


Ð å ä à ê ö ³ é í à  ê î ë å ã ³ ÿ

Ãîëîâíèé ðåäàêòîð ä.ò.í., ïðîô. ÇÅËÅÍÖÎÂ Äìèòðî Ãåãåìîíîâè÷

Çàì³ñíèê ãîëîâíîãî ðåäàêòîðà      ä.ô.-ì.í., ïðîô. ÊÎÑÎËÀÏ  Àíàòîë³é  ²âàíîâè÷

Â³äïîâ³äàëüíèé ñåêðåòàð          ê.ò.í.,  äîö.  ËßØÅÍÊÎ   Îêñàíà   Àíàòîë³¿âíà

ÁÎÌÁÀ Àíäð³é ßðîñëàâîâè÷ ä.ò.í., ïðîô., ÃÍÀÒÓØÅÍÊÎ Âîëîäèìèð Âîëîäèìèðîâè÷ ä.ò.í., ïðîô.,

ÃÎËÎÄÍÎÂ Îëåêñàíäð ²âàíîâè÷ ä.ò.í., ïðîô., ÊÀ²ÐÎÂ Îëåêñ³é Ñåðã³éîâè÷ ä.ò.í., ïðîô.,

ÊÎÐÎÒÊÀ Ëàðèñà ²âàí³âíà ê.ò.í., äîö., ËßØÅÍÊÎ Â³êòîð Ïàâëîâè÷ ä.ò.í., ïðîô.,

ÌÀÒÂ²É×ÓÊ Àíäð³é Â³êòîðîâè÷ ä.å.í., ïðîô., ÌÓÕ²Í Âàäèì ªâãåíîâè÷ ä.ò.í., ïðîô.,

ÍÀÓÌÅÍÊÎ Íàòàë³ÿ Þð³¿âíà ê.ò.í., äîö., ÎËÅÂÑÜÊÈÉ Â³êòîð ²ñààêîâè÷ ä.ò.í., ïðîô.,

ÑÎËÎÄÊÀ Íàòàë³ÿ Îëåêñàíäð³âíà ê.ò.í., äîö., ÒÀÐÀÍÅÍÊÎ Þð³é Êàðëîâè÷ ä.ò.í., ïðîô.,

ÔÅÄÎÐÎÂ ªâãåí ªâãåíîâè÷ ä.ò.í., ïðîô., ÔÅÄÎÐÎÂÈ× Îëåã ªâãåíîâè÷ ä.ò.í., ïðîô.,

ÕÀÐ×ÅÍÊÎ Îëåêñàíäð Âàñèëüîâè÷ ä.õ.í., ïðîô.

М і ж н а р о д н а   р е д а к ц і й н а  к о л е г і я

B. VISHNU Vardhan (India), MAMEDOV  Arif  (The Republic of Azerbaijan),
MILENIN Andrij (Poland), MUSAYEV   Vidadi  (The Republic of Azerbaijan),
STAROVOITOV Eduard (Republic of Belarus), ZILINSKAS Julius (Lithuania),
SHARY Sergey (Russian Federation)

Êîìï’þòåðíà âåðñòêà                       Ë.Ï. ÁÓÐÌ²ÑÒÐ

Òåõí³÷íèé ðåäàêòîð          Ë.Ì. ÒÎÍÊÎØÊÓÐ

Àäðåñà ðåäàêö³¿ âèäàâíèêà çá³ðíèêà:

Óêðà¿íà, 49005, ì. Äí³ïðî, ïð. Ãàãàð³íà, 8
ÄÂÍÇ «Óêðà¿íñüêèé äåðæàâíèé õ³ì³êî-òåõíîëîã³÷íèé óí³âåðñèòåò»

òåë. (0562) 47-35-27, E-mail: cmaco@udhtu.edu.ua

Çàðåºñòðîâàíî 28.02.2017 Ì³í³ñòåðñòâîì þñòèö³¿ Óêðà¿íè ñåð³ÿ ÊÂ ¹ 22571-12471Ð

Ðåêîìåíäîâàíî äî äðóêó â÷åíîþ ðàäîþ ÄÂÍÇ ÓÄÕÒÓ
(ïðîòîêîë ¹ 11 â³ä 30.11.2017)

Îðèã³íàë-ìàêåò âèãîòîâëåíî ÐÂÂ ÄÂÍÇ ÓÄÕÒÓ.
Ï³äïèñàíî äî äðóêó ç ãîòîâèõ ôîðì 15.12.2017. Ôîðìàò 6084 1/8. Ïàï³ð êñåðîêñíèé.

Ãàðí³òóðà Àêàäåì³÷íà. Äðóê ð³çîãðàô. Óìîâí. äðóê. àðê. 9,98. Îáë. âèä. àðê. 10,07.
Òèðàæ 300 ïðèì. Çàìîâëåííÿ ¹ 954

Òèðàæ â³ääðóêîâàíî ÐÂÂ ÄÂÍÇ ÓÄÕÒÓ,
ì. Äí³ïðî, ïð. Ãàãàð³íà, 8, òåë. (0562) 47-26-68

Ñâ³äîöòâî ñóá’ºêòà âèäàâíè÷î¿ ñïðàâè ÄÊ ¹ 5026 â³ä 16.12.2015 ð.

Äí³ïðî 2017



  ÄÂÍÇ «Óêðà¿íñüêèé äåðæàâíèé õ³ì³êî-òåõíîëîã³÷íèé óí³âåðñèòåò», 2017

Ì³í³ñòåðñòâî îñâ³òè ³ íàóêè Óêðà¿íè

Äåðæàâíèé âèùèé íàâ÷àëüíèé çàêëàä
«Óêðà¿íñüêèé äåðæàâíèé õ³ì³êî-òåõíîëîã³÷íèé óí³âåðñèòåò»

Êîìï’þòåðíå ìîäåëþâàííÿ:
àíàë³ç, óïðàâë³ííÿ, îïòèì³çàö³ÿ

2 (2), 2017 Çá³ðíèê íàóêîâèõ ïðàöü âèõîäèòü

2 ðàçè íà ð³ê

ÇÌ²ÑÒ

Àêáóëóò Ì., Îêóÿí Ê. Ìåòîä äèíàì³÷íîãî çíèæåííÿ ö³í ...................................................................... 4

Ãóñåéíîâ Í.Å., Ãàøèìîâ Ð.Ã. Ïðîåêòóâàííÿ ³ áåçïåêà áåçäðîòîâèõ ëîêàëüíèõ
îá÷èñëþâàëüíèõ ìåðåæ ...................................................................................................................... 9

Äåíèñþê Î.Ð., Áîðçîâ Ñ.Î. Çàñòîñóâàííÿ ãåíåòè÷íèõ àëãîðèòì³â â çàäà÷àõ äèñêðåòíî¿
îïòèì³çàö³¿ êîðîäóþ÷èõ êîíñòðóêö³é .............................................................................................. 14

Äèñêîâñüêèé Î.À., Ìàëà Þ.À. Ìîäåëþâàííÿ â³ëüíèõ êîëèâàíü ïðÿìîêóòíî¿ ïëàñòèíè ç
îòâîðîì äîâ³ëüíî¿ ôîðìè ................................................................................................................. 23

Çåëåíöîâ Ä.Ã., Ëÿøåíêî Î.À. Äåêîìïîçèö³éíèé ìåòîä ðîçâ’ÿçàííÿ ñèñòåì äèôåðåíö³àëüíèõ
ð³âíÿíü â çàäà÷àõ ìîäåëþâàííÿ ïðîöåñ³â êîðîç³éíîãî äåôîðìóâàííÿ........................................... 28

²âàíîâà ª.Î., Êîðîòêà Ë.². ²íòåëåêòóàëüíà ï³äñèñòåìà ä³àãíîñòóâàííÿ çàõâîðþâàíü íà
îñíîâ³ àíàë³çó êðîâ³ .......................................................................................................................... 35

Êîñîëàï À.². ×èñåëüíà åôåêòèâí³ñòü ìåòîäó òî÷íî¿ êâàäðàòè÷íî¿ ðåãóëÿðèçàö³¿ ................................ 42

Ìàíóêÿí À.À., Ñåë³âüîðñòîâà Ò.Â. Äîñë³äæåííÿ òðàºêòîð³¿ ïîøèðåííÿ çàáðóäíåíü â³ä
òî÷êîâîãî äæåðåëà â çàëåæíîñò³ â³ä õàðàêòåðó ëàíäøàôòó ............................................................. 48

Ìóñàºâ Â.Ã. Ìàòåìàòè÷íå ìîäåëþâàííÿ äèíàì³÷íèõ ïðîöåñ³â â ñèñòåìàõ ç ðîçïîä³ëåíèìè
ïàðàìåòðàìè ...................................................................................................................................... 54

Ïåòðåíêî Ê.Ì., Ìàíêî Ã.². Àâòîìàòèçàö³ÿ ïðîöåñó ³äåíòèô³êàö³¿ òåõíîëîã³÷íèõ îá’ºêò³â
óïðàâë³ííÿ ........................................................................................................................................ 59

Ðàõìàíîâ Ñ.Ð., Ãàðìàøåâ Ä.Þ, Ñòåïàíåíêî Î.Ì., Äîíåöü Ä.À. Àíàë³ç îñîáëèâîñòåé
ïðîöåñó ãâèíòîâî¿ ïðîêàòêè òðóá ç âèêîðèñòàííÿì ³íôîðìàö³éíèõ òåõíîëîã³é ........................... 65

Ñóõèé Ê.Ì., Êîëîì³ºöü Î.Â., Ïðîêîïåíêî Î.Ì., Ãàâðèëêî À.Â., Áºëÿíîâñüêà Î.À. Àëãîðèòì
ðîçðàõóíêó îá’ºìó àäñîðáö³éíîãî òåïëîâîãî àêóìóëÿòîðà äëÿ ñèñòåìè
äåöåíòðàë³çîâàíîãî îïàëþâàííÿ ...................................................................................................... 72

Ò³òîâà Î.Â., Ì³íàêîâà Í.Î., Øóòü Î.Ô., Ãíàòêî Î.Ì. Ïàðàìåòðè÷íà ³äåíòèô³êàö³ÿ
ìîäåëåé äèíàì³êè îá’ºêò³â ðåãóëþâàííÿ ......................................................................................... 77

Óñ Ñ.À., Ñòàí³íà Î.Ä. Àëãîðèòì ðîçâ’ÿçàííÿ îäí³º¿ çàäà÷³ îïòèìàëüíîãî ðîçáèòòÿ
ìíîæèí ç äîäàòêîâèìè çâ’ÿçêàìè.................................................................................................... 83

Â³äîìîñò³ ïðî àâòîð³â ............................................................................................................................ 89

²ìåííèé ïîêàæ÷èê ................................................................................................................................. 91



2

ÑÎÄÅÐÆÀÍÈÅ

Àêáóëóò Ì., Îêóÿí Ê. Ìåòîä äèíàìè÷åñêîãî ñíèæåíèÿ öåí .................................................................. 4

Ãóñåéíîâ Í.Ý., Ãàøèìîâ Ð.Ã. Ïðîåêòèðîâàíèå è áåçîïàñíîñòü áåñïðîâîäíûõ ëîêàëüíûõ
âû÷èñëèòåëüíûõ ñåòåé ....................................................................................................................... 9

Äåíèñþê Î.Ð., Áîðçîâ Ñ.À. Ïðèìåíåíèå ãåíåòè÷åñêèõ àëãîðèòìîâ â çàäà÷àõ äèñêðåòíîé
îïòèìèçàöèè êîððîäèðóþùèõ êîíñòðóêöèé ................................................................................... 14

Äèñêîâñêèé À.À., Ìàëàÿ Þ.À. Ìîäåëèðîâàíèå ñâîáîäíûõ êîëåáàíèé ïðÿìîóãîëüíîé
ïëàñòèíû c îòâåðñòâèåì ïðîèçâîëüíîé ôîðìû ............................................................................... 23

Çåëåíöîâ Ä.Ã., Ëÿøåíêî Î.À. Äåêîìïîçèöèîííûé ìåòîä ðåøåíèÿ ñèñòåì äèôôåðåíöèàëüíûõ
óðàâíåíèé â çàäà÷àõ ìîäåëèðîâàíèÿ ïðîöåññîâ êîððîçèîííîãî äåôîðìèðîâàíèÿ ........................ 28

Èâàíîâà Å.À., Êîðîòêàÿ Ë.È. Èíòåëëåêòóàëüíàÿ ïîäñèñòåìà äèàãíîñòèðîâàíèÿ çàáîëåâàíèé
íà îñíîâå àíàëèçà êðîâè .................................................................................................................. 35

Êîñîëàï À.È. ×èñëåííàÿ ýôôåêòèâíîñòü ìåòîäà òî÷íîé êâàäðàòè÷íîé ðåãóëÿðèçàöèè ..................... 42

Ìàíóêÿí À.À.,Ñåëèâ¸ðñòîâà Ò.Â. Èññëåäîâàíèå òðàåêòîðèè ðàñïðîñòðàíåíèÿ çàãðÿçíåíèé
îò òî÷å÷íîãî èñòî÷íèêà â çàâèñèìîñòè îò õàðàêòåðà ëàíäøàôòà .................................................... 48

Ìóñàåâ Â.Ã. Ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå äèíàìè÷åñêèõ ïðîöåññîâ â ñèñòåìàõ ñ
ðàñïðåäåëåííûìè ïàðàìåòðàìè ........................................................................................................ 54

Ïåòðåíêî Å.Í., Ìàíêî Ã.È. Àâòîìàòèçàöèÿ ïðîöåññà èäåíòèôèêàöèè îáúåêòîâ óïðàâëåíèÿ ........... 59

Ðàõìàíîâ Ñ.Ð., Ãàðìàøåâ Ä.Þ., Ñòåïàíåíêî À.Í., Äîíåö Ä.À. Àíàëèç îñîáåííîñòåé ïðîöåññà
âèíòîâîé ïðîêàòêè òðóá ñ èñïîëüçîâàíèåì èíôîðìàöèîííûõ òåõíîëîãèé ................................... 65

Ñóõîé Ê.Ì., Êîëîìèåö Å.Â., Ïðîêîïåíêî Å.Ì., Ãàâðèëêî À.Â., Áåëÿíîâñêàÿ Å.À. Àëãîðèòì
ðàñ÷åòà îáúåìà àäñîðáöèîííîãî òåïëîâîãî àêêóìóëÿòîðà äëÿ ñèñòåìû
äåöåíòðàëèçîâàííîãî îòîïëåíèÿ ...................................................................................................... 72

Òèòîâà Å.Â., Ìèíàêîâà Í.À., Øóòü À.Ô., Ãíàòêî Å.Í. Ïàðàìåòðè÷åñêàÿ èäåíòèôèêàöèÿ
ìîäåëåé äèíàìèêè îáúåêòîâ ðåãóëèðîâàíèÿ .................................................................................... 77

Óñ Ñ.À., Ñòàíèíà Î.Ä. Àëãîðèòì ðåøåíèÿ îäíîé çàäà÷è îïòèìàëüíîãî ðàçáèåíèÿ ìíîæåñòâ
ñ äîïîëíèòåëüíûìè ñâÿçÿìè ............................................................................................................ 83

Ñâåäåíèÿ îá àâòîðàõ .............................................................................................................................. 89

Èìåííîé óêàçàòåëü ................................................................................................................................ 91



3

CONTENT

Akbulut M., Okuyan C. Dynamic decreasing pricing method ..................................................................... 4

Huseynov N.E., Hashimov R.H. Design and safety of wireless local computer networks .............................. 9

Denysiuk O.R., Borzov S.A. Utilization of genetic algorithms in problems of discrete optimization
of corroding structures ........................................................................................................................ 14

Diskovskiy O.A., Mala Yu.A. Free vibrations modeling of the rectangular plate with an arbitrary
from hole ........................................................................................................................................... 23

Zelentsov D.G., Liashenko O.A. Decomposition method for solving systems of differential equations
for the problems of modelling corrosion deformation processes ........................................................... 28

Ivanova E.A., Korotka L.I. Intellectual subsystem that is used to diagnose diseases by analyzing
blood .................................................................................................................................................. 35

Kosolap A.I. The numerical efficiency of the method of exact quadratic regularization ............................. 42

Manukian A.A., Selivyorstova T.V. Research of the trajectory of pollution diffusion from a point
source depending on the nature of the landscape................................................................................. 48

Musayev V.H. Mathematical modeling of dynamic processes in systems with distributed parameters ........ 54

Petrenko E.N., Manko G.I. Automation of the control objects identification process ................................. 59

Rakhmanov S.R., Garmashev D.Yu., Stepanenko A.N.,  Donec D.A. The analysis of pecularities of
the process of helical pipe-rolling with the use of information technologies ........................................ 65

Sukhyy K.M., Kolomiyets E.V., Prokopenko O.M., Gavrlko A.V., Belyanovskaya E.A. Calculation
algorithm of volume of adsorptive heat storage device for decentralized space heating system .............. 72

Titova O.V., Minakova N.O., Shut O.F., Gnatko O.M. Parametric identification of dynamics models
of regulated objects .............................................................................................................................. 77

Us S.À., Stanina O.D. Algorithm to solve a problem of optimum separation of sets with additional
couplings ............................................................................................................................................ 83

Information about the authors ................................................................................................................. 89

Name index ............................................................................................................................................ 91



4

Akbulut M., Okuyan C.

