHOCTI, a JIpyre — CEpeAHbOKBAJpPaTHUHY IMOXUOKY Ha Tid ke mnocmigoBHOCTL. [lis
PO3paxyHKy KpPHUTEPiI0 HE3MIMIEHOCTI BCl EKCIEPUMEHTAIbHI TOUYKH TPYIYIOTHCSA, TOOTO
PO3MIIITYIOTHCS B PsI/T 32 BETMYMHOO auctepcii (8):

2

3| o -o)
N == | 8
3 (8)

1 JUIATBCS Ha Bl YaCTHMHM: TOYKHU 3 MAPHUMM HOMEpPAMM YTBOPIOIOThH IMOCIIIOBHICTE R, a
TOYKHM 3 HEMapHUMHU — MOCHIIOBHICTH R,. 3a amroputMoM MI'BA micng K0XHOTO psay
ceJieK1lii BuUOupaeTbes 1o [ piBHSAHB perpecii Buay (9):

1-i psn: o=flx,x,): R =N,; R, =N, ; o'(r)= flx, ~x,)

2-i s p:f(Oi’Oj);Rl:Mnl’R MnZ;OH(r):f(xi_xj)

3-1 pan: qu(pi,pj); R=L R =L0 W(r):f(xi_xj)
N-HI/I.I:/'; ps: z:f(zl.’,z;); R = ZZ+], R,=Z_0 ( ):f(xl.,xj)

Cnin 3a3Ha4UTH PO CYTTEBI MEpeBaru airopuTMy Kiacudikaiii MepexeBoro Tpadiky
Ta BHJUICHHS B3a€MOJIl OJHOPAHTOBUX JIOJATKIB B OKPEMMH CEpBICHHI Kjac IHpu
3aCTOCYBaHHI HWOT0 JI0 OJHOPAHroBOi B3aemojii. TecTtoBa BuOIpKa AaHUX SABISIE COOOIO
TaONMITI0 arperoBaHMX MAKETHUX 3arojiOBKIB MeEpekeBoi B3aemoiii [5], ska mictuteh N
napaMmeTpiB (TOYOK) CIIOCTEpeX EeHb MHOXKUHHU 3 M 3MiHHUX. CTpyKTypa TECTOBOi BUOIpPKHU
HacTynmHa. TpeTuHa TOYOK HaleXaTb JIO HaBYAJIbHOI IOCIIOBHOCTI, a OCTayda, 10
sasmmunacs  GopMmye  TEpPEeBIpOYHY  MOCHIIOBHICTh.  Ilepem  po3OHTTSIM  TOYKH
BIIOPSIIKOBYIOTHCS 3@ 3HAUEHHSAM BiIxuieHHs. HaBuaiabHa MOCIIIOBHICT BUKOPUCTOBYETHCS
JUIsT BU3HAYEHHS BaroBUX KOE(QIIIIEHTIB TIOJIHOMA, a TepeBipoYHa MOCIIIOBHICTh
BHUKOPHUCTOBYETHCS I BHOOPY CTPYKTYpH HAOMMKEHOI MOJENi, s SIKOi 30BHINIHIN
KpUTEPIN perynspHOCTi CR(s) MPSAMYE 10 HYJIA:

(B)) -0 (9)

Mz

1

N 1:]
[Hmum BapianToM Moke OyTH 3aCTOCOBYBAHHS MIAXOIY 32 KPHUTEPIEM 3yCTPIUHOTO

KOHTPOJTIO CVCR(S), 1er BapianT Oepe 0 yBaru BCiO 1HGOPMAIIIO 3 TOCIIIOBHOCTI TaHUX 1

MOke OyTH MigpaxoBaHUU Oe3 mepepaxyBaHHS BCIET MaTpUll Ui KOKHOI IEpEeBIPOYHOT
TOYKH, siKa Oy/ie XapakTepu3yBaTH 0COOIUBICTh KOHKpeTHOrO P2P-nonarka:
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CVCR(s =lZN: B)-ref || — min (10)

Jliig TecTyBaHHS MOJIEJ1 @OCTPAKTHOT'O MEPEKEBOI0 MAaKETHOrO (UIbTPa 3 MOKIIMBICTIO
kjacudikanii 0JHOPAHrOBOi B3a€MOJIl THIY TOYKa-TOYKAa Ha BIANOBIAHICT 32 KPUTEPIEM
OaaHcy BXIJHA TOCHIIOBHICTh JaHUX MOAUIAETHCS Ha NB1 yacTuHU. Kpurtepiit no3BoJIsie
MPOBECTH BUOIp MO, sika Oyae CTPOro MOHOTOHHOIO Ha 000X mociimoBHOCTAX. Kpurepiit
OanaHncy Oy/e 3HaXOUTH €IMHY €(DEKTUBHY HAOIMKEHY MOJICIIb, SIKIIO 11 BaroBl KoeilieHTH
OyAyTh JHIAHI, a BOHM € 3aBXIU TaKUMH Yy BUINAJAKy OJHOpaHroBoi B3aemonii. [llapu
kjacugikaii HapOIIYIOThCS OOTH, TOKM KPUTEpid HE3MIIEHOCT1 pilleHb KiacudikaTtopa
3MeHIyeThes. [ oTpuMaHHsS IIaBHOI nepebipHOi KpHUBOI, fKa Ja€ 3MOTy BU3HAUUTHU
MpaBWJIO 3YIUHKHU MNepeOipHOi Mpoueaypy, MOBHUM MOLIYK BEIEThCS HA Tpymax Mojenen
0JIHAKOBO1 CKJIaAHOCTI. Hampukias, nepmuii piBeHb MOXKE BUKOPUCTOBYBATH 1HGOPMAIIIIO 3
KOXHOI OJIHIET KOJIOHKM BHMOIPKM JaHUX TaK, L0 NOBHHUM MOLIYK BEIEThCS cepel ycix
MOKIIMBUX MOJIENICH BUTY:

p=a,tax,+ax; +..+ayx_ ,nei= 1,2,...,.M . (11)

Hemniniitai pyHkiuii MoxyTs OyTH BpaxoBaH1 sIK HOB1 BX1/IH1 TapaMeTpH y MOCIIOBHOCTI
naHuX. BuxinHi nmapamMeTpu BHU3HAUAETHCS HAmepel Ta 3aJIeKUTh BiJl CEPBICHOIO MPOdLIO
MepekeBoro Tpadiky gociimkyBaHoi Mepexxl. Ha HactymHoMy piBHI mepeOuparoThCsi BCl
BHSIBJICHI HAOJIMIKEH1 MOJIEN1 Y BIIMOBIIHOCTI 31 CXeMOI0 300pakeHO0 Ha puc. 1:

]...L1 1 2 3 . M

Il
— P
*—
[ ]

[ ]
oo
—o—o

W‘PHT‘W?T'

N

Puc. 1. Cxema nepebopy HeNliHIHHUX 3MIHHUX Y BX1JIH1{ BUOIPIIi 3ar0JI0BKIB

Mopeni OILIHIOIOTBCS Ha BIANOBIIHICTE 3@ KPUTEPISIM, JOKH 3HAYEHHS KPUTEPIIO
3MeHIyeTbesl. Jyig oOMexeHHs yacy 0O4MCIeHb MPOMOHYETHCS i Yac MOBHOIO mepedopy
MoJieNiel BIOPSIAKOBYBATH 3MIHHI BIAMOBIIHO 10 3HAYEHb KPUTEPIIO CR(S), TICIIS AESIKOTO
yacy o04uciieHb a00 KUIbKOX PIBHIB ITeparii.