ISSN 2521-6406, Kompûterne modelûvannâ: analiz, upravlinnâ, optimizaciâ, 2017, No. 2, pp. 4-8

© Akbulut M., Okuyan C., 2017

UDC 519.8.303

Akbulut M. a, Okuyan C. b

DYNAMIC DECREASING PRICING METHOD

à Bandirma Onyedi Eylul University, Bandirma, Turkey
b Balikesir University, Balikesir, Turkey

Online trading firms have to get involved in some kinds of marketing and promotion

activities in the new world that appears with electronic trade. The firms that aim to profit

and sell more products use different pricing methods. Aspects of internet pricing involve:

consumer aspect, seller aspect, competitive aspect, relational (value focused) aspect. First

of this aspects includes price differentiation and dynamic pricing. Increasing and decreasing

pricing is a new kind of dynamic pricing method. Both psychological and strategical

pricing methods that force customers to buy, and even to advice the goods to other

customers, are used when the prices decrease. Dynamic pricing issues turns out satisfactory

in industries with high initial cost, consuming capacity, short term selling, price sensitive

demand. The psychological effect of the price is an important factor that makes impact on

the decision to buy or on the sense of quality. The decision to buy an unnecessary product

can motivate a customer to buy it by means of the price experience of another customer.

The price is an important factor when the product features are satisfactory; price comparison

is fast and easy on the internet. In this study it is explained that Dynamic Decreasing

Pricing (DDP) benefits both psychologically and strategically as a method of pricing. With

this method, buying decreases the prices, therefore the costumers are forced to buy or

advice the product to other customers to make the final price lower. The firm can sell

product rapidly till its limits, and therefore the loss of profit can be ignored as the selling

in target time interval is high. The Dynamic Decreasing Pricing method is going to be

formulated mathematically, designed with stored procedure and it is going to be practicable

in database.

Keywords: e-commerce, dynamic pricing, stored procedure.

Statement of the problem

Nowadays the firms trading on the internet have
to get involved in different marketing and promoting
activities. The firms that aim to profit and sell more
products use different pricing methods. Dynamic
pricing is one of these methods; Dynamic pricing
refers to the process of controlling product prices
over the sales season to maximize expected revenue
[1–3]. There isn’t only one description of Dynamic
pricing. As Lydeka and others refer, there are different
academic branches and so, there are different
definitions. But in this article dynamic pricing is
discussed in terms of its advantages as it makes the
customers buy and makes the customers make the
other customers buy. Some aspects of internet pricing
are shown in Table 1.

The shopping robots which can be used by
means of technological developments on the internet
can be discussed as an element that strengthens the

customer’s price decision and enables the customer’s
price comparison. In terms of application the
dynamic pricing issues turns out satisfactory in
industries with high initial cost, consuming capacity,
short term selling, price sensitive demand.

Gurgen expresses the classifying quantitative

Table  1

Some aspects of Internet pricing

Pricing Aspect Pricing strategy 

Consumer Aspect 
Price differentiation 
Dynamic pricing 

Seller Aspect  
Individual pricing 

Adaptation pricing 

Package pricing 

Competitive Aspect 

Price differentiation depending on 

brand 

Optional pricing 

Relational (Value 

focused) Aspect 

Lifelong pricing 

Alternative channel pricing 
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models in literature as in the below:
– deterministic demand model in terms of

discussing the demand;
– fixed or uncertain price in terms of discussing

the price distribution of customer’s paying desired;
– pricing in terms of considering or disregarding

the sales returns;
– pricing in terms of discussing the price set.
Analysis of recent research and publications
Hong Yuan and Song Han discuss that for

general demand functions in price and quality, two
effects work in different directions. The sales effect
is negative, that is, if the price increases, the sales
decrease. The markup effect is positive, that is, if
the price increases, the markup increases. Hence,
the impact of quality on pricing is ambiguous. For
separable additive demand functions, the sales effect
vanishes and the markup effect holds. Any
improvement in quality increases the product price.
Finally, both process investment and product
investment determine the dynamic pricing policy [4].

Paul B. Ellickson and the others make three
contributions in their Repositioning Dynamics and
Pricing Strategy article. First, they draw attention to
three salient features of repositioning decisions in
marketing: that they involve long-term consequences,
require significant sunk investments, and are dynamic
in their impact. They illustrate that positioning
decisions can be empirically analyzed as dynamic
games to measure structural constructs such as firm’s
repositioning costs. Second, they cast empirical light
on an age-old question in the marketing of consumer
packaged goods: the costs and benefits of using EDLP
versus PROMO. Despite the significant interest in
this topic, a full accounting of the long-term costs
and benefits of these strategies remains lacking in
the literature. Their estimates add to the evaluation
of either strategy and also identify the sources of
heterogeneity in the relative attractiveness of either
across markets. This increases understanding of the
economics of the supermarket industry and the
determinants of long-term market structure. Third,
they illustrate how observed switches combined with
auxiliary postgame data (e.g., revenues, prices, sales)
are useful in cleanly articulating the costs and benefits
of repositioning in an environment with strategic
interaction [5].

Y. Narahari, and others discuss that there are
different models that have been used in dynamic
pricing. Dynamic pricing includes two aspects: (1)
price dispersion and (2) price discrimination. Price
dispersion can be spatial or temporal. In spatial price
dispersion, several sellers offer a given item at different
prices. In temporal price dispersion, a given store
varies its price for a given good over time, based on

the time of sale and supply-demand situation.
The other aspect of dynamic pricing is

differential pricing or price discrimination, where
different prices are charged to different consumers
for the same product.

A variety of mathematical models have been
used in computing dynamic prices. Most of these
models formulate the dynamic pricing problem as
an optimization problem. Depending on the specific
mathematical tool used and emphasized, we provide
a list of five categories of models: Inventory-based
models, Data-driven models, Game theory models,
Machine learning models, Simulation models [6].

Formulation of the research objective

The formulas needed to price a product sold
online in Dynamic Decreasing Method are given
below.

rate=sellprice-lowerbound;       (1)

rate_n=rate/number of stock;                    (2)

sellpricen=sellpricen–1-rate_n.             (3)

Sell price is the price at which the product is
sold first. Lowerbound is the last limit price in
decreasing pricing. The price difference of sell price
and lower limit gives the rate. Rate is divided into
total number of stocks to be sold, in order to get
raten. The difference between sell pricen–1 and raten

gives sellpricen of n price. In our sample scenario a
10-item product in stock and 1000 planned unit to
be sold is re-priced via DDF-M pricing. After each sel-
ling the price is calculated by sellpricen=sellpricen–1-
rate_n.

Statement of the main research material

In our sample scenario, there is a 10-item
product in stock and it is planned to be sold at initial
price of 1000 unit, being then re-priced via DDP-M
pricing. After each selling the price is calculated by
sellprice n=sellprice n–1-rate_n. Initial data, calculated
rates and discounts for this scenario are shown in
tables 2–4.

Table  2

Initial data

Cost 800 lowerbound900 Sellprice 1000 
Number 

of stock 
10 

Table  3

Calculated rates

rate 100 rate_n 10 

 Eventually while first item is sold for 1000 units,
the last item is sold on 900 units. If each item was
sold on 1000 unit, 2000 unit profit would be earned.
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In this method the profit is 1450 unit. The loss is
550 units. The description of results is given in
Table 5.

Table  4

Discount applied

 Sum Sell 8550 Discount 

1. Price 990 10 

2. Price 980 10 

. Price 970 10 

. Price 960 10 

8. Price 920 10 

9. Price 910 10 

10. Price 900 10 
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Fig. 1. The database design

Table  5

DDP-M results

DDP-M 

profit 
1450 

Standard 

profit 
2000 

Ignored 

loss 
550 

 
When the example is discussed in terms of

the firm and customer, there are two results.
1. The decreasing price has a positive effect

on the customer by advising to buy the product
with the positive effect of this method.

2. The firm can sell product rapidly till its
limits, loss of profit can be ignored as the selling
in target time interval is high.

In fig. 1, 2 the database developed using
DDP-M model is shown.

Fig. 2. The data table design

The stored procedure is shown on Fig. 3.
Conclusion

In this article it is discussed that dynamic
decreasing pricing (DDP-M) can be used as a method
on internet trading. Formulas are defined and applied.
It is proved that DDP-M can raise the selling rates.
Both psychological and strategical pricing methods,
that force the customers to buy, and even to advice
the goods to other customers, are used when the
prices decrease. The psychological effect of the price
is an important factor on the decision to buy or the
sense of quality. The decision to buy an unnecessary
product can motivate a customer to buy it by means
of the price experience of another customer. But
this study is only focused on firm. Costumer focused
researches are also possible; real world modeling of
markets, buying behavior, dynamic pricing strategies
can be researched.
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ÌÅÒÎÄ ÄÈÍÀÌÈ×ÅÑÊÎÃÎ ÑÍÈÆÅÍÈß ÖÅÍ

Àêáóëóò Ì., Îêóÿí Ê.

Êîìïàíèè îíëàéí-òðåéäèíãà äîëæíû ó÷àñòâîâàòü â íå-
êîòîðûõ âèäàõ ìàðêåòèíãîâûõ è ðåêëàìíûõ àêöèé â íîâîì ìèðå,
êîòîðûé ïîÿâèëñÿ ñ ïðèõîäîì ýëåêòðîííîé òîðãîâëè. Ôèðìû,
êîòîðûå ñòðåìÿòñÿ ïîëó÷èòü ïðèáûëü è ïðîäàâàòü áîëüøå
ïðîäóêòîâ, èñïîëüçóþò ðàçíûå ìåòîäû öåíîîáðàçîâàíèÿ. Àñ-
ïåêòû èíòåðíåò-öåíîîáðàçîâàíèÿ âêëþ÷àþò â ñåáÿ: ïîòðåáè-
òåëüñêèé àñïåêò, àñïåêò ïðîäàâöà, êîíêóðåíòíûé àñïåêò,
ðåëÿöèîííûé (îðèåíòèðîâàííûé íà öåííîñòü) àñïåêò. Ïåðâûé
èç ýòèõ àñïåêòîâ âêëþ÷àåò äèôôåðåíöèàöèþ öåí è äèíàìè-
÷åñêîå öåíîîáðàçîâàíèå. Óâåëè÷åíèå è ñíèæåíèå öåí – ýòî íî-
âûé ìåòîä äèíàìè÷åñêîãî öåíîîáðàçîâàíèÿ. Ïðè ñíèæåíèè öåí
èñïîëüçóþòñÿ êàê ïñèõîëîãè÷åñêèå, òàê è ñòðàòåãè÷åñêèå ìå-
òîäû öåíîîáðàçîâàíèÿ, êîòîðûå çàñòàâëÿþò êëèåíòîâ ïîêó-

ïàòü è äàæå ñîâåòîâàòü òîâàðû äðóãèì êëèåíòàì. Äèíàìè-
÷åñêîå öåíîîáðàçîâàíèå äåìîíñòðèðóåò óäîâëåòâîðèòåëüíûå
ðåçóëüòàòû â îòðàñëÿõ ñ âûñîêîé íà÷àëüíîé ñòîèìîñòüþ, ïî-
òðåáëÿþùåé ñïîñîáíîñòüþ, êðàòêîñðî÷íûìè ïðîäàæàìè, ÷óâ-
ñòâèòåëüíîìó ê öåíå ñïðîñó. Ïñèõîëîãè÷åñêèé ýôôåêò öåíû
ÿâëÿåòñÿ âàæíûì ôàêòîðîì, êîòîðûé âëèÿåò íà ðåøåíèå î
ïîêóïêå èëè íà îùóùåíèå êà÷åñòâà. Ðåøåíèå î ïîêóïêå íå-
íóæíîãî ïðîäóêòà ìîæåò ïîáóäèòü êëèåíòà êóïèòü åãî ñ ïî-
ìîùüþ öåíîâîãî îïûòà äðóãîãî êëèåíòà. Öåíà ÿâëÿåòñÿ âàæ-
íûì ôàêòîðîì, êîãäà õàðàêòåðèñòèêè ïðîäóêòà óäîâëåòâî-
ðèòåëüíû; ñðàâíåíèå öåí áûñòðî è ëåãêî îñóùåñòâëÿåòñÿ â
Èíòåðíåòå. Â ýòîì èññëåäîâàíèè îáúÿñíÿåòñÿ, ÷òî äèíàìè-
÷åñêîå ñíèæåíèå öåí âûãîäíî è ïñèõîëîãè÷åñêè, è ñòðàòåãè-
÷åñêè êàê ìåòîä öåíîîáðàçîâàíèÿ. Ïðè òàêîì ñïîñîáå ïîêóïêà
ñíèæàåò öåíû, ïîýòîìó çàêàç÷èêè âûíóæäåíû ïîêóïàòü èëè

Fig. 3. The stored procedure
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ðåêîìåíäîâàòü ïðîäóêò äðóãèì êëèåíòàì, ÷òîáû ñíèçèòü êî-
íå÷íóþ öåíó. Ôèðìà ìîæåò áûñòðî ïðîäàâàòü ïðîäóêò äî ñâîèõ
ïðåäåëîâ, è ïîýòîìó ïîòåðÿ ïðèáûëè ìîæåò áûòü ïðîèãíîðè-
ðîâàíà, ïîñêîëüêó ïðîäàæè â öåëåâîì âðåìåííîì èíòåðâàëå
âûñîêè. Ìåòîä äèíàìè÷åñêîãî ñíèæåíèÿ öåí ñôîðìóëèðîâàí
ìàòåìàòè÷åñêè, ðåàëèçîâàí â âèäå õðàíèìîé ïðîöåäóðû è ïðàê-
òè÷åñêè ïðèìåíåí â áàçå äàííûõ.

Êëþ÷åâûå ñëîâà: ýëåêòðîííàÿ êîììåðöèÿ,
äèíàìè÷åñêîå öåíîîáðàçîâàíèå, õðàíèìàÿ ïðîöåäóðà.

ÌÅÒÎÄ ÄÈÍÀÌ²×ÍÎÃÎ ÇÍÈÆÅÍÍß Ö²Í

Àêáóëóò Ì., Îêóÿí Ê.