Ha puc. 2 300paykeH0 mpoIiec yTOYHEHHS MOJIEi MariCTpaJibHOTO KaHaTy 3B’SI3Ky Ha
OCHOB1 3arojioBkiB [P 3a 10momMororo BHKOpPUCTaHHSI albTEPHATHUBHUX 3acoOiB aHali3y
MepeKeBOi B3aeMO/Iiil [6], a came: BUKOpPUCTAaHHS ONTUMaJIbHUX (OPM YaCTKOBHUX OMMCIB JIJIsi
BH3HAYEHHS TUCKpUMIHAIIMHOTO KpuTepito. [Iporeaypa moBHOTO mepebopy MpoI0BKYETHCS
0 BUOpaHOI MHOXHMHM KpallMX 3MIHHMX, IIOKM MIHIMaJdbHE 3HAYEHHS 30BHIIIHBOIO
KpUTEPItO CVCR(S) He Oyne 3HaiineHe. lle mae MOXIMBICTH 3aJaBaTH 3HAYHO OUIBITY
KUIBKICTh 3MIHHMX Ha BXO[1 Ta 30epertu e(eKTUBHI 3MIHHI MDK PIBHSAMU JJIsl 3HAXOJKCHHS
ONTUMAJBbHOI Mojenl. Pe3ynbraroM Takoro MOJEIIOBaHHA € MOJEIb ONTHMAJIbHO1
CKJIQJHOCTI, fKa JuIsl Tpadiky KOMI IOTEpHOI Mepexkl 3arajbHOro IpU3HAYEHHS Ta
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OJIHOPAHIOBOi B3a€EMOJIi, MOXe€ 1IeHTU(]IKYBaTH Takuii OOMIH Ta BIJHECTH Horo a0
BIJIMTOBITHOTO CEPBICHOTO KJIACy.

Y

CR|>

] — ©=ay+ ax;

i-—-n—‘e

CR|—>

v

2 I] —> | ¢ =ap+ax; +ayx;
I

52

Lo 1 | Buxigna
] MOJIEN b
min R

@ 1]1—7 @ = ay + a;x; + azx; + azxy| —— [CR|—>
] -

@ 1 —> | =ap +ayx; + ayx;+ ...+ ayx,| —> [CR | >

Puc. 2. BusHauenHst ontuManbHOI MOJEN1 Kiacudikaiii MEpexeBUX MaKeTIB
3a MI'BA

2. 3a1auya CTBOPeHHS THYYKOI'0 Mepe:KeBoro Kiacupikaropa nakeris

3anaya maketHoro ¢uibTpa [7] — momomorTtH KiacudikaTopy oOpatd Ti MaKeTH, fAKl
BIJIOBIAAIOTH JESIKOMY C(OPMOBAHOMY Hallepe]l BIAHOLIEHHIO 13 MIHIMaJbHUM CHCTEMHUM
HaBaHTaXEeHHsIM. BiH Mmae crpoinyBaTH oOpoOKy HakeTiB aOCTparyrouyuch BiJl CKJIAJHOLIIB
peani3oBaHOro amapaTHOro Ta MPOTpaMHOTO 3abe3nedyeHHs. [liaTpuMka MOBHOTO HabOpy
JOIAaTKIB Ma€ BimOyBaTUCh 0€3 OTJISIAY IUICH, I SIKMX HEoOXigHA CTAaTUCTUKA IO TMaKeTam,
o HagxodsuTh. OOMEKEHHS NEIKUMH TUIIAMHU IaKETIB He € BOayiolo igecro. CHCTEMH, K1 €
Hapa3l y BIAKPUTOMY JIOCTYIl 3acHOBaHI Ha BHKopuctaHHi Oi0mioreku PCAP, He €
JOCTAaTHIMU Yy IIbOMY BiAHOLIEHHI. OCHOBHOIO 33/Ja4Y€l0 € CTBOPEHHS T'HYYKOI CHUCTEMU
MakeTHol1 Kiacudikamii CUCTEMU ISl MIUPOKOTO CIEKTPY 3aCTOCYBaHHSA, 1 B OKPEMOMY
BUIAJIKY, JUIsl TapaHTyBaHHs SIKOCTI cepBICy JUisi aDOHEHTIB O€3/pOTOBUX MEpEX TPETHOI0
MOKOJIHHSA. 3a OCHOBHI METpPHKHA OyJio O00paHO MPOMYyCKHY 3IaTHICTh Ta MPOCTOTY
BUKOPUCTAHHS W 1HTerpauii 3 ICHYIOUMMHU cUCTeMaMu aHalizy Ta o0poOku. [IpoOnemu, siki
OyJ10 BHUPIIIEHO Y PO3pi3l MOKPAIIEHHS MPOITYCKHOT 3/TAaTHOCTI Ta OTPUMAaHiI BUCHOBKH MAarOTh
BAYKJIMBE 3HAUECHHS JUIsl pO3POOHUKIB, SIK1 Y MOJAIBIIOMY IUIaHYIOTh IPOBOJUTH JOCIIIKEHHS
KOMILJIEKCIB MaKeTHOT OOpOoOKu. 3amnpornoHOBaHE MOHATTS 00’€IHAHOTO MOTOKY BHTIAHO
BUKOPHUCTOBYBATH SIK aOCTPAKIIII0 PIBHSA Aapa Ajs nakeTHoi oOpoOku. Ha BinMiHy Bix paHiue
BiomMux Bu3HaueHb 1MOTOKY (TCP flow, Cisco NetFlow, IPFix), 00’eqHanuii notik [5] — ne
HalIp MEpeXeBHX MaKeTiB, IO MIAMAAAI0Th i MpaBmia, cHopMOBaHI aAMIHICTPATOPOM.
Hanpuxnan, takomy rpynyBaHHIO MOKYThb BIANOBIIATH yC1 MaKeTH, MOPTOM IMPU3HAUYECHHS
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akux, € nopt 80 mporokosy TCP 31 BcranoBienum 3HadeHHsSIM SYN mnapamerpa TCP-
3aroJioBKa Ta MYyJbTUMEiIiHE HaBaHTaXXEHHS 3 HerapaHtoBaHoio jocraBkoro UDP 1
pOTOK0JIOM BepxHboro piBHS RTP. Cxemartnuno kiacugikaiiiro 300paxeHo Ha puc. 3.

TCP HTTP

Hani ITotik

ETH UDP

Puc. 3 Knacudikariiss Ha 0CHOBI TOTOKY

RTP

KoxeH noTik maHux miciast HOPOXOJUKeHHS (yHKIIOHATIbHOT OOpoOKM (Hampukian,
¢unbTpanis, NOCTAaHOBKAa B 4epry, MiApaxyHOK) (GOpMye CTPYKTYpY, $Ka Ha3HUBAETHCS
flowgraph — rpad noToky. Skiio HeoOXiMHO, y riuTkax rpada Mmosxe BimOyBaTucs MoaudIKaIlis
naketa (pyHkiioHan npuxoByBaHHs un TpaHcisanii NAT). Tpeba 3a3HaunTH, 1O MOHSATTA
MOTOKY [8] MOCHUTH 4YacTO BHKOPUCTOBYETbCS Y Tainy3i MepexeBoi B3aemonii. Cucremu
00pOOKHM MAaKeTIB JA03BOJIAIOTH MPOBOJUTHU HaJ MAaKeTaMU PAJ MaHINYJSALIN, FPYIYIOUd iX Y
JAHIIOKKK, ajle BOJHOYAC MAalOTh MOJKJIMBICTH OTPUMaHHS J0JAaTKOBOi iH(opmarii y
BIIMTOBITHOCTI JI0 pe3yJbTaTy, OTPUMAHOMY Ha MomnepeaHbomy kpoii [2]. HaitsickpaBimmmu
npukiagamu Takux crpykryp B OC Linux € Netfilter/IPTables.

BucHoBku

VY po0oTI po3riasHyTo CHocid0 MOJENIOBAHHSI IMAKETHOTO MEPEKEBOIro (UIBTPY, SKH
MOke OyTH 3actocoBaHUM Juisi Kiacugikauii oJHOpaHroBux B3aeMoxid. CTBopeHa
abcTpakTHa MOJIeIb OTpPUMaHa Iij yac peajizallii THy4Koi cucTeMu Kiacu(ikaiii MepekeBUx
MAKEeTIB MOX€ BUKOPHUCTOBYIOTH SIK JONOMDKHHUN €JeMEHT 3a0e3leueHHsl AKOCTI
00CIyroByBaHHs B KOMII IOTEpHI Mepexki. 3acTOCOBYIOUHM OIepallilo NepeBipkH 30iry 3a
PETYISIpHUM BHUPA30M, CTA€ MOKJIMBUM PO3MOJLI MMaKETHOTO HABAHTAXXEHHs Ta INapalielbHe
BUKOHaHHA (QYHKIIM momryky. Pe3ynpraToM poOUTH € BU3HA4YEHHS Ta CTBOPEHHS MOJENI
ONTUMAJIBHOI CKJIAJHOCTI, SIKa TOJIOBHUM YMHOM 3aCTOCOBHA JI0 TpadiKy KOMI IOTEpHOi
MEpeXi 3arajJlbHOro TPU3HAYEHHS Ta OJHOPAHTOBOI B3aemojii. 3amada kimacudikaiii
MEpEKEBUX MAKETIB 3 BHUKOHAHHAM 4YacTHUHM (QYHKLIA MO iaeHTHdIKalii Mae BaKIUBE
MPaKTUYHE 3HAUYEHHS, OCKUIbKH JI03BOJI€ MOOYAyBaTH MaclITabOBaHy cUCTEMY Kiacuikaiii
MAKeTiB, fKa Moxe iAeHTudikyBatu iHQopmauiiHuii OOMIH Ta BiIHECTH WHOro M0
BIIIOBIAHOIO CEPBICHOTO Kjacy Mpu OOMEXEHOMY arapaTHOMY 4YHU [POIPaMHOMY
3a0€31EeUeHHI.
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MODELING OF ABSTRACT NETWORK PACKET FILTER WITH ABILITY TO
CLASSIFY PEER TO PEER TRANSFERS

Abstract. Introduction. The paper considers the model of the abstract network packet filter that
allows us to examine the classification of a peer-to-peer interaction with point-to-point type. The
model corresponds to the mathematical description approximated by the polynomial representation of
the packet header and protocol communications of the network layer. Using the apparatus of the
group method of data handling (GMDH) a model of abstract network packet filter with the possibility
of classification of peer-to-peer interaction was developed. The work includes modifications to the
GMDH algorithm, optimization of the choice of key input parameters, in particular in the formation of
a selection series and selection of an input sample array. The need for batch processing at high speeds
is due to increased demand for access to the Internet in general, in particular, with the help of
wireless mobile devices. The monitoring of such activity has clear advantages - one can roughly
estimate the direction of the development of a separate technology in order to predict in the future the
necessary capacity for the expansion of external communication channels. The use of such devices as
NAT or IDS makes them the central service elements of the packet network, since under their
operating conditions all traffic should pass through them. Creating an effective peer-to-peer
interaction model will allow classifiers of network traffic to be set up not only as hardware traffic
analysis systems, but also as post-processing software for intercepted traffic. Some network
monitoring and network security systems process a set of packets as a single entity, depending on the
type of payload protocol of the upper level, based on the information received from the packet
headers.

Purpose. The purpose of this work is to create a flexible abstraction of the functions of a typical
network filter for conditions of prevailing peer-to-peer interaction in global networks, the goal is to
have flexible traffic classification. Analyze factors that influence complexity of defined model and
provide optimal selection of input fields it's depends on.

Results. System for identifying network packets allows us to build a scalable packet
classification system that can split information exchange and assign it to the appropriate service class
with limited hardware or software.
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Conclusion. The paper discusses how to model a packet network filter that can be used to
classify peer-to-peer interactions. Created abstract model obtained during the implementation
consists of flexible classification system for network packets and can be used as an auxiliary element
for quality of service in the computer networks. Applying the regular expression check operation
allows the batch load distribution and parallel execution of the search functions. The result of this was
definition and creation of model with optimal complexity, which is mainly applicable to the traffic of
the general-purpose computer network and peer-to-peer interaction.

Key words: traffic classification, network filter, peer-to-peer interaction, quality of service in
packet networks.
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O IICUXOJIOTO-TIEJATOI'MYECKUX ACIIEKTAX OBYYEHUSA
IMPOI'PAMMUPOBAHUIO

Annomayua. B cmamve paccmampusaiomcs ncuxonocuyeckue 3aKOHOMEPHOCMU Hpuemd U
obpabomxu ungopmayuu, GYHKYUOHUPOBAHUE NCUXUYECKUX NPUEMO8 NAMAMU U MbIULIEHUS )
NPOSPAMMUCIA,  OCOOEHHOCMU — pA3GUMUS  JUYHOCMU — CmyOdeHma 6 npoyecce  00y4eHus,
cywecmayouue nooxoobl K NO3HAGAMENbHOU 0esIMeNbHOCIU CHYOEeHMO8.