Êîìïàí³¿ îíëàéí-òðåéäèíãó ïîâèíí³ áðàòè ó÷àñòü â äåÿ-
êèõ âèäàõ ìàðêåòèíãîâèõ ³ ðåêëàìíèõ àêö³ÿõ â íîâîìó ñâ³ò³,
ÿêèé ç’ÿâèâñÿ ç ïðèõîäîì åëåêòðîííî¿ òîðã³âë³. Ô³ðìè, ÿê³ ïðàã-
íóòü îòðèìàòè ïðèáóòîê ³ ïðîäàâàòè á³ëüøå ïðîäóêò³â, âè-
êîðèñòîâóþòü ð³çí³ ìåòîäè ö³íîóòâîðåííÿ. Àñïåêòè ³íòåðíåò-
ö³íîóòâîðåííÿ âêëþ÷àþòü â ñåáå: ñïîæèâ÷èé àñïåêò, àñïåêò
ïðîäàâöÿ, êîíêóðåíòíèé àñïåêò, ðåëÿö³éíèé (îð³ºíòîâàíèé íà
ö³íí³ñòü) àñïåêò. Ïåðøèé ç öèõ àñïåêò³â âêëþ÷àº äèôåðåíö³à-
ö³þ ö³í ³ äèíàì³÷íå ö³íîóòâîðåííÿ. Çá³ëüøåííÿ ³ çíèæåííÿ ö³í
– öå íîâèé ìåòîä äèíàì³÷íîãî ö³íîóòâîðåííÿ. Ïðè çíèæåíí³
ö³í âèêîðèñòîâóþòüñÿ ÿê ïñèõîëîã³÷í³, òàê ³ ñòðàòåã³÷í³ ìå-
òîäè ö³íîóòâîðåííÿ, ÿê³ çìóøóþòü êë³ºíò³â êóïóâàòè ³ íàâ³òü
ðàäèòè òîâàðè ³íøèì êë³ºíòàì. Äèíàì³÷íå ö³íîóòâîðåííÿ äå-
ìîíñòðóº çàäîâ³ëüí³ ðåçóëüòàòè â ãàëóçÿõ ç âèñîêîþ ïî÷àòêî-
âîþ âàðò³ñòþ, ñïîæèâ÷îþ çäàòí³ñòþ, êîðîòêîñòðîêîâèìè
ïðîäàæàìè, ÷óòëèâèì äî ö³íè ïîïèòîì. Ïñèõîëîã³÷íèé åôåêò
ö³íè º âàæëèâèì ôàêòîðîì, ÿêèé âïëèâàº íà ð³øåííÿ ïðî ïî-
êóïêó àáî íà â³ä÷óòòÿ ÿêîñò³. Ð³øåííÿ ïðî ïîêóïêó íåïîòð³á-
íîãî ïðîäóêòó ìîæå ñïîíóêàòè êë³ºíòà ïðèäáàòè éîãî çà äî-
ïîìîãîþ ö³íîâîãî äîñâ³äó ³íøîãî êë³ºíòà. Ö³íà º âàæëèâèì
ôàêòîðîì, êîëè õàðàêòåðèñòèêè ïðîäóêòó çàäîâ³ëüí³; ïîð³âíÿí-
íÿ ö³í øâèäêî ³ ëåãêî çä³éñíþºòüñÿ â ²íòåðíåò³. Ó öüîìó äîñë³-
äæåíí³ ïîÿñíþºòüñÿ, ùî äèíàì³÷íå çíèæåííÿ ö³í âèã³äíî ³ ïñè-
õîëîã³÷íî, ³ ñòðàòåã³÷íî ÿê ìåòîä ö³íîóòâîðåííÿ. Ïðè òàêîìó
ñïîñîá³ ïîêóïêà çíèæóº ö³íè, òîìó çàìîâíèêè çìóøåí³ êóïóâà-
òè àáî ðåêîìåíäóâàòè ïðîäóêò äëÿ êë³ºíò³â, ùîá çíèçèòè ê³íöå-
âó ö³íó. Ô³ðìà ìîæå øâèäêî ïðîäàâàòè ïðîäóêò äî ñâî¿õ ìåæ,
³ òîìó âòðàòà ïðèáóòêó ìîæå áóòè ïðî³ãíîðîâàíà, îñê³ëüêè
ïðîäàæ³ â ö³ëüîâîìó ÷àñîâîìó ³íòåðâàë³ âèñîê³. Ìåòîä äèíà-
ì³÷íîãî çíèæåííÿ ö³í ñôîðìóëüîâàíî ìàòåìàòè÷íî, ðåàë³çîâà-
íî ó âèãëÿä³ çáåðåæåíî¿ ïðîöåäóðè ³ ïðàêòè÷íî çàñòîñîâàíî â
áàç³ äàíèõ.

Êëþ÷îâ³ ñëîâà: åëåêòðîííà êîìåðö³ÿ, äèíàì³÷íå
ö³íîóòâîðåííÿ, çáåðåæåíà ïðîöåäóðà.

DYNAMIC DECREASING PRICING METHOD

Akbulut M.a, Okuyan C.b

à Bandirma Onyedi Eylul University, Bandirma, Turkey
b Balikesir University, Balikesir, Turkey

Online trading firms have to get involved in some kinds of
marketing and promotion activities in the new world that appears
with electronic trade. The firms that aim to profit and sell more
products use different pricing methods. Aspects of internet pricing
involve: consumer aspect, seller aspect, competitive aspect, relational
(value focused) aspect. First of this aspects includes price differentiation
and dynamic pricing. Increasing and decreasing pricing is a new
kind of dynamic pricing method. Both psychological and strategical
pricing methods that force customers to buy, and even to advice the
goods to other customers, are used when the prices decrease. Dynamic
pricing issues turns out satisfactory in industries with high initial
cost, consuming capacity, short term selling, price sensitive demand.
The psychological effect of the price is an important factor that
makes impact on the decision to buy or on the sense of quality. The
decision to buy an unnecessary product can motivate a customer to
buy it by means of the price experience of another customer. The
price is an important factor when the product features are satisfactory;
price comparison is fast and easy on the internet. In this study it is
explained that Dynamic Decreasing Pricing (DDP) benefits both
psychologically and strategically as a method of pricing. With this
method, buying decreases the prices, therefore the costumers are
forced to buy or advice the product to other customers to make the
final price lower. The firm can sell product rapidly till its limits, and
therefore the loss of profit can be ignored as the selling in target time
interval is high. The Dynamic Decreasing Pricing method is going to
be formulated mathematically, designed with stored procedure and
it is going to be practicable in database.

Keywords: e-commerce, dynamic pricing, stored proce-
dure.
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ÏÐÎÅÊÒÈÐÎÂÀÍÈÅ È ÁÅÇÎÏÀÑÍÎÑÒÜ ÁÅÑÏÐÎÂÎÄÍÛÕ ËÎÊÀËÜÍÛÕ
ÂÛ×ÈÑËÈÒÅËÜÍÛÕ ÑÅÒÅÉ

Àçåðáàéäæàíñêèé Òåõíè÷åñêèé Óíèâåðñèòåò, ã. Áàêó, Àçåðáàéäæàí

Â ïðåäñòàâëåííîé ñòàòüå ïðèâåäåíû ðåçóëüòàòû èññëåäîâàíèÿ áåñïðîâîäíûõ ëî-

êàëüíûõ ñåòåé. Ïðè ïðîåêòèðîâàíèå è ýêñïëóàòàöèè áåñïðîâîäíûõ ñåòåé ñëåäóåò

óäåëÿòü áîëüøîå âíèìàíèå çàùèòå èíôîðìàöèè. Òåõíè÷åñêèõ ïðîáëåì ñåòåé ìíî-

ãî. Äàííàÿ ñòàòüÿ ïîñâÿùåíà àíàëèçó ñïîñîáîâ áåçîïàñíîé ïåðåäà÷è èíôîðìàöèè

â ëîêàëüíûõ è êîðïîðàòèâíûõ ñåòÿõ. Ïðåäëàãàåòñÿ ïðîâîäèòü ñêàíèðîâàíèå ðàäèî-

äèàïàçîíà íåñêîëüêèõ òî÷åê äëÿ âûÿâëåíèÿ ìåòîäîâ øèôðîâàíèÿ. Àíàëèç ïîêàçàë,

÷òî â êîðïîðàòèâíûõ ñåòÿõ øèôðîâàíèå WPA2-Enterprise ÿâëÿåòñÿ íà ñåãîäíÿø-

íèé äåíü ñàìûì íàäåæíûì, ÷àñòî èñïîëüçóåòñÿ òèï àóòåíòèôèêàöèè EAP. Ïðîòî-

êîëû çàùèòû áåñïðîâîäíûõ ñåòåé EAP-TLS/TTLS âõîäÿò â ñòàíäàðò 802.1õ è èñ-

ïîëüçóþò äëÿ îáìåíà äàííûìè ìåæäó êëèåíòîì è RADIUS èíôðàñòðóêòóðó îòêðû-

òûõ êëþ÷åé. Ñî÷åòàíèå ýòèõ êëþ÷åé îáåñïå÷èâàåò íàäåæíóþ çàùèòó áåñïðîâîä-

íûõ ëîêàëüíûõ ñåòåé. Öèôðîâûå ñåðòèôèêàòû íóæíî äåëàòü äëÿ êàæäîãî Wi-Fi

óñòðîéñòâà. Ýòî äëèòåëüíûé ïðîöåññ, ïîýòîìó ñåðòèôèêàòû îáû÷íî èñïîëüçóþòñÿ

òîëüêî â Wi-Fi-ñåòÿõ, òðåáóþùèõ ìàêñèìàëüíîé çàùèòû. Â òî æå âðåìÿ ìîæíî

ëåãêî îòîçâàòü ñåðòèôèêàò è çàáëîêèðîâàòü êëèåíòà. Ïðè ïðîåêòèðîâàíèè Wi-Fi-

ñåòåé ÷àñòî íàðóøàþòñÿ ïðèíöèïû áåçîïàñíîñòè, ñîâåðøàþòñÿ îäíîòèïíûå îøèáêè.

Èññëåäîâàíèÿ ïîêàçàëè, ÷òî ñëåäóåò îãðàíè÷èòü âîçìîæíîñòü ïîäêëþ÷åíèÿ ñòî-

ðîííèõ óñòðîéñòâ ê ëîêàëüíîé âû÷èñëèòåëüíîé ñåòè, íàïðèìåð, èñïîëüçóÿ àóòåí-

òèôèêàöèþ ïî ïðîòîêîëó 802.1x. Ïðîòîêîë âñòðîåí â îïåðàöèîííûå ñèñòåìû è

ñïåöèàëüíûå ïðîãðàììíûå ïàêåòû. Ðåæèì ðàáîòû 802.1x. ñàìûé ðàñïðîñòðàíåí-

íûé è íàäåæíûé. Çäåñü àóòåíòèôèêàòîð ðàçðåøàåò èëè çàïðåùàåò äîñòóï â ñåòü.

Èñïîëüçîâàíèå ñåðâåðà RADIUS çàùèùàåò îò ïåðåõâàòà ïàêåòîâ.
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òèôèêàöèÿ.

Ïîñòàíîâêà ïðîáëåìû

Áåñïðîâîäíûå ëîêàëüíûå âû÷èñëèòåëüíûå
ñåòè, áåñïðîâîäíûå ñåòè Wi-Fi, òåõíîëîãè÷å-
ñêèå ñåòè âîøëè â íàøó ïîâñåäíåâíóþ æèçíü.
Ïî÷òè âî âñåõ ìåëêèõ è êðóïíûõ êîìïàíèÿõ â
òîé èëè èíîé ñòåïåíè âûäåëåíû áåñïðîâîäíûå
ñåòè äëÿ óäîáñòâà ðàáîòû ñîòðóäíèêîâ êîìïà-
íèè. Â îòëè÷èå îò òðàäèöèîííûõ êàáåëüíûõ ñå-
òåé äîñòóïà, ãäå ýëåêòðè÷åñêèé ïðîâîä èëè îï-
òîâîëîêíî, êàê ïðàâèëî, ÿâëÿþòñÿ êîíòðîëèðó-
åìîé ñðåäîé ïåðåäà÷è äàííûõ, áåñïðîâîäíûå
ñåòè îòíîñÿòñÿ ê íåêîíòðîëèðóåìîé ñðåäå ïå-
ðåäà÷è äàííûõ.

Íîâûå âîçìîæíîñòè, êîòîðûå îòêðûâàþò-
ñÿ ïðè èñïîëüçîâàíèè áåñïðîâîäíûõ ñåòåé, à
òàêæå óäîáñòâî äëÿ êîíå÷íûõ ïîëüçîâàòåëåé â
ðóêàõ çëîóìûøëåííèêà ïðåâðàùàþòñÿ â íîâûå

ðèñêè èíôîðìàöèîííîé áåçîïàñíîñòè. Ê ôèçè-
÷åñêèì îãðàíè÷åíèÿì îòíîñÿòñÿ óðîâåíü ñèãíà-
ëà è ÷óâñòâèòåëüíîñòü ïðèåìîïåðåäàò÷èêà. Ñ
ó÷åòîì ýòîé îñîáåííîñòè ðàçìûâàþòñÿ ãðàíèöû
ïåðèìåòðà ñåòè, òåïåðü âíåøíèé çëîóìûøëåí-
íèê ìîæåò ïîäêëþ÷èòüñÿ ê ëîêàëüíîé ñåòè è
ïðåâðàòèòüñÿ â çëîóìûøëåííèêà âíóòðåííåãî [1].

Óñòðîéñòâà, ïîäêëþ÷åííûå ê êîðïîðàòèâ-
íîé ñåòè è ñîçäàþùèå ñîáñòâåííóþ ëîêàëüíóþ
ñåòü, íåëåãèòèìíîå ïîëüçîâàòåëüñêîå îáîðóäî-
âàíèå áåñïðîâîäíîé ñåòè, ÷àñòî âñòðå÷àþùèåñÿ
ïðèìåðû óãðîç ñåòè.

Óÿçâèìîñòè áåñïðîâîäíûõ ëîêàëüíûõ âû-
÷èñëèòåëüíûõ ñåòåé è óñòðîéñòâ ìíîãî. Âîò íå-
êîòîðûå èç íèõ:

– íåêîððåêòíî ñêîíôèãóðèðîâàííûå òî÷-
êè äîñòóïà;
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– èñïîëüçîâàíèå ñëàáîãî øèôðîâàíèÿ;
– íåîòêëþ÷åííûé WPS;
– îòñóòñòâèå îãðàíè÷åíèé ïðè äîñòóïå èç

áåñïðîâîäíîé ñåòè ïðåäïðèÿòèÿ â ëîêàëüíóþ
ñåòü ïðåäïðèÿòèÿ;

– íåêîððåêòíî ñêîíôèãóðèðîâàííûå
ïîëüçîâàòåëüñêèå óñòðîéñòâà.

Àíàëèç ïîñëåäíèõ èññëåäîâàíèé è ïóáëèêàöèé

Óñòðîéñòâà, èìåþùèå äîñòóï ê êîðïîðà-
òèâíîé âû÷èñëèòåëüíîé ñåòè èëè áåñïðîâîäíîé
ëîêàëüíîé âû÷èñëèòåëüíîé ñåòè, ìîãóò ñïðîâî-
öèðîâàòü óòå÷êó èíôîðìàöèè. Â ÷àñòíîñòè, èì
ìîæåò áûòü êîðïîðàòèâíûé íîóòáóê ñ âêëþ÷åí-
íîé ïðîãðàììíîé òî÷êîé äîñòóïà. Ïðè÷åì âêëþ-
÷åíèå ïðîãðàììíîé òî÷êè äîñòóïà ìîæåò áûòü
ðåçóëüòàòîì öåëåíàïðàâëåííîé àòàêè, è ïîëüçî-
âàòåëü îá ýòîì ìîæåò äàæå íå äîãàäûâàòüñÿ.
Ïðèìåðîì òàêîé óÿçâèìîñòè ìîæåò ñëóæèòü òîò
æå ïðèíòåð ñ áåñïðîâîäíûì ìîäóëåì. Çëîóìûø-
ëåííèê ÷åðåç óÿçâèìîñòü ïîëó÷àåò àäìèíèñòðà-
òèâíûé äîñòóï è çàìåíÿåò ïðîøèâêó íà ïðèí-
òåðå íà ìîäèôèöèðîâàííóþ, ïîëó÷àÿ áåñêîíò-
ðîëüíûé äîñòóï ê ñåòè êîìïàíèè è ðàäèîïðîñ-
òðàíñòâó âîêðóã ïðèíòåðà. Áîëüøèíñòâî ïðîèç-
âîäèòåëåé ïðèíòåðîâ îïåðàòèâíî óñòðàíÿþò ïî-
äîáíûå óÿçâèìîñòè â ñâîèõ óñòðîéñòâàõ. Ðåøå-
íèåì ýòîé ïðîáëåìû ìîæåò áûòü ÷àñòûå îáíîâ-
ëåíèÿ ìèêðîïðîãðàììíîãî îáåñïå÷åíèå îðãòåõ-
íèêè ñèñòåìíûìè àäìèíèñòðàòîðàìè [2].