Paccmompennvl cnocobuvl 63aumodeticmeusi KOMHOHEHMO8 NAMAMU, KOMOPble UCNOIb3VIONCA 8
pabome NPOSPAMMUCING U K KOMOPHIM OMHOCAM KPAMKOBPEMEHHVIO HAMSAMb, 001208DEMEHHYIO
namamoe, paboyyro namams. Takoce onucambl CUHMAKCUYECKUe U CeMAHMmuyecKue dacnexkmol,
cywecmayoujue 8 npoepamMmMupo8aHuu.

B npoepammuposanuu easxcHol cocmasiArowed A6IAemca NOHUMAHUE NPOSPAMMUCHIOM
BHYMPEHHEel CeMAHMUYECKol CMpPYKmypbl npocpammel. B ceasu ¢ smum asmop paccmampugaem
9MOM ACneKm npoyecca 00yueHus CmyOeHmo8 OCHO8aM npozpammuposanus. Taxoice agmopom
paccmompeHvl npoOAEMbL CLIONCHOCHU COOEPIAHCAHUSA YHeDHO20 Mamepuala u e2o odvema.

Aemop nonazaem, umo axKyeHmuposaHue HUMAHUS HA 0OO3HAUEHHbIX ACHEeKMAX 8 npoyecce
00YYeHUsT CMYOEHMO8 OCHOBAM NPOSPAMMUPOBAHUS CNOCOOCMBYIOM PA3GUMUI0 U (HOPMUPOBAHUIO
npogheccuonanbHbix Kawecme 6yOyuWux npoepamMmucnos.

Knwouesvie cnosa: yuebHo-noznasamenvuas 0essmeibHOCHb CMyO0eHma, pazeumue TUYHOCmu
CMyOeHma, OCHO8bl  NPOSPAMMUPOSAHUS,  NPOSPAMMUCI,  NCUXOA02US  HPOSPAMMUPOBAHUS,
KOMNOHEHMbl NAMAMU, CeMAHmudecKue U CUHMAKCUYeCKUue 3HaHus, cooepoicanue yuebHo20
mMamepuana.

BBenenue

[Icuxonorm pasznuyarOT JBa OCHOBHBIX BHJA JIEATEIbHOCTH, CBSI3aHHBIE C
MMO3HABATEIHFHBIMH TPOIECCAMU YeJIOBeKa — yueHue U oOyyenue. Cormacuo [1], "ydeHue -
L[EJICHANIPABJICHHBI MPOLIECC YCBOEGHMS YYalllMMUCA 3HAHUM, OBJIAJICHHME YMEHUSIMU U
HaBbIKamMu'", "OOydeHHE - IICJICHANPABICHHBIA MPOILIECC Tepeaaydl M YCBOCHMS 3HAHUM,
YMEHHH, HABBIKOB U CIIOCOOOB NO3HABATEJIbHOM IEATEIBHOCTH YeoBeKa'.

[Tonbckuit yuensiit Y. KynuceBuu cumraer, yto 0OydyeHUE NETEPMUHUPOBAHO LIEJIBIO,
COJIep’)KaHHEeM U JEUCTBUSMM, C IOMOIIbIO KOTOPBIX CYOBEKT Y4MTCA, MpHOOpeTaeT
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ONpeJie/ieHHble 3HaHUS, YyMEHUS M HaBblku. OOyueHue pa3BOpauMBacTCi B pe3yJbTaTe
cOOCTBEHHOM aKTUBHOCTU CyOBbEKTa M HOCUT, IJIaBHBIM 00pa3oM, MPOLIeCCyaIbHbIM XapakTep.
OHO MOKET MpoTeKaTb B pazIUYHbIX (opMmax, Oa3upyercs Ha IMO3HAHUU (IPSIMOM WU
KOCBEHHOM) U MHAMBUAYAJIbHOM OIIbITE, BHI3IBAET U3MEHEHHSI B IOBEJCHUH JIMYHOCTH [2].

Pa3nnyaroT 1Be OCHOBHBIE HAIIPaBJICHHOCTH Ipoliecca 00yyeHus:: 00ydeHHe MOHATUIM
u ¢opmupoBanuio ymeHuil (HaBblkoB) [3]. IIpu oOyyeHMM MOHATHAM OCHOBHOE BHUMAaHHE
yaensieTcsl MPEJCTABICHUI0O U Pa3bsICHEHUI0 HOBOTO KOHIENTYaJbHOTO U (PaKTUYECKOTO
y4eOHOTO MaTepuasa: ONpeeICHUIO MTOHATHN, OTIMCAHUS UX CBOWCTB M OTHOIICHHA, 00IIEeM
U pa3BepHYTOM ONMCaHUs MpolieccoB U T.1. [lpu popmupoBaHun ymMeHui riiaBHO€ BHUMaHUE
yAENseTcsl CO3/IaHUI0 NPOOJIEMHBIX CHUTyalluid, KOTOpbIE IOBTOPSAIOTCS W IOCTENEHHO
YCIIOKHSIIOTCS M TPEOYIOT OT CTYJIEHTa BBINOJIHEHUS ONPEICIIEHHBIX AEHCTBUM.

C npyroit croponsr, JI. ®puaman [4] BeIOSISIET CIEAYIONIME STanbl y4eOHOMH
NeSITeIbHOCTH:

1) HauanbHO-MOTHBALIMOHHBIM, KOTOPBINA COJEPXKUT CJIEAYIOIINE OCHOBHBIE ydeOHbIE
NEUCTBHUS:

a) OCO3HAHWE YYalIUMCS OCHOBHOM Y4eOHO-POOJEMHON CUTyallMH, KOTOpas
BBOJUT €ro B MpeAMET OyAyuieil paboThl 0 U3YYEHHIO yueOHOTo MaTepuaa;

0) GopmynupoBKa OCHOBHOTO y4e€OHOTO 3a/IaHMS;

B) CAaMOKOHTPOJIb M CaMOOIIEHKa BO3MOXKHOCTEH HPEACTOSIIEH NesSTeIIbHOCTH 10
M3YYEHUIO YueOHOTO MaTepuaia;

2) omepanuOHaIbHO-NIO3HABATENbHbBIN, Ha KOTOPOM YyYallMics H3y4aeT ydeOHbIN
MaTepuaj, OBJaJeBaeT 3HAHUSMHU, YMEHHUSIMHM M HaBBIKAMU B IIPOLIECCE BBIMOJIHEHUS
OCHOBHOTO Y4€OHO-II03HABATEIbHOTO 3a/1aHuUs;

3) KOHTPOJIbHO-OLIEHUBAIOLIMIL, HA KOTOPOM ydaluiics 00001IaeT u3yyeHblil yueOHbII
MaTtepual, MPOBOIUT KOPPEKTUPOBKY OLIMOOYHBIX JEMCTBUI, aHAIU3UPYeT paboTy, KOTOpas
BBITNIOJIHEHA, OLIEHUBAET CBOIO JESTEILHOCTD B LIEJIOM.