Ïðè îïðåäåëåííûõ óñëîâèÿõ ìîæíî âçëî-
ìàòü ïðàêòè÷åñêè ëþáîå øèôðîâàíèå. WEP-
øèôðîâàíèå âçëàìûâàåòñÿ çà íåñêîëüêî ìèíóò.
WPA-PSK- è WPA2-PSK-øèôðîâàíèå òîæå ìî-
æåò áûòü âçëîìàíî. Òèïû øèôðîâàíèÿ WPA-
PSK è WPA2-PSK ïîäâåðæåíû àòàêàì ñ èñïîëü-
çîâàíèåì ïåðåáîðà ïàðîëåé. Äà, ýòîò ïðîöåññ
ìîæåò áûòü äîâîëüíî äîëãèì, íî, åñëè ìîùíî-
ñòåé è âðåìåíè äîñòàòî÷íî, âïîëíå ðåçóëüòàòèâ-
íûì. WPA-Enterprise ñ ïàðîëüíûì äîñòóïîì
âçëîìàòü ñëîæíî, íî ïðè íåêîòîðîì êîëè÷åñòâå
âû÷èñëèòåëüíûõ ðåñóðñîâ ìîæíî. Øèðîêî èç-
âåñòíî, ÷òî WEP-øèôðîâàíèå èìååò íèçêóþ
êðèïòîñòîéêîñòü è èñïîëüçîâàòü åãî ïðîòèâî-
ïîêàçàíî, íî ïðè ýòîì äàííûé âèä øèôðîâà-
íèÿ âñå åùå ÷àñòî èñïîëüçóåòñÿ [3].

Ïðîòîêîë WPS ÿâëÿåòñÿ óÿçâèìûì è íå
ðåêîìåíäóåòñÿ ê èñïîëüçîâàíèþ, õîòÿ èíîãäà îí
èìååò äîïîëíèòåëüíûå ìåõàíèçìû çàùèòû îò
ïåðåáîðà êëþ÷åé [4].

Ãëàâíîé îøèáêîé àäìèíèñòðàòîðîâ êîìïà-
íèè ÿâëÿåòñÿ îòñóòñòâèå êîíòðîëÿ íàä óñòðîé-
ñòâàìè, ïîäêëþ÷àåìûìè ê âíóòðåííåé ñåòè êîì-
ïàíèè, ÷òî ïðèâîäèò ê ïîâàëüíîé óñòàíîâêå
ïîëüçîâàòåëÿìè ñîáñòâåííûõ óÿçâèìûõ òî÷åê
äîñòóïà.

Åñòü ìíîæåñòâî ïðàêòè÷åñêèõ ðåøåíèé.
Íàïðèìåð, ìîæíî ïðîâåñòè ñêàíèðîâàíèå ðà-
äèîäèàïàçîíà íåñêîëüêèõ öåíòðàëüíûõ òî÷åê, â
÷àñòíîñòè, ìåãàïîëèñà, ÷òîáû âûÿñíèòü, êàêèå
òèïû øèôðîâàíèÿ èñïîëüçóþòñÿ è êàêóþ ïî-
ëåçíóþ èíôîðìàöèþ ìîæíî ïîëó÷èòü îò ðàáî-
òàþùèõ òî÷åê áåñïðîâîäíîãî äîñòóïà. Ñòàòè-
ñòèêà ïî òèïàì èñïîëüçóåìîãî øèôðîâàíèÿ ïî-
êàçûâàåò, ÷òî ìíîãèå êîìïàíèè âëàäåëüöåâ áåñ-
ïðîâîäíîé ëîêàëüíîé âû÷èñëèòåëüíîé ñåòè íå
çàáîòÿòñÿ î áåçîïàñíîñòè, ÷àñòî èñïîëüçóþò
WEP-øèôðîâàíèå èëè ïîääåðæèâàþò ïðîòîêîë
WPS. Ïðè öåëåâûõ àòàêàõ çëîóìûøëåííèê â
ðàìêàõ ðàçâåäêè íà ìåñòíîñòè ñìîæåò èäåíòè-
ôèöèðîâàòü ìíîæåñòâî êîìïàíèé. À åñëè ðàñ-
ñìàòðèâàòü ñòàòèñòèêó ïî èäåíòèôèöèðîâàííûì
êîìïàíèÿì, òîëüêî íåêîòîðûå èç íèõ èìåþò
äîëæíûé óðîâåíü çàùèùåííîñòè [5].

Ïîñòàíîâêà çàäà÷è

Öåëü ñòàòüè èññëåäîâàòü áåçîïàñíîå øèô-
ðîâàíèå áåñïðîâîäíûõ ëîêàëüíûõ âû÷èñëèòåëü-
íûõ ñåòåé.

Èçëîæåíèå îñíîâíîãî ìàòåðèàëà èññëåäîâà-

íèÿ

Àíàëèç ïîêàçûâàåò, ÷òî åäèíñòâåííîå øèô-
ðîâàíèå, êîòîðîå ìîæíî ñ÷èòàòü íàäåæíûì íà
ñåãîäíÿøíèé äåíü – ýòî WPA2-Enterprise+802.1õ
ñ èñïîëüçîâàíèåì ñåðòèôèêàòîâ (ðèñóíîê).

Â ðåæèìå WPA2-Enterprise ðåøàþòñÿ ïðî-
áëåìû, êàñàþùèåñÿ ðàñïðåäåëåíèÿ ñòàòè÷åñêèõ
êëþ÷åé è óïðàâëåíèÿ èìè, à åãî èíòåãðàöèÿ ñ
áîëüøèíñòâîì êîðïîðàòèâíûõ ñåðâèñîâ àóòåí-
òèôèêàöèè îáåñïå÷èâàåò êîíòðîëü äîñòóïà íà
îñíîâå ó÷åòíûõ çàïèñåé. Äëÿ ðàáîòû â ýòîì ðå-
æèìå òðåáóþòñÿ òàêèå ðåãèñòðàöèîííûå äàííûå,
êàê èìÿ è ïàðîëü ïîëüçîâàòåëÿ, ñåðòèôèêàò áå-
çîïàñíîñòè èëè îäíîðàçîâûé ïàðîëü, àóòåíòè-
ôèêàöèÿ æå îñóùåñòâëÿåòñÿ ìåæäó ðàáî÷åé ñòàí-
öèåé è öåíòðàëüíûì ñåðâåðîì àóòåíòèôèêàöèè.

Êîðïîðàòèâíûå ñåòè ñ øèôðîâàíèåì
WPA2-Enterprise ñòðîÿòñÿ íà àóòåíòèôèêàöèè ïî
ïðîòîêîëó 802.1x ÷åðåç RADIUS-ñåðâåð.

Ïðîòîêîë 802.1x (EAPOL) îïðåäåëÿåò ìå-
òîäû îòïðàâêè è ïðèåìà çàïðîñà äàííûõ àóòåí-
òèôèêàöèè è îáû÷íî âñòðîåí â îïåðàöèîííûå
ñèñòåìû è ñïåöèàëüíûå ïðîãðàììíûå ïàêåòû.

802.1x ïðåäïîëàãàåò òðè ðîëè â ñåòè:
– êëèåíò (supplicant) – êëèåíòñêîå óñòðîé-

ñòâî, êîòîðîìó íóæåí äîñòóï â ñåòü;
– cåðâåð àóòåíòèôèêàöèè (îáû÷íî

RADIUS);
– àóòåíòèôèêàòîð – ðîóòåð/êîììóòàòîð,

êîòîðûé ñîåäèíÿåò ìíîæåñòâî êëèåíòñêèõ óñò-
ðîéñòâ ñ ñåðâåðîì àóòåíòèôèêàöèè è îòêëþ÷à-
åò/ïîäêëþ÷àåò êëèåíñòêèå óñòðîéñòâà.
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Åñòü íåñêîëüêî ðåæèìîâ ðàáîòû 802.1x, íî
ñàìûé ðàñïðîñòðàíåííûé è íàäåæíûé ñëåäó-
þùèé:

– àóòåíòèôèêàòîð ïåðåäàåò EAP-çàïðîñ íà
êëèåíòñêîå óñòðîéñòâî, êàê òîëüêî îáíàðóæè-
âàåò àêòèâíîå ñîåäèíåíèå;

– êëèåíò îòïðàâëÿåò EAP-îòâåò – ïàêåò
èäåíòèôèêàöèè. Àóòåíòèôèêàòîð ïåðåñûëàåò
ýòîò ïàêåò íà ñåðâåð àóòåíòèôèêàöèè (RADIUS);

– RADIUS ïðîâåðÿåò ïàêåò è ïðàâî äîñòó-
ïà êëèåíòñêîãî óñòðîéñòâà ïî áàçå äàííûõ
ïîëüçîâàòåëÿ èëè äðóãèì ïðèçíàêàì, è çàòåì
îòïðàâëÿåò íà àóòåíòèôèêàòîð ðàçðåøåíèå èëè
çàïðåò íà ïîäêëþ÷åíèå. Ñîîòâåòñòâåííî, àóòåí-
òèôèêàòîð ðàçðåøàåò èëè çàïðåùàåò äîñòóï â
ñåòü.

Èñïîëüçîâàíèå ñåðâåðà RADIUS ïîçâîëÿ-
åò îòêàçàòüñÿ îò PSK è ãåíåðèðîâàòü èíäèâèäó-
àëüíûå êëþ÷è, âàëèäíûå òîëüêî äëÿ êîíêðåò-
íîé ñåññèè ïîäêëþ÷åíèÿ. Ïðîùå ãîâîðÿ, êëþ-
÷è øèôðîâàíèÿ íåâîçìîæíî èçâëå÷ü èç êëèåíò-
ñêîãî óñòðîéñòâà. Çàùèòà îò ïåðåõâàòà ïàêåòîâ
îáåñïå÷èâàåòñÿ ñ ïîìîùüþ øèôðîâàíèÿ ïî ðàç-
íûì âíóòðåííèì ïðîòîêîëàì EAP, êàæäûé èç
êîòîðûõ èìååò ñâîè îñîáåííîñòè.

Ñðåäè íàèáîëåå ÷àñòî èñïîëüçóåìûõ òèïîâ
àóòåíòèôèêàöèè EAP ìîæíî íàçâàòü EAP-MD-5,
EAP-TLS, EAP-PEAP, EAP-TTLS, EAP-Fast è

Cisco LEAP.
EAP-MD-5 (Message Digest Challenge, ïðî-

âåðêà ñâåðòêè ñîîáùåíèÿ) – ìåòîä àóòåíòèôè-
êàöèè EAP, ïðåäîñòàâëÿþùèé ïîääåðæêó áàçî-
âîãî óðîâíÿ ïðîòîêîëà EAP. Ìåòîä EAP-MD-5
îáû÷íî íå ðåêîìåíäóåòñÿ äëÿ ïðèìåíåíèÿ â
ëîêàëüíûõ ñåòÿõ Wi-Fi, ò.ê. îí äîïóñêàåò âîñ-
ñòàíîâëåíèå ïàðîëÿ ïîëüçîâàòåëÿ. Îí îáåñïå-
÷èâàåò òîëüêî îäíîñòîðîííþþ àóòåíòèôèêàöèþ,
à íå âçàèìíóþ èäåíòèôèêàöèþ êëèåíòà Wi-Fi è
ñåòè.

EAP-TLS (Transport Layer Security, ïðîòî-
êîë çàùèòû òðàíñïîðòíîãî óðîâíÿ) – îáåñïå÷è-
âàåò âçàèìíóþ àóòåíòèôèêàöèþ êëèåíòà è ñåòè
íà áàçå ñåðòèôèêàòîâ. Äëÿ âûïîëíåíèÿ àóòåí-
òèôèêàöèè èñïîëüçóþòñÿ ñåðòèôèêàòû êëèåíòà
è ñåðâåðà. Ýòîò ìåòîä ìîæíî ïðèìåíÿòü äëÿ
äèíàìè÷åñêîé ãåíåðàöèè êëþ÷åé WEP äëÿ
ïîëüçîâàòåëÿ è ñåàíñà, ÷òîáû çàùèòèòü ïîñëå-
äóþùóþ ñâÿçü ìåæäó êëèåíòîì áåñïðîâîäíîé
ñåòè è òî÷êîé äîñòóïà. Îäèí èç íåäîñòàòêîâ
EAP-TLS – íåîáõîäèìîñòü óïðàâëåíèÿ ñåðòè-
ôèêàòàìè êàê íà ñòîðîíå êëèåíòà, òàê è íà ñòî-
ðîíå ñåðâåðà. Â êðóïíûõ áåñïðîâîäíûõ ëîêàëü-
íûõ ñåòÿõ ýòà çàäà÷à ìîæåò áûòü òðóäíîâûïîë-
íèìîé.

EAP-TTLS (Tunneled Transport Layer
Security, òóííåëèðîâàííûé ïðîòîêîë çàùèòû
òðàíñïîðòíîãî óðîâíÿ). Ýòîò ìåòîä çàùèòû ïðå-
äóñìàòðèâàåò îñíîâàííóþ íà ñåðòèôèêàòå, âçà-
èìíóþ àóòåíòèôèêàöèþ êëèåíòà è ñåòè ÷åðåç
çàøèôðîâàííûé êàíàë, à òàêæå ñðåäñòâî ïîëó-
÷èòü äèíàìè÷åñêèå, êëþ÷è WEP íà ñåàíñ, â ðàñ-
÷åòå íà ïîëüçîâàòåëÿ. Â îòëè÷èå îò EAP-TLS,
äëÿ ðàáîòû EAP-TTLS òðåáóþòñÿ òîëüêî ñåðòè-
ôèêàòû ñåðâåðà.

Ìåòîä EAP-FAST (Flexible Authentication via
Secure Tunneling, ãèáêàÿ àóòåíòèôèêàöèÿ ïî çà-
ùèùåííîìó òóííåëþ) áûë ðàçðàáîòàí êîìïàíè-
åé Cisco. Âìåñòî ñåðòèôèêàòîâ äëÿ âçàèìíîé
àóòåíòèôèêàöèè èñïîëüçóþòñÿ ðåãèñòðàöèîííûå
äàííûå PAC (Protected Access Credential), êîòî-
ðûìè ìîæåò äèíàìè÷åñêè óïðàâëÿòü ñåðâåð
àóòåíòèôèêàöèè. Äàííûå PAC ìîãóò ïðåäîñòàâ-
ëÿòüñÿ (îäèí ðàç) êëèåíòó êàê âðó÷íóþ, òàê è
àâòîìàòè÷åñêè. Ðó÷íûå ìåòîäû âêëþ÷àþò äîñ-
òàâêó íà äèñêå èëè ñ èñïîëüçîâàíèåì çàùèùåí-
íûõ ñåòåé. Àâòîìàòè÷åñêàÿ äîñòàâêà ïðåäóñìàò-
ðèâàåò âíóòðèïîëîñíóþ ýôèðíóþ ïåðåäà÷ó.

LEAP (Lightweight Extensible Authentication
Protocol, îáëåã÷åííûé ðàñøèðÿåìûé ïðîòîêîë
àóòåíòèôèêàöèè) – ðàçíîâèäíîñòü ìåòîäà àóòåí-
òèôèêàöèè EAP, èñïîëüçóåìûé ïðåèìóùåñòâåí-
íî â áåñïðîâîäíûõ ëîêàëüíûõ ñåòÿõ Cisco Aironet.

Òèïû ñåòåé â çàâèñèìîñòè îò íàäåæíîñòè
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Ïåðåäàâàåìûå äàííûå øèôðóþòñÿ ñ èñïîëüçî-
âàíèåì äèíàìè÷åñêè ãåíåðèðóåìûõ êëþ÷åé
WEP. Ïîääåðæèâàåòñÿ âçàèìíàÿ àóòåíòèôèêà-
öèÿ.

PEAP (Protected Extensible Authentication
Protocol, çàùèùåííûé ðàñøèðÿåìûé ïðîòîêîë
àóòåíòèôèêàöèè) – ìåòîä áåçîïàñíîé ïåðåäà÷è
àóòåíòèôèêàöèîííûõ äàííûõ ïî ñåòÿì 802.11
Wi-Fi, âêëþ÷àþùèé óíàñëåäîâàííûå ïðîòîêî-
ëû íà áàçå ïàñïîðòîâ. Äëÿ ñâÿçè ìåæäó êëèåí-
òàìè PEAP è ñåðâåðîì àóòåíòèôèêàöèè èñïîëü-
çóåòñÿ òóííåëèðîâàíèå. Ïîäîáíî êîíêóðèðó-
þùåìó ñòàíäàðòó TTLS, PEAP ïîçâîëÿåò ïðîâå-
ðÿòü ïîäëèííîñòü êëèåíòîâ ëîêàëüíîé ñåòè
Wi-Fi ñ èñïîëüçîâàíèåì òîëüêî ñåðòèôèêàòîâ
ñåðâåðà. Òàêèì îáðàçîì, óïðîùàåòñÿ ðåàëèçàöèÿ
è àäìèíèñòðèðîâàíèå çàùèùåííûõ ëîêàëüíûõ
ñåòåé Wi-Fi. PEAP – ñîâìåñòíàÿ ðàçðàáîòêà
Microsoft, Cisco è RSA Security.

Ìàêñèìàëüíóþ çàùèòó ñåòè Wi-Fi îáåñïå-
÷èâàåò òîëüêî WPA2-Enterprise è öèôðîâûå ñåð-
òèôèêàòû áåçîïàñíîñòè â ñî÷åòàíèè ñ ïðîòîêî-
ëîì EAP-TLS èëè EAP-TTLS. Ñåðòèôèêàò – ýòî
çàðàíåå ñãåíåðèðîâàííûå ôàéëû íà ñåðâåðå
RADIUS è êëèåíòñêîì óñòðîéñòâå. Êëèåíò è
ñåðâåð àóòåíòèôèêàöèè âçàèìíî ïðîâåðÿþò ýòè
ôàéëû, òåì ñàìûì ãàðàíòèðóåòñÿ çàùèòà îò íå-
ñàíêöèîíèðîâàííûõ ïîäêëþ÷åíèé ñ ÷óæèõ óñò-
ðîéñòâ è ëîæíûõ òî÷åê äîñòóïà. Ïðîòîêîëû
EAP-TTL/TTLS âõîäÿò â ñòàíäàðò 802.1õ è èñ-
ïîëüçóþò äëÿ îáìåíà äàííûìè ìåæäó êëèåíòîì
è RADIUS èíôðàñòðóêòóðó îòêðûòûõ êëþ÷åé
(PKI). PKI äëÿ àâòîðèçàöèè èñïîëüçóåò ñåêðåò-
íûé êëþ÷ (çíàåò ïîëüçîâàòåëü) è îòêðûòûé êëþ÷
(õðàíèòñÿ â ñåðòèôèêàòå, ïîòåíöèàëüíî èçâå-
ñòåí âñåì). Ñî÷åòàíèå ýòè êëþ÷åé îáåñïå÷èâàåò
íàäåæíóþ àóòåíòèôèêàöèþ.

Öèôðîâûå ñåðòèôèêàòû íóæíî äåëàòü äëÿ
êàæäîãî áåñïðîâîäíîãî óñòðîéñòâà. Ýòî òðóäî-
åìêèé ïðîöåññ, ïîýòîìó ñåðòèôèêàòû îáû÷íî
èñïîëüçóþòñÿ òîëüêî â Wi-Fi-ñåòÿõ, òðåáóþùèõ
ìàêñèìàëüíîé çàùèòû. Â òî æå âðåìÿ ìîæíî
ëåãêî îòîçâàòü ñåðòèôèêàò è çàáëîêèðîâàòü êëè-
åíòà.

Ñåãîäíÿ WPA2-Enterprise â ñî÷åòàíèè ñ ñåð-
òèôèêàòàìè áåçîïàñíîñòè îáåñïå÷èâàåò íàäåæ-
íóþ çàùèòó êîðïîðàòèâíûõ Wi-Fi-ñåòåé. Ïðè
ïðàâèëüíîé íàñòðîéêå è èñïîëüçîâàíèè âçëî-
ìàòü òàêóþ çàùèòó ïðàêòè÷åñêè íåâîçìîæíî «ñ
óëèöû», òî åñòü áåç ôèçè÷åñêîãî äîñòóïà  ê àâ-
òîðèçîâàííûì êëèåíòñêèì óñòðîéñòâàì. Òåì íå
ìåíåå, àäìèíèñòðàòîðû ñåòåé èíîãäà äîïóñêà-
þò îøèáêè, êîòîðûå îñòàâëÿþò çëîóìûøëåííè-
êàìè «ëàçåéêè» äëÿ ïðîíèêíîâåíèÿ â ñåòü. Ïðî-

áëåìà îñëîæíÿåòñÿ äîñòóïíîñòüþ ñîôòà äëÿ
âçëîìà è ïîøàãîâûõ èíñòðóêöèé, êîòîðûìè
ìîãóò âîñïîëüçîâàòüñÿ äàæå äèëåòàíòû.

Ïðè ïðîåêòèðîâàíèè è ýêñïëóàòàöèè Wi-
Fi-ñåòåé ÷àñòî íàðóøàþòñÿ ïðèíöèïû áåçîïàñ-
íîñòè, ïðè÷åì, êàê ïðàâèëî, ñîâåðøàþòñÿ îä-
íîòèïíûå îøèáêè:

– îøèáêè íà ýòàïå ïðîåêòèðîâàíèÿ;
– îòñóòñòâèå ðàçãðàíè÷åíèÿ ìåæäó ñåòüìè

è îñíîâíîé ñåòüþ ïðåäïðèÿòèÿ;
– êàáåëüíàÿ è áåñïðîâîäíàÿ ñåòè ìåæäó

ñîáîé äîëæíû èìåòü ðàçãðàíè÷åíèå;
– äîñòóï â êîðïîðàòèâíóþ ñåòü èç ñåòè

äîëæåí áûòü îãðàíè÷åí òîëüêî òðåáóåìûìè àä-
ðåñàìè è ñåðâèñàìè.

Âûâîäû

Ñóùåñòâóåò ìíîæåñòâî ðåøåíèé ïî çàùè-
òå è ìîíèòîðèíãó áåñïðîâîäíûõ ñåòåé è ðàäèî-
äèàïàçîíà. Òàêèå ðåøåíèÿ ïðåäëàãàþò è êðóï-
íûå ïðîèçâîäèòåëè ñåòåâîãî îáîðóäîâàíèÿ.

Ðåêîìåíäóåòñÿ ïðîâîäèòü ïåðèîäè÷åñêóþ
ïðîâåðêó îôèñíûõ ïîìåùåíèé è ðàäèîýôèðà íà
íàëè÷èå ïîäîáíûõ óñòðîéñòâ è îãðàíè÷èòü âîç-
ìîæíîñòü ïîäêëþ÷åíèÿ ñòîðîííèõ óñòðîéñòâ ê
ëîêàëüíîé âû÷èñëèòåëüíîé ñåòè ïðåäïðèÿòèÿ,
íàïðèìåð, èñïîëüçóÿ àóòåíòèôèêàöèþ ïî ïðî-
òîêîëó 802.1x. Íåîáõîäèìî íå äîïóñêàòü óòå÷åê
ïàðîëåé èëè èñïîëüçîâàòü îáùèå ïàðîëè. Äàí-
íàÿ îøèáêà ïåðåñåêàåòñÿ ñ ïîõîæåé îøèáêîé
ïðè ïðîåêòèðîâàíèè, íî ïðè ýòîì ÿâëÿåòñÿ ñà-
ìîñòîÿòåëüíîé îøèáêîé, ïîòîìó ÷òî êàê áû ãðà-
ìîòíî íè áûëà ñïðîåêòèðîâàíà çàùèòà, íà ýòà-
ïå ýêñïëóàòàöèè ÷àñòî âîçíèêàþò ìíîæåñòâåí-
íûå íàðóøåíèÿ. Äëÿ ñîáñòâåííûõ óñòðîéñòâ
ïîëüçîâàòåëåé æåëàòåëüíî ñîçäàòü âûäåëåííóþ
ñåòü áåç äîñòóïà ê îñíîâíîé ñåòè ïðåäïðèÿòèÿ.

Çàùèòà áåñïðîâîäíûõ ëîêàëüíûõ âû÷èñëè-
òåëüíûõ ñåòåé – çàäà÷à êîìïëåêñíàÿ. Îñíîâíûå
ðåêîìåíäàöèè âûòåêàþò èç îñíîâíûõ îøèáîê,
ïåðå÷èñëåííûõ âûøå: ðàçãðàíè÷åíèå äîñòóïà â/
èç ñåòè; ïðîâåäåíèå ðàäèîïëàíèðîâàíèÿ ïðè
ïðîåêòèðîâàíèè ñåòè; èñïîëüçîâàíèå Wireless
Intrusion Prevention System (WIPS); èñïîëüçîâà-
íèå ñèñòåì óïðàâëåíèÿ äîñòóïîì ê ñåòè ñ âîç-
ìîæíîñòüþ ïðîôèëèðîâàíèÿ è îöåíêè ñîñòîÿ-
íèÿ.

Ê ïðîåêòèðîâàíèþ áåñïðîâîäíûõ ñåòåé
íóæíî ïîäõîäèòü îáñòîÿòåëüíî, óäåëÿÿ äîëæíîå
âíèìàíèå âîïðîñàì áåçîïàñíîñòè. Ïðàâèëüíàÿ
íàñòðîéêà ïîçâîëÿåò ïðèáëèçèòü çàùèùåííîñòü
Wi-Fi ê óðîâíþ çàùèùåííîñòè ïðîâîäíîé ñåòè
ñ âíåäðåííûì ïðîòîêîëîì 802.1x.
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Ó ïðåäñòàâëåí³é ñòàòò³ áóëè äîñë³äæåí³ áåçäðîòîâ³ ëî-
êàëüí³ ìåðåæ³. Ïðè ïðîåêòóâàíí³ ³ åêñïëóàòàö³¿ áåçäðîòîâèõ
ìåðåæ ñë³ä ïðèä³ëÿòè âåëèêó óâàãó çàõèñòó ³íôîðìàö³¿. Òåõí³-
÷íèõ ïðîáëåì ìåðåæ áàãàòî. Äàíà ñòàòòÿ ïðèñâÿ÷åíà àíàë³çó
ñïîñîá³â áåçïå÷íî¿ ïåðåäà÷³ ³íôîðìàö³¿ â ëîêàëüíèõ ³ êîðïîðà-
òèâíèõ ìåðåæàõ. Ïðîïîíóºòüñÿ ïðîâîäèòè ñêàíóâàííÿ ðàä³î-
ä³àïàçîíó äåê³ëüêîõ òî÷îê äëÿ âèÿâëåííÿ ìåòîä³â øèôðóâàííÿ.
Àíàë³ç ïîêàçàâ, ùî â êîðïîðàòèâíèõ ìåðåæàõ øèôðóâàííÿ
WPA2-Enterprise º íà ñüîãîäí³øí³é äåíü íàéíàä³éí³øèì, ÷àñòî
âèêîðèñòîâóºòüñÿ òèï àóòåíòèô³êàö³¿ EAP. Ïðîòîêîëè çàõè-
ñòó áåçäðîòîâèõ ìåðåæ EAP-TLS/TTLS âõîäÿòü â ñòàíäàðò
802.1õ ³ âèêîðèñòîâóþòü äëÿ îáì³íó äàíèìè ì³æ êë³ºíòîì ³
RADIUS ³íôðàñòðóêòóðó â³äêðèòèõ êëþ÷³â. Ïîºäíàííÿ öèõ
êëþ÷³â çàáåçïå÷óº íàä³éíèé çàõèñò áåçäðîòîâèõ ëîêàëüíèõ ìåðåæ.
Öèôðîâ³ ñåðòèô³êàòè ïîòð³áíî ðîáèòè äëÿ êîæíîãî Wi-Fi-
ïðèñòðîþ. Öå òðèâàëèé ïðîöåñ, òîìó ñåðòèô³êàòè çàçâè÷àé
âèêîðèñòîâóþòüñÿ ò³ëüêè â Wi-Fi-ìåðåæàõ, ÿê³ âèìàãàþòü
ìàêñèìàëüíîãî çàõèñòó. Ó òîé æå ÷àñ ìîæíà ëåãêî â³äêëèêà-
òè ñåðòèô³êàò ³ çàáëîêóâàòè êë³ºíòà. Ïðè ïðîåêòóâàíí³
Wi-Fi-ìåðåæ ÷àñòî ïîðóøóþòüñÿ ïðèíöèïè áåçïåêè, â³äáóâà-
þòüñÿ îäíîòèïí³ ïîìèëêè. Äîñë³äæåííÿ ïîêàçàëè, ùî ñë³ä îá-
ìåæèòè ìîæëèâ³ñòü ï³äêëþ÷åííÿ ñòîðîíí³õ ïðèñòðî¿â äî ëî-
êàëüíî¿ îá÷èñëþâàëüíî¿ ìåðåæ³, íàïðèêëàä, âèêîðèñòîâóþ÷è
àóòåíòèô³êàö³þ ïî ïðîòîêîëó 802.1x. Ïðîòîêîë âáóäîâàíèé â
îïåðàö³éí³ ñèñòåìè ³ ñïåö³àëüí³ ïðîãðàìí³ ïàêåòè. Ðåæèì ðî-
áîòè 802.1x íàéïîøèðåí³øèé ³ íàä³éíèé. Òóò àóòåíòèô³êàòîð
äîçâîëÿº àáî çàáîðîíÿº äîñòóï â ìåðåæó. Âèêîðèñòàííÿ ñåðâå-
ðà RADIUS çàõèùàº â³ä ïåðåõîïëåííÿ ïàêåò³â.

Êëþ÷îâ³ ñëîâà: áåçäðîòîâ³ ìåðåæ³, øèôðóâàííÿ,
ëîêàëüí³ ìåðåæ³, ïðîòîêîë, àóòåíòèô³êàö³ÿ.

DESIGN AND SAFETY OF WIRELESS LOCAL
COMPUTER NETWORKS

Huseynov N.E., Hashimov R.H.

Azerbaijan Technical University, Baku, Republic of Azerbaijan

In the provided article wireless local area networks were
probed. In case of design and maintenance of wireless networks it is
necessary to pay the big attention to information security. There are
a lot of technical issues of networks. This article is devoted to the
analysis of methods of safe information transfer on the local and
corporate area networks. It is offered to carry out scanning of a
radio-frequency range of several access points for detection of
cryptography techniques. The analysis showed that encoding WPA2
Enterprise is the most reliable today in corporate networks,  EAP
authentication type is often used. Protocols of protection of wireless
networks EAP-TLS/TTLS are included into the standard 802.1x
and use the infrastructure of public keys for a data interchange
between the client and RADIUS. The combination of these keys
provides reliable protection of wireless local area networks. Digital
certificates should be created for each Wi-Fi device. It is a long
process, therefore certificates are usually used only on the Wi-Fi-
networks requiring the maximum protection. At the same time it is
possible to withdraw easily the certificate and to disable the client.
In design of Wi-Fi networks the principles of safety are often broken,
the same mistakes are made. Research showed that it is necessary to
restrict a possibility of connection of third-party devices to a local
computer network, for example, using authentication according to
the protocol 802.1x. The protocol is built into operating systems and
special software packages. Operation mode 802.1x is the most
widespread and reliable. Here the authenticator resolves or forbids
access to a network. Use of the RADIUS server protects from
interception of packets.