OcHoBHast yacTh

VYcinoBueMm ycremHoro oOydeHHs B BY3€ €CTh MHTEpPEC CTYAEHTOB K y4eOHOMY
IpeaMeTy, Xoay oOyueHusl U ero pe3yibTara. DTOT UHTEPEC CBSI3aH CO MHOTMMH (PaKTOpaMU:
coJlep’KaHHeM ydeOHOro IpenMeTra, YpOBHEM €ro CJIO0XKHOCTH; OpraHu3alued Ipoiecca
oOyueHusl; CUCTEMON KOHTPOJSI M OLIEHKH 3HAaHUN; JUYHOCTHBIMU KAadyeCTBAMU CaMOI0
MpernojaBaTesis; CUCTEMOM IIEHHOCTeM  CTyJaeHTa, €ro OJmKallllero OKpYXEHUS;
B3aMMOOTHOUIEHUSIMU B CTYJEHUECKOM KojulekTuBe. [loaTOMy OAHOW M3 BaKHBIX 3a4au
MeJaroruKy BBICIIEH LIKOJIbI SIBJISIETCA aKTHBM3AlMsl y4eOHO-II03HABATEIbHON AEATEIbHOCTU
crtyneHtoB ([5], [6] u ap.). [Ipu »TOM IeneHanpaBiieHHAs] ACSITEIBHOCTD MPETOaBaTes
JOJDKHA OBITH HampapiieHa Ha pa3palOTKy M HCIOJB30BaHUE TAKOTO COJEpXKaHus, (opM,
METO/IOB, IPUEMOB M CpPeACTB OOyueHHus, KOTOpbIE CHOCOOCTBYIOT IOBBIILIEHUIO
[I03HABATEIbHOIO MHTEPECa, AKTHMBHOCTH, TBOPYECKOW CAMOCTOSITEILHOCTU CTYJIEHTOB B
YCBOGHHMH 3HAHUN, (OPMUPOBAHUU HABBIKOB U YMEHHI, IPUMEHEHUN UX Ha mpakTuke [7]. B
Kypce 10 OCHOBaM MpPOTrpaMMHpPOBAHUS TBOPYECKUH MOAXOJ CTYIEHTOB K Yy4eOHOM
NEeSITeNbHOCTH (GOPMUPYETCSl MyTEM IMPHUBJICUEHUS WX K PEIICHUIO Pa3IMYHbIX, TOCTOSHHO
YCIIOKHSIOIINXCS, 3a/1a4 Ha JJabOpaTOPHBIX 3aHATHUSIX, BO BPEMs CAMOCTOSITEIbHOW padoThI,
IIpU TOJArOTOBKE pedepaToB U JOKIAIO0B, MPU BBINOJIHEHUH KYpPCOBBIX padoOT, pazpaboTke
KOJUIEKTUBHBIX IIPOEKTOB.

Toukol oTcuera Hayajla MOBBIIIEHHOTO MHTEpEca IMCUXO0JIOTOB K MPOrpaMMHPOBAHUIO
SBJSIETCS. BBIXOJ miepBoro wu3nanus kuHuru BeitnGepra "The Psychology of Computer
Programming" Gomee 30 ser wHazam Ilpenmerom  uccienoBaHUs — TICUXOJOTHUU
MPOrpaMMUPOBAHUS  SIBJISIETCA  JESTENbHOCTh  MPOTPaMMMCTa,  IICHUXOJIOTHUYECKUE
3aKOHOMEPHOCTH IpuemMa U 00paboTku uHpOopManuu, (PYHKUHOHUPOBAHHUE MCHUXUYECKHX
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MPUEMOB MaMATH U MBIIUIEHUS Yy MPOrpaMMHCTa, €ro padoTOCIOCOOHOCTH, BOIPOCHI
npodeccruoHaIbHOTO 0TOOpA.

B uccnenosanusx J.G. Greeno [8], KoTopble OCHOBaHBI Ha MHPOPMALIMOHHOM MOAXO0]IE
K TcHXoJIoTMM OOy4yeHus, 3allOMUHAaHUsS M peUIeHus 3a/1ad, [peylokKeHa CcXxema
B3aUMO/JICHCTBUSI KOMIIOHEHTOB MaMsITH, KOTOPBIE UCIOJIb3YIOTCSL B pab0OTe MPOrpaMMHCTa U K
KOTOPBIM OTHOCSIT KPAaTKOBPEMEHHYIO MaMSTh, TOJTOBPEMEHHYIO NMaMsITh, pab0YyI0 MaMsTh.
CoryacHO 3TOMY HCCII€JJOBaHHIO, MOCTAaHOBKA 3a7auu (IpoOsieMbl), KOTOpasi JAOJDKHA OBITh
3amporpaMMHpoOBaHa, IIOCTyNaeT B KpPAaTKOBPEMEHHYIO NamsiTh, B KOTOpOHl 3apaHee
aQHAJIM3UPYIOTCSl CBEACHUS, IOCTYNUBIINE MpeUIoKeHuss. B noiaroBpeMeHHOW mnamMaTu
HAXOJATCsl 3HAHUS CHUHTAaKCUCa SI3bIKa, METOJOB IOCTPOECHMS aJTOPUTMOB, OIKCAHUS
CTPYKTYp JaHHBIX W T.I. B pabodeil mamsaTH CBeneHUS €3 KPAaTKOBPEMEHHON U
JOJITOBpEMEHHON MaMsITH 00beAUHSETCS B HOBBIE CTPYKTYphl. B mporuecce pemenus 3agauu,
T.e. TEHEpalMHu MpPOrpaMMbl, HOBBIE CBEJEHUS, XpaHsIIHecs B KpPAaTKOCPOUHOH U
JOJTOCPOYHON MaMsITH U TOHATHUS, OTHOCAUIMECS K mpoOieme, oObeauHsA0TCS B paboueit
NaMsATH, a Pe3ylbTaT HCIOJb3YeTCs Ui I'e€Hepallud pelIeHUs WM, B cilydyae OOydeHus,
3allOMMHAIOTCA B JOJITOBPEMEHHOM MaMsITH Ul JajJbHEWINEero Hucnosiab3oBanus. Kak
oTMeueHo B [9]: "Xopoline nporpaMMHCTbI BCerjja HEMHOXKKO J€HUBBI. OHU CUAAT U KAYT
03apeHUs], BMECTO TOro, YTOOBI BOILIOUIATh B >KM3Hb HJEH0, YTO MEPBOM MpHILIAa UM B
rojoBy". DTO MPOUCXOAUT Oiarogaps TOMY, YTO OIBITHBIM MPOrPAMMHUCT COXpaHSET B
MaMSTU CJIOKHbIE MHOTOYPOBHEBbIE 3HAHMSI O MOHATHUSAX U METOJaX IPOrpaMMUPOBAaHUS U B
MIpOLIECCe OCMBICIIEHUS 3aJauu OIpeAeNseT, KaKue U3 ITUX 3HAHUN CleqyeT NPUMEHMTb.
YacTp 3TUX 3HAHWUU HA3BIBAIOT CEMAaHTHUYECKUMHU 3HaHHMSAMU [10]. DTu 3HAHHUS OTHOCSTCS K
o0UMM U1l MPOrpaMMHPOBAHUS TMOHSATUSAM M HE CBSA3aHHBIM C KOHKPETHBIM SI3bIKOM
nporpaMMmupoBanus. K ceMaHTHUYECKUM 3HAHHUSM OTHOCAT OINpPENEICHUE MOHATUNA HUKHEro
YpOBHS, HallpuMep, Kak XpaHsTCs JaHHbIE B AMATH KOMIIbIOTEpa, Kak paboTaeT orneparop
BETBJICHUS, KaK MMPOMCXOJUT BBI30B MOJANPOrpaMMbl, Kakhe ObIBalOT THUIBI JaHHBIX. K HUM
OTHOCSITCSL ONpENIEICHUs] IMOHSITHM CpEeJHEro YpOBHS, Hampumep, OOMEH 3HAa4eHHH ABYX
MIEPEMEHHBIX, AJITOPUTM IMOUCKAa OOJBIIEr0 M3 JABYX 3HAUYEHUN, a Takxke Oosiee CIOXKHBIE
QJITOPUTMBI, TAKHE KaK aJrOPUTMbl COPTUPOBKH, OMHAPHBIN MOUCK, 00X0J1 OMHApHOTO JiepeBa
MOMCKa T.I. OTH 3HAHUA XpaHATCA B BUJE OOIIUX coJepXk aTelbHbIX (peiimMoB, B
3HAYUTENIILHOM CTENEHW HE 3aBUCALUIMX OT 3HAHUNW CHHTAKCUCa KOHKPETHBIX S3BbIKOB
MIPOrpaMMUPOBAHUS WM CPEJCTB MIPOrPaMMHUPOBAHUS, TAKUX KaK MMAKEThl MOANPOTrpaMM WU
Cpelbl MPOrpaMMHUPOBAHMUSL.