Keywords: wireless networks, encoding, local area networks,
protocol, authentication.
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ÃÂÓÇ «Óêðàèíñêèé ãîñóäàðñòâåííûé õèìèêî-òåõíîëîãè÷åñêèé óíèâåðñèòåò», ã. Äíåïð, Óêðàèíà

Â ðàáîòå ïðåäëàãàåòñÿ íîâûé ýôôåêòèâíûé àëãîðèòì ðåøåíèÿ çàäà÷ îïòèìàëüíîãî

ïðîåêòèðîâàíèÿ êîððîäèðóþùèõ øàðíèðíî-ñòåðæíåâûõ êîíñòðóêöèé,  ïðåäïîëà-

ãàþùèé ïîëó÷åíèå ðåøåíèÿ ñ çàäàííîé òî÷íîñòüþ. Ïðè ðåøåíèè îïòèìèçàöèîí-

íîé çàäà÷è òðåáóåòñÿ îïðåäåëèòü ïàðàìåòðû ñå÷åíèé ýëåìåíòîâ òàêèì îáðàçîì,

÷òîáû îáú¸ì êîíñòðóêöèè áûë ìèíèìàëüíûì, è â òå÷åíèå çàäàííîãî ñðîêà ýêñïëó-

àòàöèè îíà ñîõðàíÿëà íåñóùóþ ñïîñîáíîñòü, òî åñòü óäîâëåòâîðÿëà îãðàíè÷åíèÿì

ïî ïðî÷íîñòè è óñòîé÷èâîñòè. Âû÷èñëåíèå ôóíêöèé îãðàíè÷åíèé ïðåäïîëàãàåò

÷èñëåííîå ðåøåíèå ñèñòåìû äèôôåðåíöèàëüíûõ óðàâíåíèé, îïèñûâàþùèõ ïðî-

öåññ êîððîçèè â ýëåìåíòàõ êîíñòðóêöèè. Âëèÿíèå ìåõàíè÷åñêèõ íàïðÿæåíèé íà

ñêîðîñòü êîððîçèè ïðåäïîëàãàåò ðåøåíèå çàäà÷è íàïðÿæ¸ííî-äåôîðìèðîâàííîãî

ñîñòîÿíèÿ â êàæäîì óçëå âðåìåííîé ñåòêè, ÷òî ïðèâîäèò ê ïîâûøåííûì òðåáîâà-

íèÿì ê ýôôåêòèâíîñòè âû÷èñëèòåëüíîãî àëãîðèòìà. Øàðíèðíî-ñòåðæíåâûå êîí-

ñòðóêöèè èçãîòàâëèâàþòñÿ èç ïðîêàòíûõ ïðîôèëåé, ðàçìåðû ñå÷åíèé êîòîðûõ ðåã-

ëàìåíòèðîâàíû ñòàíäàðòàìè. Â ñâÿçè ñ ýòèì ïîèñê ðåøåíèÿ îñóùåñòâëÿëñÿ íà

äèñêðåòíîì íåìåòðè÷åñêîì ìíîæåñòâå âàðüèðóåìûõ ïàðàìåòðîâ. Îïòèìèçàöèîí-

íûé àëãîðèòì ïîñòðîåí íà èñïîëüçîâàíèè ñòðàòåãèè ñêîëüçÿùåãî äîïóñêà ñîâìåñ-

òíî ñ âåùåñòâåííûì öåëî÷èñëåííûì ãåíåòè÷åñêèì àëãîðèòìîì. Èñïîëüçîâàíèå

ìåòîäà ñêîëüçÿùåãî äîïóñêà ïîçâîëÿåò ìåíÿòü òî÷íîñòü ðåøåíèÿ íà ðàçíûõ ýòàïàõ

ðåøåíèÿ îïòèìèçàöèîííîé çàäà÷è ñ èñïîëüçîâàíèåì ãåíåòè÷åñêîãî àëãîðèòìà. Äëÿ

îáåñïå÷åíèÿ òðåáóåìîé òî÷íîñòè âû÷èñëåíèÿ ôóíêöèé îãðàíè÷åíèé â îêðåñòíî-

ñòè ýêñòðåìóìà èñïîëüçóåòñÿ èñêóññòâåííàÿ íåéðîííàÿ ñåòü, àïïðîêñèìèðóþùàÿ

çàâèñèìîñòü ìåæäó ïàðàìåòðàìè êîíñòðóêöèè, äîïóñòèìîé ïîãðåøíîñòüþ ðåøå-

íèÿ (êðèòåðèåì ñêîëüçÿùåãî äîïóñêà) è ïàðàìåòðàìè âû÷èñëèòåëüíûõ ïðîöåäóð.
Àíàëèç ýôôåêòèâíîñòè ðàçðàáîòàííîãî àëãîðèòìà, èñïîëüçóþùèé â êà÷åñòâå êðè-

òåðèÿ ýôôåêòèâíîñòè êîëè÷åñòâî îáðàùåíèé ê ïðîöåäóðå ìåòîäà êîíå÷íûõ ýëå-

ìåíòîâ â ïðîöåññå ïîèñêà îïòèìàëüíîãî ðåøåíèÿ, ïðîäåìîíñòðèðîâàë ñóùåñòâåí-

íîå ñíèæåíèå âû÷èñëèòåëüíûõ çàòðàò ïî ñðàâíåíèþ ñ èçâåñòíûìè àëãîðèòìàìè.

Êëþ÷åâûå ñëîâà: îïòèìàëüíîå ïðîåêòèðîâàíèå, äèñêðåòíàÿ îïòèìèçàöèÿ, ãåíåòè-

÷åñêèé àëãîðèòì, ìåòîä ñêîëüçÿùåãî äîïóñêà, íåéðîííàÿ ñåòü, êîððîçèÿ.

Ïîñòàíîâêà ïðîáëåìû
Â ïðîöåññå ýêñïëóàòàöèè êîíñòðóêöèè,

èñïîëüçóåìûå, â ÷àñòíîñòè, â õèìè÷åñêîé ïðî-
ìûøëåííîñòè, ïîäâåðãàþòñÿ âîçäåéñòâèþ òåõ-
íîëîãè÷åñêèõ ðàáî÷èõ ñðåä, àãðåññèâíûõ ïî îò-
íîøåíèþ ê ìåòàëëó. Ýòî âûçûâàåò ðàçðóøåíèå
ïðèïîâåðõíîñòíîãî ñëîÿ ìåòàëëà (êîððîçèîííûé
èçíîñ) è ïðèâîäèò ê óìåíüøåíèþ ãåîìåòðè÷å-
ñêèõ ðàçìåðîâ ñå÷åíèé êîíñòðóêòèâíûõ ýëåìåí-
òîâ, ñíèæåíèþ íåñóùåé ñïîñîáíîñòè êîíñòðóê-
öèé è ïðåæäåâðåìåííîìó âûõîäó èõ èç ñòðîÿ.
Ìîæíî âûäåëèòü òðè âèäà ïîòåðü îò êîððîçèè:

ïðÿìûå ïîòåðè – ñòîèìîñòü ðàçðóøåííîãî âñëåä-
ñòâèå êîððîçèè ìåòàëëà, êîñâåííûå, ñâÿçàííûå
ñ ýêîíîìè÷åñêèì óùåðáîì â ðåçóëüòàòå ïðåæ-
äåâðåìåííîãî âûõîäà êîíñòðóêöèé èç ñòðîÿ, è
ïîòåðè, âûçâàííûå íåðàöèîíàëüíûìè êîíñòðóê-
òîðñêèìè ðåøåíèÿìè. Ïîòåðè òðåòüåãî âèäà
îáóñëîâëåíû, ïî ìíåíèþ àâòîðîâ, îòñóòñòâèåì
íàä¸æíûõ, òî÷íûõ è ýôôåêòèâíûõ ìåòîäèê îï-
òèìàëüíîãî ïðîåêòèðîâàíèÿ êîíñòðóêöèé ñ ó÷¸-
òîì ïðîèñõîäÿùèõ êîððîçèîííûõ ïðîöåññîâ.

Ïðè ðåøåíèè çàäà÷ îïòèìàëüíîãî ïðîåê-
òèðîâàíèÿ êîíñòðóêöèé, ïîäâåðæåííûõ âîçäåé-
ñòâèþ àãðåññèâíûõ ñðåä, âàæíåéøèì êðèòåðè-
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åì âûáîðà ÷èñëåííîãî àëãîðèòìà ÿâëÿåòñÿ åãî
ýôôåêòèâíîñòü (âîçìîæíîñòü ïîëó÷åíèÿ ðåøå-
íèÿ ñ ìèíèìàëüíûìè âû÷èñëèòåëüíûìè çàòðà-
òàìè). Çíà÷èìîñòü ýòîãî êðèòåðèÿ ñâÿçàíà ñ çàò-
ðàòàìè ïðè âû÷èñëåíèè ôóíêöèé îãðàíè÷åíèé
(ÔÎ).

Âû÷èñëåíèå ÔÎ ïðåäïîëàãàåò ÷èñëåííîå
ðåøåíèå ñèñòåìû äèôôåðåíöèàëüíûõ óðàâíåíèé
(ÑÄÓ), îïèñûâàþùèõ ïðîöåññ êîððîçèè â ýëå-
ìåíòàõ êîíñòðóêöèè. Ñóùåñòâåííîå âëèÿíèå
ìåõàíè÷åñêèõ íàïðÿæåíèé íà ñêîðîñòü êîððî-
çèè ïðåäïîëàãàåò ðåøåíèå çàäà÷è íàïðÿæ¸ííî-
äåôîðìèðîâàííîãî ñîñòîÿíèÿ, íàïðèìåð, ìåòî-
äîì êîíå÷íûõ ýëåìåíòîâ â êàæäîì óçëå âðåìåí-
íîé ñåòêè [1]. Íàëè÷èå îáðàòíîé ñâÿçè â ìàòå-
ìàòè÷åñêèõ ìîäåëÿõ ðàñ÷åòà è ñóùåñòâåííîå
âîçðàñòàíèå êîëè÷åñòâà ïàðàìåòðîâ, îïðåäåëÿ-
þùèõ â ïðîèçâîëüíûé ìîìåíò âðåìåíè ãåîìåò-
ðè÷åñêèå ðàçìåðû êîíñòðóêöèè, îáóñëîâëèâàþò
çíà÷èòåëüíîå óâåëè÷åíèå âû÷èñëèòåëüíûõ çàò-
ðàò ïðè ðåøåíèè çàäà÷ òàêîãî òèïà ïî ñðàâíå-
íèþ ñ «êëàññè÷åñêèìè» çàäà÷àìè îïòèìèçàöèè.
Ýòî äåëàåò ïðîáëåìó ýôôåêòèâíîñòè ÷èñëåííûõ
àëãîðèòìîâ îñîáåííî àêòóàëüíîé äëÿ çàäà÷ äàí-
íîãî êëàññà.

Â ïðîöåññå ïîèñêà îïòèìàëüíîãî ðåøåíèÿ
âàðüèðóåìûå ïàðàìåòðû èçìåíÿþòñÿ íà êàæäîé
èòåðàöèè, è ïðè íåèçìåííîì ïàðàìåòðå ÷èñëåí-
íîãî ðåøåíèÿ ÑÄÓ êîíòðîëèðîâàòü ïîãðåøíîñòü
âû÷èñëåíèÿ ÔÎ íåâîçìîæíî. Òàêèì îáðàçîì,
âòîðîé àêòóàëüíîé ïðîáëåìîé ÿâëÿåòñÿ ïîãðå-
øíîñòü ïîëó÷àåìîãî ðåøåíèÿ.

Â êà÷åñòâå îáúåêòà èññëåäîâàíèÿ â äàííîé
ðàáîòå ðàññìàòðèâàþòñÿ øàðíèðíî-ñòåðæíåâûå
êîíñòðóêöèè (ØÑÊ), ôóíêöèîíèðóþùèå â ñèëü-
íîàãðåññèâíûõ òåõíîëîãè÷åñêèõ ñðåäàõ. Äëÿ òà-
êèõ ñðåä õàðàêòåðíû âûñîêàÿ ñêîðîñòü ïðîöåñ-
ñà êîððîçèè (áîëåå 0,05 ñì/ãîä), à òàêæå ñóùå-
ñòâåííîå âëèÿíèå ìåõàíè÷åñêèõ íàïðÿæåíèé íà
ñêîðîñòü ïðîöåññà. Íåêîòîðûå íàèáîëåå ðàñïðî-
ñòðàí¸ííûå ìîäåëè, îïèñûâàþùèå ýòîò ïðîöåññ,
ïðèâåäåíû â [1]. Òàì æå ïðèâåäåíî îáîñíîâà-
íèå ìîäåëè, ïðèíÿòîé äëÿ äàëüíåéøåãî èññëå-
äîâàíèÿ:
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dt


   ,  (1)

çäåñü  – ãëóáèíà êîððîçèîííîãî ïîðàæåíèÿ
(ïàðàìåòð ïîâðåæä¸ííîñòè); t – âðåìÿ; v0 – ñêî-
ðîñòü êîððîçèè ïðè îòñóòñòâèè íàïðÿæåíèé;
k – êîýôôèöèåíò âëèÿíèÿ íàïðÿæåíèÿ;  – àá-
ñîëþòíîå çíà÷åíèå íàïðÿæåíèÿ.

Ïîñòàíîâêà çàäà÷è îïòèìàëüíîãî ïðîåêòè-
ðîâàíèÿ êîððîäèðóþùèõ ØÑÊ ìîæåò áûòü

ñôîðìóëèðîâàíà ñëåäóþùèì îáðàçîì. Òðåáó-
åòñÿ îïðåäåëèòü ïàðàìåòðû ñå÷åíèé ýëåìåíòîâ
òàêèì îáðàçîì, ÷òîáû îáú¸ì êîíñòðóêöèè áûë
ìèíèìàëüíûì, è â òå÷åíèå çàäàííîãî ñðîêà ýê-
ñïëóàòàöèè îíà ñîõðàíÿëà íåñóùóþ ñïîñîáíîñòü,
òî åñòü óäîâëåòâîðÿëà îãðàíè÷åíèÿì ïî ïðî-
÷íîñòè è óñòîé÷èâîñòè.
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çäåñü Li, Ai – äëèíà è ïëîùàäü ñå÷åíèÿ i-ãî ýëå-
ìåíòà; N – êîëè÷åñòâî ýëåìåíòîâ êîíñòðóêöèè;

x  – âåêòîð âàðüèðóåìûõ ïàðàìåòðîâ;  i è i –
òåêóùåå è ïðåäåëüíîå íàïðÿæåíèÿ â i-ì ýëåìåí-
òå; t* – çàäàííîå âðåìÿ ýêñïëóàòàöèè êîíñòðóê-
öèè.

Ðàíåå â êà÷åñòâå âàðüèðóåìûõ ïàðàìåòðîâ
ðàññìàòðèâàëèñü ðàçìåðû ñå÷åíèé ñòåðæíåé, ïðè
ýòîì ôîðìà ñå÷åíèÿ ïîëàãàëàñü èçâåñòíîé. Òàê,
â [2–3] ðàññìàòðèâàëèñü ñòåðæíè êðóãëîãî è
êîëüöåâîãî ñå÷åíèé. Âàðüèðóåìûå ïàðàìåòðû
èçìåíÿëèñü íåïðåðûâíî â çàäàííûõ ãðàíèöàõ.

Â íàñòîÿùåé ðàáîòå ïðåäëàãàåòñÿ ðàññìàò-
ðèâàòü ØÑÊ, ýëåìåíòû êîòîðûõ èçãîòîâëåíû èç
ñòàíäàðòíûõ ïðîêàòíûõ ïðîôèëåé: äâóòàâðà,
øâåëëåðà, óãîëêà. Â ýòîì ñëó÷àå ðàçìåðû ñå÷å-
íèÿ, âî-ïåðâûõ, ìîãóò èçìåíÿòüñÿ òîëüêî äèñ-
êðåòíî, âî-âòîðûõ, íå ìîãóò èçìåíÿòüñÿ íåçàâè-
ñèìî. Ïîýòîìó âåêòîð âàðüèðóåìûõ ïàðàìåòðîâ
áóäåò ïðåäñòàâëÿòü ñîáîé ñîâîêóïíîñòü èíäåê-
ñîâ, îïðåäåëÿþùèõ òèï è òèïîðàçìåð ñå÷åíèÿ.
Ïðîñòðàíñòâî ïîèñêà ðåøåíèÿ îïòèìèçàöèîí-
íîé çàäà÷è, òàêèì îáðàçîì, ÿâëÿåòñÿ äèñêðåò-
íûì è íåìåòðè÷åñêèì.

Ïðè ìîäåëèðîâàíèè ïîâåäåíèÿ êîíñòðóê-
öèè â àãðåññèâíîé ñðåäå ïðèíèìàþòñÿ ñëåäó-
þùèå äîïóùåíèÿ:

– â ìåñòàõ ñîåäèíåíèé ñòåðæíåé ïðîöåññ
êîððîçèè ïðîòåêàåò òàê æå, êàê è âî âñåé êîí-
ñòðóêöèè â öåëîì;

– â êîíñòðóêöèè îòñóòñòâóþò ìîíòàæíûå
íàïðÿæåíèÿ; âåëè÷èíà íàïðÿæåíèé â ýëåìåí-
òàõ îïðåäåëÿåòñÿ òîëüêî âíåøíèìè íàãðóçêàìè
è ñîáñòâåííûì âåñîì ñòåðæíåé.

Àíàëèç ïîñëåäíèõ èññëåäîâàíèé è ïóáëèêàöèé
Îáçîð èññëåäîâàíèé ïî ïðîáëåìå èñïîëü-

çîâàíèÿ ìåòîäîâ íåëèíåéíîãî ìàòåìàòè÷åñêîãî
ïðîãðàììèðîâàíèÿ ïðè ðåøåíèè çàäà÷ îïòè-
ìàëüíîãî ïðîåêòèðîâàíèÿ êîíñòðóêöèé, ïîäâåð-
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æåííûõ âîçäåéñòâèþ àãðåññèâíûõ ñðåä, äîñòà-
òî÷íî ïîëíî ïðåäñòàâëåí â [4]. Çà ãîäû, ïðî-
øåäøèå ïîñëå âûõîäà îáçîðà, ïîëó÷èëè ðàçâè-
òèå ðàçëè÷íûå àëãîðèòìû ìåòîäà ñêîëüçÿùåãî
äîïóñêà (ÌÑÄ), ïîçâîëÿþùèå óìåíüøèòü âû-
÷èñëèòåëüíûå çàòðàòû çà ñ÷¸ò èçìåíåíèÿ òî÷-
íîñòè âû÷èñëåíèÿ ÔÎ íà ðàçëè÷íûõ ýòàïàõ ðå-
øåíèÿ çàäà÷è îïòèìèçàöèè [5]. Îäíàêî ñóùå-
ñòâóþùèå àëãîðèòìû ýòîãî ìåòîäà íå ãàðàíòè-
ðóþò ïîëó÷åíèÿ ðåçóëüòàòà ñ òðåáóåìîé òî÷íî-
ñòüþ. Äëÿ ýòîãî íåîáõîäèì àëãîðèòì óïðàâëå-
íèÿ ïîãðåøíîñòüþ ÷èñëåííîãî ðåøåíèÿ ÑÄÓ,
ìîäåëèðóþùèõ ïðîöåññ íàêîïëåíèÿ ãåîìåòðè-
÷åñêèõ ïîâðåæäåíèé â ýëåìåíòàõ êîíñòðóêöèé.

Â ðàáîòå [2], î÷åâèäíî, âïåðâûå, áûëî ïðåä-
ëîæåíî èñïîëüçîâàòü èñêóññòâåííûå íåéðîííûå
ñåòè (ÈÍÑ) äëÿ îïðåäåëåíèÿ ïàðàìåòðîâ ÷èñ-
ëåííîãî ðåøåíèÿ ÑÄÓ, îáåñïå÷èâàþùèõ äëÿ
òåêóùåãî âåêòîðà âàðüèðóåìûõ ïàðàìåòðîâ çà-
äàííóþ òî÷íîñòü ðåøåíèÿ. Â äàëüíåéøåì ýòà
èäåÿ áûëà èñïîëüçîâàíà ïðè ñîçäàíèè àëãîðèò-
ìà óïðàâëåíèÿ òî÷íîñòüþ ÷èñëåííîãî ðåøåíèÿ
ÑÄÓ.

Ðàáîòû [2–3] áûëè ïîñâÿùåíû ðåøåíèþ
çàäà÷ îïòèìèçàöèè êîððîäèðóþùèõ øàðíèðíî-
ñòåðæíåâûõ êîíñòðóêöèé (ØÑÊ) íà íåïðåðûâ-
íîì ìíîæåñòâå âàðüèðóåìûõ ïàðàìåòðîâ, ÷òî
ñóùåñòâåííî ñíèæàëî èõ ïðàêòè÷åñêîå ïðèìå-
íåíèå. Êàê ïðàâèëî, ØÑÊ èçãîòàâëèâàþòñÿ èç
ïðîêàòíûõ ïðîôèëåé, ðàçìåðû ñå÷åíèé êîòîðûõ
ðåãëàìåíòèðîâàíû ñòàíäàðòàìè. Çíà÷èòåëüíî
áîëüøèé èíòåðåñ, ïî ìíåíèþ àâòîðîâ, ïðåäñòàâ-
ëÿþò ïîñòàíîâêè çàäà÷, ïðåäïîëàãàþùèå äèñ-
êðåòíîå èçìåíåíèå ðàçìåðîâ ñå÷åíèé ñòåðæíå-
âûõ ýëåìåíòîâ. Âàðüèðóåìûìè ïàðàìåòðàìè â
òàêîé ïîñòàíîâêå ìîãóò áûòü òèï è òèïîðàçìåð
ïðîôèëÿ. Òàêèì îáðàçîì, èìååò ìåñòî çàäà÷à
äèñêðåòíîé îïòèìèçàöèè êîìáèíàòîðíîãî òèïà,
ðåøåíèå êîòîðîé èùåòñÿ íà íåìåòðè÷åñêîì
ìíîæåñòâå (ìíîæåñòâå èíäåêñîâ).

Â ïîñëåäíèå ãîäû äëÿ ðåøåíèÿ çàäà÷ äèñê-
ðåòíîé îïòèìèçàöèè ñ óñïåõîì èñïîëüçóþòñÿ
ãåíåòè÷åñêèå àëãîðèòìû (ÃÀ) [6–9]. Ïðè ðåàëè-
çàöèè ÃÀ èñïîëüçóåòñÿ èíôîðìàöèÿ òîëüêî î
öåëåâîé ôóíêöèè è ôóíêöèÿõ îãðàíè÷åíèé, ñëå-
äîâàòåëüíî, èõ ýôôåêòèâíîñòü îáúåêòèâíî íèæå,
÷åì ó ìåòîäîâ ìàòåìàòè÷åñêîãî ïðîãðàììèðî-
âàíèÿ, èñïîëüçóþùèõ ïðîèçâîäíûå ýòèõ ôóí-
êöèé. Îäèí èç ñïîñîáîâ ïîâûøåíèÿ ýôôåêòèâ-
íîñòè ÃÀ çàêëþ÷àåòñÿ â ìèíèìèçàöèè âû÷èñ-
ëèòåëüíûõ çàòðàò ïðè âû÷èñëåíèè ÔÎ.

Ôîðìóëèðîâàíèå öåëè èññëåäîâàíèÿ
Öåëüþ íàñòîÿùåé ðàáîòû ÿâëÿåòñÿ ñîçäà-

íèå ýôôåêòèâíîãî àëãîðèòìà ðåøåíèÿ çàäà÷è

îïòèìàëüíîãî ïðîåêòèðîâàíèÿ êîððîäèðóþùèõ
êîíñòðóêöèé íà îñíîâå ãåíåòè÷åñêèõ àëãîðèò-
ìîâ ñîâìåñòíî ñ ìåòîäîì ñêîëüçÿùåãî äîïóñêà
è íåéðîñåòåâûì àëãîðèòìîì óïðàâëåíèÿ òî÷íî-
ñòüþ âû÷èñëåíèÿ ôóíêöèé îãðàíè÷åíèé.

Èçëîæåíèå îñíîâíîãî ìàòåðèàëà èññëåäîâà-
íèÿ

Êàê îòìå÷àëîñü âûøå, íàèáîëåå âàæíûìè
ïðè ïîñòðîåíèè îïòèìèçàöèîííûõ àëãîðèòìîâ
ÿâëÿþòñÿ âçàèìíî ïðîòèâîðå÷èâûå êðèòåðèè –
òî÷íîñòü è ýôôåêòèâíîñòü. Â äàííîì ñëó÷àå
òî÷íîñòü ðåøåíèÿ ïîäðàçóìåâàåò íå òîëüêî íà-
õîæäåíèå ãëîáàëüíîãî ìèíèìóìà ôóíêöèè (2),
íî, â ïåðâóþ î÷åðåäü, òî÷íîñòü âû÷èñëåíèÿ ôóí-
êöèé îãðàíè÷åíèé. Êàê îòìå÷åíî â [10], âîïðîñ
î òîì, êàê èìåííî ðàçðóøèòñÿ êîíñòðóêöèÿ
âñëåäñòâèå êîððîçèîííîãî èçíîñà, èìååò ÷èñòî
òåîðåòè÷åñêîå çíà÷åíèå.  Ãëàâíûì êðèòåðèåì
ÿâëÿåòñÿ å¸ äîëãîâå÷íîñòü, äëÿ âû÷èñëåíèÿ êî-
òîðîé èñïîëüçóåòñÿ ìîäåëü êîððîçèîííîãî äå-
ôîðìèðîâàíèÿ êîíñòðóêöèè.

Ïîâåäåíèå êîíñòðóêöèè â àãðåññèâíîé ñðå-
äå ìîäåëèðóåòñÿ ïóò¸ì ÷èñëåííîãî ðåøåíèÿ çà-
äà÷è Êîøè äëÿ ñèñòåìû äèôôåðåíöèàëüíûõ
óðàâíåíèé âèäà:

 i
0 i i t 0

d
v 1 ; 0; i 1, N

dt 

          ,  (4)

ãäå i è i – ãëóáèíà êîððîçèîííîãî ïîðàæåíèÿ
è íàïðÿæåíèå â i-ì ýëåìåíòå.

Âû÷èñëåíèå ôóíêöèé íàïðÿæåíèé ïðåäïî-
ëàãàåò ðåøåíèå ñèñòåìû óðàâíåíèé ìåõàíèêè,
ñîñòîÿùåé èç ñèñòåìû óðàâíåíèé ðàâíîâåñèÿ è
ñîâìåñòíîñòè äåôîðìàöèé, ñîîòíîøåíèé Êîøè
è çàêîíà Ãóêà. Â òåðìèíàõ ìåòîäà êîíå÷íûõ ýëå-
ìåíòîâ ýòà ñèñòåìà èìååò âèä:

R K u;

D u;

E ,

 

  

   
  

(5)

çäåñü K, D, E – ìàòðèöû æ¸ñòêîñòè, äèôôåðåí-
öèðîâàíèÿ è óïðóãîñòè; R , u ,  ,   – âåêòîðû
âíåøíèõ íàãðóçîê, óçëîâûõ ïåðåìåùåíèé, äå-
ôîðìàöèé è íàïðÿæåíèé. Ïðè ýòîì êîýôôèöè-
åíòû ìàòðèöû æ¸ñòêîñòè çàâèñÿò îò ïëîùàäåé
ñå÷åíèé, à, ñëåäîâàòåëüíî, èçìåíÿþòñÿ âî âðå-
ìåíè.

Òàêèì îáðàçîì, â îáùåì ñëó÷àå ðåøåíèå
ñèñòåìû (4) âîçìîæíî òîëüêî ÷èñëåííî. Î÷å-
âèäíî, ÷òî âû÷èñëèòåëüíûå çàòðàòû íà ðåøå-
íèå òàêîé çàäà÷è ìíîãîêðàòíî ïðåâûøàþò òå,
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êîòîðûå íåîáõîäèìû äëÿ ðåøåíèÿ çàäà÷è îïòè-
ìàëüíîãî ïðîåêòèðîâàíèÿ â òðàäèöèîííîé ïî-
ñòàíîâêå.

Ïàðàìåòðû ÷èñëåííîãî ðåøåíèÿ ÑÄÓ êàê
ïðàâèëî îñòàþòñÿ ïîñòîÿííûìè â ïðîöåññå ðå-
øåíèÿ çàäà÷è. Â òî æå âðåìÿ ãåîìåòðè÷åñêèå
õàðàêòåðèñòèêè ñå÷åíèé ñòåðæíåé èçìåíÿþòñÿ
â ïðåäåëàõ, çàäàííûõ ãðàíèöàìè èçìåíåíèÿ âà-
ðüèðóåìûõ ïàðàìåòðîâ. Ïîãðåøíîñòü ïîëó÷à-
åìîãî ðåçóëüòàòà â ýòîì ñëó÷àå íå ïîääà¸òñÿ ïðî-
ãíîçó. Íàçíà÷åíèå òàêèõ ïàðàìåòðîâ ÷èñëåííî-
ãî ðåøåíèÿ, êîòîðûå ñ ïðèåìëåìîé âåðîÿòíî-
ñòüþ ïîçâîëÿò îïðåäåëèòü äîëãîâå÷íîñòü êîí-
ñòðóêöèè ñ äîïóñòèìîé ïîãðåøíîñòüþ íà âñ¸ì
ïðîñòðàíñòâå ðåøåíèé, ïðèâåä¸ò ê ÷ðåçìåðíûì
âû÷èñëèòåëüíûì çàòðàòàì. Äëÿ óñïåøíîãî ðå-
øåíèÿ äàííîé ïðîáëåìû íåîáõîäèìî îïðåäåëÿòü
ïàðàìåòðû ÷èñëåííîãî ðåøåíèÿ ÑÄÓ íà îñíî-
âàíèè èíôîðìàöèè î ïàðàìåòðàõ êîíñòðóêöèè
(âàðüèðóåìûõ è ïîñòîÿííûõ), ïàðàìåòðàõ ÀÑ è
âåëè÷èíû äîïóñòèìîé ïîãðåøíîñòè. Äðóãèìè
ñëîâàìè, íåîáõîäèìî ïîñòðîèòü àïïðîêñèìèðó-
þùóþ ôóíêöèþ, ôîðìàëèçóþùóþ ýòó çàâèñè-
ìîñòü. Äëÿ ýòîãî ñëåäóåò âûáðàòü àëãîðèòì ðå-
øåíèÿ ÑÄÓ è ïàðàìåòð óïðàâëåíèÿ ïîãðåøíî-
ñòüþ å¸ ðåøåíèÿ, îïðåäåëèòü çíà÷èìûå ïàðà-
ìåòðû è ñïîñîá àïïðîêñèìàöèè.