B nonroBpeMeHHON MaMsTH COXPaHSIOTCS M CUHTAKCUYECKHE 3HAHUS. OTH 3HAHUS
0oJiee KOHKPETHBIE W TOJAPOOHBIC, a TOTOMY JieTde 3a0BIBAIOTCA [0 CPAaBHEHHUIO C
CEMaHTHYECKUMHU 3HaHUAMU. K CHHTAaKCHYECKUM 3HAHHUSAM OTHOCATCA TaKUe SJIEMEHTHI Kak
CUHTAKCUC OIepaTopa MPUCBAWBAHUS, BETBJICHUS, IIOBTOPEHUS; 3apE3E€PBUPOBAHHBIE CIIOBA;
nMeHa OMOIMOTEeYHBIX (PYHKIMN U CTaHIAPTHBIX MOIYJIEH.

[IporpamMmmucraM, ICUXOJIOTaM U IEAaroraM M3BECTHO, YTO OOBIYHO TPYAHO H3YyYUTh
MEPBBIA A3BIK MPOTPAMMHUPOBAHUS, a BTOPOM MOJOOHBIH H3YYHUTh OTHOCHUTEIBHO JETKO
MIOTOMY, YTO JIer4e BbIyYUTh HOBOE CHHTAaKCUYECKOE IPEJCTaBJICHME, €CIH YK€ H3BECTHA
COOTBETCTBYIOILIAs CEMAaHTUYECKasi CTPYKTYpa.

b. llIneiinepMan yka3pIBaeT Ha pazIudMs MEXKy CEMAaHTHYECKMMH U CUHTAaKCUYECKUMU
3HAHUSIMU B JIOJITOBPEMEHHOM maMsT nporpaMmmucta. CeMaHTHYECKHE 3HAHUS COJIEpKaTcs B
rporuecce, KOTOPbIA SIBJISIETCA UHTEUIEKTYaJIbHON MOTPEOHOCTHI0 OCMBICIIEHHOTO 00ydeHus,
BKJIIOUAs pellieHUE 3ajjau U u3y4yeHus: yueOHoM nureparypsl (y1eOHHUKOB, CIIPAaBOYHUKOB), YTO
[IOMOTAeT 3aKpENUTh HOBbIE IOHSTHS COBMECTHO C MMEIOIMIMMHUCI CEMaHTHYECKUMU
3HaHUSIMH. CHHTaKCUYECKHE 3HAHUS HOCAT WHCTPYKTHBHBIM XapakTep, 3ayduBarOTCs
MEXaHUYECKH M HE OYEHb IEPECEKaAIOTCs C YK€ MMEIOIIMMUCS CUCTEMaMH CEMaHTUYECKHX
3HaHUM. [loyyeHHI0 HOBBIX CMHTAaKCMYECKMX 3HAHUUW MOTYT MNPENATCTBOBATH MOJy4YCHHbBIE
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paHee CHHTAaKCUYECKUE 3HAHUS, MOCKOJIbKY MIPOUCXOIUT 100aBIE€HUE HOBBIX CBEICHMM, a HE
ux uHTerpanus. VccienoBaHusi INCHXOJIOTOB MOJATBEPXKIAIOT, YTO IPU U3YYEHUU HOBBIX
S3BIKOB IIPOIPaMMUPOBAHUS MPOTPAMMUCTBI OUEHb JIETKO MOHUMAKOT CEMAaHTUKY OCHOBHBIX
KOHCTPYKUUH sI3bIKa, HO 4YacTo ouubamTcs npu KoaupoBaHuu. Hamr ombIT paboThl
MOKa3bIBAaET, 4TO, HApUMEpP, CTYAEHTHI, YK€ HMMEIOIIHME OIBIT HAIMCAaHUS MPOrpaMM Ha
sa3pike Pascal, mpu mporpamMmmupoBanuu Ha si3bike C HE CTaBAT TOUKY C 3amsTOM mepen
cirykeO0HbIM c10BOM "else" B omeparope BETBICHHUS M HE 00panialoT BHUMaHUE HA Pa3Iuyus
UJCHTU(PUKATOPOB, B KOTOPHIE BXOJAT OJUHAKOBbIE CUMBOJIbI (OyKBBI ajdaBUTa) B OJHOU U
TOM K€ MOCIIEA0BATEIbHOCTH, HO B Pa3HBIX perucTpax (CTpOUHbIE U MPOIUCHBIE).

HccnenoBatenu mnpeanosiaraimT, 4YTO TMPOLIECC HAMMCAHUS MPOrpaMMbl pPELIEHUs
MMOCTaBJIEHHOM 3a/1auu COCTOMUT U3 ABYX (pa3. Ha meproii paze cBenenust 06 ycrnoBusAx 3a1auu
MOCTYNAIOT B CHCTEMY MBIIUICHUSI MPOTrpaMMHCTa U uepe3 KpaTKOBPEMEHHYIO NaMsTh
MONajalT B pabodylo MaMsATh, IJ€ OHU aHAIU3UPYIOTCA. AHAJIOTUYHO M3 JI0JITOBPEMEHHON
naMsATH MporpaMMHCTa MepechbulaloTcs OOOOUICHHBbIE CBEAEHUS (CEMAaHTUYECKUE U
CUHTAKCUYECKHE) JJs JajbHeiiero aHanusza 3anaud. Ha Bropoi ¢asze, mpu mocTpoeHUu
oOuiero 1miaHa peuieHus 3a7adu, MPOUCXOAUT ee rmouiaroBoe yrouneHue. CHauana pelieHue
3aJlauM IPEeCTaBIsIeTCA B 0000IIEHHBIX TePMUHAX. 3aTeM 3TO MPEICTaBICHUE Pa3BUBAETCS B
0osiee mopOOHBIE TUIAHBI A0 M'EHEPAllMU KOHKPETHBIX KOJIOB, OTPa)XAlOIINX CaMble MEIKUE
JeTaju.

OpHolt W3 XapakTepUCTUK MNPO(GEeCCHOHATIbHBIX KayeCTB IPOrpaMMUCTa SIBJISETCS
noHuMmanue nporpamm. [loHMMaHue nporpaMM HEOOXOJAMMO TMpU OTJIAAKE U IpH
MoAU(UKAIMHU [TpOorpaMM, a Takke npu o0ydenun. b. IlIHeiinepman B cBOUX UCCIIEOBaHUSIX
MPENIoNaraeT, YyTo JUisl MOHUMAaHHsS MHpPOrpamMMbl MPOrPaMMHUCT CTPOUT MHOTI'OYPOBHEBYIO
BHYTPEHHIOIO CEMAHTHYECKYIO CTPYKTYpPY, HCIIOJb3ysd CBOM 3HAHUS CHHTAaKCHCA S3bIKa
nporpaMmupoBanus. Ha camom BBICOKOM YpPOBHE MPOTrpaMMHCT JOJDKEH IMOHUMAaTh, Kakas
3ajlaya pemiaercs C MOMOUIpI0 nporpammbl. Ha OoJiee HU3KMX CEMaHTUYECKUX YPOBHSX
MPOrpaMMHUCT MOKET IMOHMMAaTh 3HAKOMbIE IOCIEAO0BATEIbHOCTU OmepaTopoB. Bo3MokHa
CUTYaIusl, KOrJa IpOrpaMMHUCT MOKET MOHAThH JETald HUKHETO YPOBHS, HE TIOHUMas o01en
3ajaun. "['maBHOE 3akiroyaeTcss B TOM, YTO HPOrPAMMUCTBI MPOU3BOAST BHYTPEHHIOIO
CEMaHTHUYECKYIO CTPYKTYpY AJISl IPEICTAaBICHUS CHHTAKCHCa POTPaMMbl, HO HE 3alIOMHUHAIOT
U HE MOHUMAIOT IporpamMMmy Kak nocienoBaTesbHocTh cTpok” [10]. IIpouecc 3anomuHanms, ¢
MOMOIIBI0  KOTOPOTO  MPOrpPaMMHUCT  IpeBpallaeT MporpamMmMy BO  BHYTPEHHIOIO
CEMaHTHUYECKYI0 CTPYKTYpy, umeeT "KyckoBoiul" xapaktep [11]. Bmecto Toro, uToOBI
pa3buparh nMporpamMmy CMMBOJ 32 CHMBOJIOM, IIPOrPaMMUCT Paclo3HAET Ha3HAUEHUs IPYIII
OIepaTopoOB, 3aTeM coOupaeT 3TU (parMeHThl BMecTe JUIsl popMUpoBaHus 0ojiee KPYMHBIX
¢parMeHTOB, MOKa He OyxeT MOHATHA Bcsg mporpamMma. IloromMy dro BHYTpEeHHSS
CEeMaHTHuecKas CTPYKTypa MporpamMMmbl pa3palaTbhiBa€TCs CaMbIM IPOTPaMMHCTOM, 3THU
3HAHUS HE OBICTPO 3a0BIBAIOTCS U JOCTYIHBI I Pa3IMYHbIX LEJIeH: NCIOJIBb30BAHUE JIPYTHX
CTPYKTYpP JaHHBIX JJISl PEeLEHUs 3a/1a4l, HalllCaHUEe IPOrpaMMbl PELIEHHs 3a1a4d Ha IPYyromM
SI3bIKE MPOTPAMMHUPOBAHUS, Pa3bICHEHUS HA3HAUEHUE MTPOrPaMMbl KOMY-TTH0O0.

B nporuecce 00ydenus Oyaymux nporpaMMUCTOB TaKKe CYHIECTBYIOT CHHTAKCUYECKHE
M CEMaHTHYECKHE aCMeKThl. Tak, B Kypcax OOydeHHs] BTOPOTO WM TPEThero (He MEpBOTO)
A3plKa  IPOrpaMMUPOBAHMSI  OJHOW  MMAapajurMbl OCHOBHOE€ BHUMaHHE  YJeJsercs
CUHTAaKCUYECKUM acleKTaM ceMaHTHuecKuX NoHATHil. Kypcel mo pa3paboTke M aHanuzy
QJIITOPUTMOB COCPEIOTOYEHBI HA CEMAHTUYECKUX 3HAHUSIX.

Cornmacio  [10], cemaHTHYeCKME€ ¥  CHHTAKCHYECKHE 3HAHUS  Pa3/CIICHBHI.
MHOroypoBHEBbIE CEMAHTHUYECKUE 3HAaHUSA, TOJy4eHHbIE B OCHOBHOM Ojaropaps
L[eJICHANIPaBICHHOMY OOY4YeHMIO, HaXOJAT CBOE BOIUIOIIEHHWE B MHOTOYPOBHEBOM METOJIE
pa3pabOTKK BHYTPEHHEH CEMaHTHKH I HEKOTOPOW KOHKPETHOW 3amauu. OTHOCUTEIbHBIC
CUHTaKCUYECKHE 3HaHMs, INpPUOOPETEHHbIE B OCHOBHOM Ojarojapsi MeXaHHYECKOMY
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3ay4HMBaHMIO, TIOJIHOCTHIO OTPAaHUYEHBI SI3BIKOM IporpamMMupoBaHusa. CeMaHTUYECKUE 3HAHUS
HEOOXOIMMBI /ISl aHAJIM3a 3aJaud, B TO BpeMs KaK CMHTaKCMYECKHE 3HAHUS HCIOJIb3YIOTCS
Ha 3Tarax KOJWPOBAHMS U UCIIOJIHEHUSI.

Muorue yuenbie (FO.M. Mambun, H.®. TansBuHa u JAp.) HOTYEPKUBAIOT
HEJOMYyCTUMOCTh BO3BEICHMS YUEOHBIX LT TOJIBKO K YCBOEHHIO MPEIMETHBIX 3HAHUM U
ymenuil. Ha ux B3risa B cucremy nenedl HEOOXOAMMO BKJIIOYATh YMEHHUE YUYHUThCS. Mbl
MIOJIHOCTBIO MOJJIEP’KUBAEM 3TY TOUKY 3PEHHUS U B 3TOM KOHTEKCTE CYUTAEeM, YTO B IpOIECcCe
oOyueHusi NMPOTPpaMMHUPOBAHUIO HAJ0 OINPEACIUTh CUCTEMY 3a/]ay, C I[OMOIIBIO KOTOPOMH
MOXHO OyneT chopMHpOBaTh y CTYACHTOB 3HAHUS, YMEHUS U HaBBIKU, HEOOXOAUMBIE JUISI UX
NalbHENIIero o0ydyeHus 1 B ciieqyromiel npopeccuoHanbHou aedarenbHocTu. Cuctema 3ajau
[0 MPOrpaMMHPOBAHUIO KaK CpPEIACTBO OOY4EHMs SBJISETCS OJHUM M3 BaKHEHUIINX
KOMIIOHEHTOB METOJIMYECKOro obecreyeHus: B 00yuyeHUH OCHOBaM IporpammupoBanus [12].

3akio4eHue

g obecriedeHus] yCIEIIHOTO OOy4YeHMsI NMPOTPaMMHUPOBAHUIO HEOOXOJIUMO PELINTh
BOIIPOC O CJIOKHOCTU COJIepKaHUsl ydeOHOro Mmarepuana W ero oOweme. CopaepxaHue
y4eOHOr0 Marepuajna, ¢ OJHONW CTOPOHBI, JO/DKEH OBITh MaKCUMAaJbHO MPUOIMKEHHBIM K
COBPEMEHHOMY YPOBHIO Pa3BUTHS KOMIIBIOTEPHBIX HAYK, C JAPYroil CTOPOHBI, JOJDKHO OBITH
NOCTYIIHBIM  CTyJIeHTaM.  Takke  HaJAo  CUCTEMaTH3UpoBaTb U ONPEICNIUTh
MIOCJIEIOBATEIBLHOCTD €ro MpenojiaBaHus. BaxkHO onpeneiauTh CTENeHb CI0XKHOCTU y4eOHOTo
MaTepuasna, TaK Kak CJIMIIKOM YIPOILIEHHOE WM CIUIIKOM CJIOXHOE COJEp)KaHHE BEOYyT K
CHIDKEHHMIO MHTEpeca M IO03HaBaTEeJIbHOM aKTUBHOCTU CTYJIEHTOB B Ipoliecce OOydeHUs.
O6beM yueOHOro marepuaia HE JOJDKEH ObITh 4Ype3MEpHBIM, UTOOBI HE Ieperpyxarb
CTYJICHTOB B mpoIiecce 0OydeHus.

Tak ’xe BaXHbIM SBIIIETCS OIPEIEIICEHHE HEOOXOIMMOrO KOJMYECTBA 3aJaHUN JUIS
OBJIaJIEHUS] y4EOHBIM MaTepuasoM M (OPMUPOBAHUE NPAKTHUECKUX YMEHUNH W HaBBIKOB.
I0.K. babGanckuii oTMmeuaer, 4YTO 'CIEIMAJIbHBIE MCCICIOBAHUS IOKAa3aJiM, 4YTO €CJIU
NPUIEPKUBATHCSl  MPUHLUUIOB CHCTEMAaTUYHOCTH M TOCIEAOBAaTENbHOCTH, TO  JUIA
dbopMHUpOBaHMSI ONPENCICHHBIX YMEHUNW M HaBBIKOB JOCTATOYHO BBIIIOJHUTH ISTh
yIOpaXHEHUN TpU CpPEeHEM YpPOBHE CIOXHOCTH y4yeOHOro marepuana. [ljis ompeneneHus
KOJIMYECTBA YIPAKHEHUN B y4eOHO-METOJMYECKUX KOMILJIEKCAaX HEOOXOIUMO IMOCTPOCHHE
3TUX YHPaKHEHUN TakUM 00pa3oM, YyTOObl HA MUHUMAJIbHOM YHCJE YNPAKHEHUH yYEHUKU
OBJaACBAIM Obl OOINMM TPUHIIUIIOM BBHINOJHEHUS TMOA00HOTO poja newcteuit” [13].
Bo3Beznenue yncna 3aa4 K MUHUMYMY IPUBOJIUT K TOMY, YTO MX OKa3bIBA€TCSI HEIOCTATOYHO
st obecniedeHust 1eneit o0ydeHusi. C Apyrod CTOPOHBI, CIUIIKOM OOJIBIIOE KOJIMYECTBO
3aJla4 CTaBUT IepeJl CTYIACHTOM HENpeo 0IUMblIi Oapbep.

OtmeTtum, 4yTO i1 00ecHedyeHHs] KaueCTBEHHOTO YCBOEHMS CTyJIEHTaMH 3HAaHUHU IO
MIPOrpaMMUPOBAHUIO CJIeAyeT oOecreurBaTh HE TOJIbKO HapallliBaHUE YMCIIAa UCCIIETYyEeMBbIX
IIOHATHW, HO M M3y4YEHUE MOHATHUN HA PA3HBIX YPOBHAX JNETAIM3AaLHUH, HAYYHOH CTPOTOCTH.
Mpl cuuTaeM, 4YTO JUJAKTUYECKUE NPUHLMUIBI CHUCTEMAaTHYHOCTH, IOCJIEI0BATEIbHOCTH
oOyueHus Mpu MOCTPOEHUH Kypca 10 MPOrpaMMHUPOBAHUIO 11€JIECO00pa3HO pean30BbIBATh B
BHJIC UJAKTHMYECKOW CHUpaJiM - MHOTOKpPaTHOE BO3BpallleHHE Ha HOBOM YpoBHE [14].
Wmeetcs B BUly OBJIaJICHUE CTYIEHTAMU 3HAHHUAMU U YMEHHMSIMH C IOMOIIbIO 0OOTalieHus,
pa3BUTHS U 0000IIEHUS UCCIIEAYEMBIX TTOHITHH.
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GRYSCHKO Liudmyla,
The Bohdan Khmelnytsky National University of Cherkasy, PhD, Senior Lecturer
PSYCHOLOGICAL-PEDAGOGICAL ASPECTS OF PROGRAMMING TEACHING

Abstract. Introduction. The article discusses the psychological patterns of receiving and
processing information, the functioning of the mental techniques of memory and thinking by a
programmer, the characteristics of the development of the student’s personality in the learning
process, and the existing approaches to the cognitive activity of students.
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Purpose. The ways of interaction of memory components that are used in the programmer's
work and which include short-term memory, long-term memory, working memory are considered.
Syntactic and semantic aspects that exist in programming are also described.

In programming, an important component is the understanding by the programmer of the
internal semantic structure of the program. In this regard, the author considers this aspect of the
process of teaching students the basics of programming. The author also examined the problem of
complexity of the content of educational material and its volume.

Results. The author believes that focusing on these aspects in the process of teaching students
the basics of programming contribute to the development and development of professional skills of
future programmers.

Key words: educational and cognitive activity of a student, development of a student’s
personality, basic programming, programmer, programming psychology, memory components,
semantic and syntactic knowledge, content of educational material.
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