Àïïðîêñèìèðîâàòü çàâèñèìîñòü ìåæäó ïà-
ðàìåòðîì ÷èñëåííîãî àëãîðèòìà ðåøåíèÿ ÑÄÓ,
ïàðàìåòðàìè ñòåðæíåâîãî ýëåìåíòà, ÀÑ è äîïó-
ñòèìîé ïîãðåøíîñòüþ ðåøåíèÿ ïðåäëàãàåòñÿ ñ
ïîìîùüþ èñêóññòâåííîé íåéðîííîé ñåòè
(ÈÍÑ). Íà ðèñ. 1 ïîêàçàíà àðõèòåêòóðà íåéðîí-
íîé ñåòè äëÿ ðàñòÿíóòûõ è ñæàòûõ ñòåðæíåé. Îíè
îòëè÷àþòñÿ âõîäíûìè ïàðàìåòðàìè.

Äëÿ ðàñòÿíóòîãî ñòåðæíÿ çíà÷èìûìè ïà-
ðàìåòðàìè ÿâëÿþòñÿ ïëîùàäü è ïåðèìåòð ñå÷å-
íèÿ, íà÷àëüíîå íàïðÿæåíèå è ñêîðîñòü êîððî-
çèè. Òàê êàê ôîðìà ñå÷åíèÿ ïðè ýòîì çíà÷åíèÿ
íå èìååò, â êà÷åñòâå ýêâèâàëåíòíîãî ñå÷åíèÿ
ïðåäëàãàåòñÿ èñïîëüçîâàòü êîëüöî. Âõîäíûå ïà-
ðàìåòðû íåéðîííîé ñåòè ïðè ýòîì – âíåøíèé

ðàäèóñ R, îòíîøåíèå âíóòðåííåãî ðàäèóñà ê
âíåøíåìó g, íà÷àëüíîå íàïðÿæåíèå ó0, ñêîðîñòü
êîððîçèè ïðè îòñóòñòâèè íàïðÿæåíèé v0 è äî-
ïóñòèìàÿ ïîãðåøíîñòü ðåøåíèÿ *.

Äëÿ ñæàòîãî ñòåðæíÿ ôîðìà ñå÷åíèÿ ÿâëÿ-
åòñÿ âàæíåéøèì ïàðàìåòðîì, òàê êàê îíà îïðå-
äåëÿåò ïðàâèëà âû÷èñëåíèÿ ìîìåíòà èíåðöèè
ñå÷åíèÿ. Äëÿ êàæäîãî òèïà ñå÷åíèÿ (äâóòàâð,
øâåëëåð, ðàâíîïîëî÷íûé è íåðàâíîïîëî÷íûé
óãîëêè) îáó÷àåòñÿ ñâîÿ ñåòü. Âñå ðàçìåðû ôà-
ñîííûõ ïðîôèëåé ðåãëàìåíòèðóþòñÿ ñòàíäàðòà-
ìè, ïîýòîìó â êà÷åñòâå âõîäíîãî ïàðàìåòðà âìå-
ñòî ðàäèóñîâ, êîòîðûå ïðèìåíÿëèñü â ñëó÷àå
ðàñòÿíóòîãî ñòåðæíÿ, èñïîëüçóåòñÿ íîìåð òèïî-
ðàçìåðà ñîîòâåòñòâóþùåãî ïðîôèëÿ n. Äëèíà
ñòåðæíÿ îêàçûâàåò ñóùåñòâåííîå âëèÿíèå íà
çíà÷åíèå êðèòè÷åñêîãî íàïðÿæåíèÿ ïîòåðè óñ-
òîé÷èâîñòè. Îíà ìîæåò áûòü ïåðåñ÷èòàíà ïî
âåëè÷èíå íà÷àëüíîãî êðèòè÷åñêîãî íàïðÿæåíèÿ
ïîòåðè óñòîé÷èâîñòè 0*, êîòîðîå ÿâëÿåòñÿ äî-
ïîëíèòåëüíûì âõîäíûì ïàðàìåòðîì äëÿ äàííîé
ÈÍÑ.

Ïîäðîáíîå îïèñàíèå íåéðîñåòåâîãî àëãî-
ðèòìà óïðàâëåíèÿ ïîãðåøíîñòüþ èçëîæåíî â
[11].

Äëÿ ðåøåíèÿ ïîñòàâëåííîé çàäà÷è ïðåäëî-
æåí è îáîñíîâàí àëãîðèòì, ïîçâîëÿþùèé, ïî
ìíåíèþ àâòîðîâ, ñóùåñòâåííî ñíèçèòü âû÷èñ-
ëèòåëüíûå çàòðàòû ïðè îäíîâðåìåííîì âûïîë-
íåíèè óñëîâèÿ òî÷íîñòè ïîëó÷àåìîãî îïòèìàëü-
íîãî ðåøåíèÿ.

Äëÿ ñâåäåíèÿ èñõîäíîé çàäà÷è (2)–(3) ê
çàäà÷å íà áåçóñëîâíûé ýêñòðåìóì èñïîëüçóåòñÿ
ìåòîä âíåøíèõ øòðàôíûõ ôóíêöèé. Èñõîäíàÿ
çàäà÷à ïðåîáðàçóåòñÿ ê ñëåäóþùåìó âèäó:

   

   
   

N

i i i

i 1

i i

i

i i

P(x) F(x) H * x, t * x, t * ;

0, если * x, t * x, t *
H

H*, если * x, t * x, t * ,



     

  
 

  



 

(6)

à                                                                            á

Ðèñ. 1. Àðõèòåêòóðà íåéðîííîé ñåòè äëÿ ðàñòÿíóòîãî (à) è ñæàòîãî (á) ñòåðæíåé
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ãäå H* – øòðàôíîé êîýôôèöèåíò.
Äëÿ ðåøåíèÿ çàäà÷è áåçóñëîâíîé îïòèìè-

çàöèè ïðåäëàãàåòñÿ èñïîëüçîâàòü öåëî÷èñëåííûé
ãåíåòè÷åñêèé àëãîðèòì. Îñíîâíûå ïîëîæåíèÿ
ïîñòðîåíèÿ ÃÀ äîñòàòî÷íî ïîëíî èçëîæåíû,
íàïðèìåð, â [12], ïîýòîìó íèæå ïðèâîäÿòñÿ ëèøü
ñïîñîáû ôîðìèðîâàíèÿ ïðîñòðàíñòâà ðåøåíèé
è êîäèðîâàíèÿ õðîìîñîìû, èñïîëüçóåìûå â äàí-
íîé ðàáîòå.

Â áîëüøèíñòâå èçâåñòíûõ ðàáîò, ïîñâÿùåí-
íûõ äèñêðåòíîé îïòèìèçàöèè øàðíèðíî-ñòåð-
æíåâûõ êîíñòðóêöèé, â êà÷åñòâå âàðüèðóåìûõ
ïàðàìåòðîâ ðàññìàòðèâàëèñü ïëîùàäè ñå÷åíèé
êîíñòðóêöèîííûõ ýëåìåíòîâ [6–9]. Â äàííûõ
ðàáîòàõ, îäíàêî, íå ðàññìàòðèâàëèñü êîíñòðóê-
öèè, ýêñïëóàòèðóþùèåñÿ â óñëîâèÿõ àãðåññèâ-
íûõ ñðåä, è, ñîîòâåòñòâåííî, íå ïðèíèìàëîñü
âî âíèìàíèå èçìåíåíèå ãåîìåòðè÷åñêèõ õàðàê-
òåðèñòèê ñòåðæíåé â ðåçóëüòàòå êîððîçèîííîãî
èçíîñà. Ïîñêîëüêó ïëîùàäè ñå÷åíèé ýëåìåíòîâ
êîíñòðóêöèè áóäóò ìåíÿòüñÿ ïî ìåðå íàêîïëå-
íèÿ ãåîìåòðè÷åñêèõ ïîâðåæäåíèé, ýòî íå ïî-
çâîëÿåò èñïîëüçîâàòü èõ â êà÷åñòâå âàðüèðóåìûõ
ïàðàìåòðîâ â äàííîé çàäà÷å. Àâòîðàìè ïðåäëà-
ãàåòñÿ íîâûé ñïîñîá êîäèðîâàíèÿ ïðîñòðàíñòâà
ðåøåíèé îïòèìèçàöèîííîé çàäà÷è â âèäå òð¸õ-
ìåðíîãî ìàññèâà, ñòðîêè êîòîðîãî ñîäåðæàò ðàç-
ìåðû ñå÷åíèé è îïðåäåëÿþòñÿ âàðüèðóåìûìè
ïàðàìåòðàìè (èíäåêñàìè).

Õðîìîñîìà (àíàëîã âåêòîðà âàðüèðóåìûõ
ïàðàìåòðîâ) ïðåäñòàâëÿåò ñîáîé ìíîæåñòâî èí-
äåêñîâ, îïðåäåëÿþùèõ ïîëîæåíèå ðàçìåðîâ ñå-
÷åíèé â òðåõìåðíîì ìàññèâå, ãäå íîìåð ñëîÿ
(òèï ñå÷åíèÿ) îïðåäåëÿåòñÿ íå÷¸òíûìè èíäåê-
ñàìè, íîìåð ñòðîêè (òèïîðàçìåð ñå÷åíèÿ) – ÷¸ò-
íûìè. Òàêèì îáðàçîì, êîëè÷åñòâî ãåíîâ (àíà-
ëîã âàðüèðóåìîãî ïàðàìåòðà) â õðîìîñîìå ðàâ-
íî 2N, ãäå N – êîëè÷åñòâî ñòåðæíåâûõ ýëåìåí-
òîâ, îïòèìàëüíûå ïàðàìåòðû êîòîðûõ òðåáóåò-
ñÿ îïðåäåëèòü. Íà ðèñ. 2 è 3 ïîêàçàíî ïðîñòðàí-
ñòâî ðåøåíèé îïòèìèçàöèîííîé çàäà÷è è ñïî-
ñîá êîäèðîâàíèÿ õðîìîñîìû.

Ðàññìàòðèâàåìûå â ðàáîòå ñå÷åíèÿ îïèñû-
âàþòñÿ ðàçíûì êîëè÷åñòâîì ðàçìåðîì (îò 4 äëÿ
ðàâíîïîëî÷íîãî óãîëêà äî 7 äëÿ äâóòàâðà). Â ýòîì
ñëó÷àå ïîñòðîåíèå ìîäåëè êîððîäèðóþùåãî ñå-
÷åíèÿ ðåàëüíîãî ïðîôèëÿ ñâÿçàíî ñî çíà÷èòåëü-
íûìè íåóäîáñòâàìè, ïîýòîìó â ðàáîòå èñïîëü-
çóþòñÿ ìîäåëè ñå÷åíèé, ñîñòîÿùèõ èç ïðÿìî-
óãîëüíûõ ôðàãìåíòîâ. Òàêèå ñå÷åíèÿ îïðåäåëÿ-
þòñÿ ÷åòûðüìÿ ðàçìåðàìè, íåçàâèñèìî îò åãî
òèïà. Ðàçìåðû îïðåäåëÿþòñÿ òàêèì îáðàçîì,
÷òîáû èçìåíåíèå ãåîìåòðè÷åñêèõ õàðàêòåðèñòèê
(ïëîùàäè è ìèíèìàëüíîãî ìîìåíòà èíåðöèè) â

íèõ ïðîèñõîäèëî òàê æå, êàê è â ðåàëüíûõ ñå÷å-
íèÿõ. Ìåòîäèêà îïðåäåëåíèÿ ðàçìåðîâ òàêèõ
ìîäåëüíûõ ñå÷åíèé ïðèâåäåíà â [13].

Ïðîöåäóðà äåêîäèðîâàíèÿ äàííûõ, ñîäåð-
æàùèõñÿ â õðîìîñîìå, çàêëþ÷àåòñÿ â èçâëå÷å-
íèè èç ìàññèâà ðàçìåðîâ ñå÷åíèé çíà÷åíèé, ðàñ-
ïîëîæåííûõ â òîì ñëîå è ñòðîêå, íîìåðà êîòî-
ðûõ ñîîòâåòñòâóþò ïàðàì ãåíîâ.

Îïèñàíèå ìîäåëåé ýâîëþöèè è ïîïóëÿöèè,
èñïîëüçóåìûõ ïðè ðåøåíèè çàäà÷è, à òàêæå ðå-
àëèçîâàííûõ ãåíåòè÷åñêèõ îïåðàòîðîâ áóäóò
ïðèâåäåíû íèæå â ÷èñëåííîé èëëþñòðàöèè.

Ðèñ. 2. Ïðîñòðàíñòâî ðåøåíèé çàäà÷è

Ðèñ. 3. Ïðèìåð êîäèðîâàíèÿ õðîìîñîìû

Âîçìîæíîñòü óïðàâëåíèÿ ïîãðåøíîñòüþ
âû÷èñëåíèÿ ôóíêöèé îãðàíè÷åíèé ïîçâîëèò
ñóùåñòâåííî ïîâûñèòü ýôôåêòèâíîñòü îïòèìè-
çàöèîííîãî àëãîðèòìà. Äëÿ ýòîãî â ðàáîòå ïðåä-
ëàãàåòñÿ èñïîëüçîâàòü ñîâìåñòíî ñ ãåíåòè÷åñêèì
àëãîðèòìîì ìåòîä ñêîëüçÿùåãî äîïóñêà [14].

Ïðè èñïîëüçîâàíèè ìåòîäà ñêîëüçÿùåãî
äîïóñêà (ÌÑÄ) ñèñòåìà îãðàíè÷åíèé (3) ìîæåò
áûòü ïðåäñòàâëåíà â âèäå:

n

D 1X : {x E | g (x) Y(k) T(x, t*) 0}    , (7)

ãäå Y – êðèòåðèé ñêîëüçÿùåãî äîïóñêà (ÊÑÄ) –
óáûâàþùàÿ ôóíêöèÿ íîìåðà èòåðàöèè k ïðè ðå-
øåíèè çàäà÷è îïòèìèçàöèè; Ò – ôóíêöèîíàë
íàä âñåì ìíîæåñòâîì ôóíêöèé îãðàíè÷åíèé.

Â êà÷åñòâå Y ïðåäëàãàåòñÿ ïðèíÿòü äîïóñ-
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òèìóþ ïîãðåøíîñòü âû÷èñëåíèÿ ÔÎ, â êà÷åñòâå
Ò – îòíîñèòåëüíóþ ïîãðåøíîñòü âû÷èñëåíèÿ
ÔÎ. Ðåøåíèå çàäà÷è èùåòñÿ êàê íà ãðàíèöå
äîïóñòèìîé îáëàñòè ïðîñòðàíñòâà ðåøåíèé, òàê
è çà å¸ ïðåäåëàìè íà ðàññòîÿíèè, îïðåäåëÿåìîì
êðèòåðèåì ñêîëüçÿùåãî äîïóñêà.

Â ýòîì ñëó÷àå íà íà÷àëüíûõ èòåðàöèÿõ ïî-
èñêà ðåøåíèÿ ïîãðåøíîñòü âû÷èñëåíèÿ ÔÎ
ìîæåò áûòü äîñòàòî÷íî âûñîêîé, ÷òî ïîçâîëÿåò
ìèíèìèçèðîâàòü âû÷èñëèòåëüíûå çàòðàòû, â
îêðåñòíîñòè æå ýêñòðåìóìà ïîãðåøíîñòü íå ïðå-
âûøàåò íåêîòîðîé äîïóñòèìîé âåëè÷èíû, îï-
ðåäåëÿåìîé çàêàç÷èêîì. Îáùàÿ ñõåìà àëãîðèò-
ìà ðåøåíèÿ çàäà÷è îïòèìèçàöèè ïðèâåäåíà íà
ðèñ. 4.

Ðèñ. 4. Ñõåìà àëãîðèòìà ðåøåíèÿ çàäà÷è îïòèìèçàöèè

Â ïðîöåññå ðåøåíèÿ çàäà÷è, ñîãëàñíî èäåå
ÌÑÄ, çíà÷åíèå êðèòåðèÿ ñêîëüçÿùåãî äîïóñêà
(äîïóñòèìîé ïîãðåøíîñòè âû÷èñëåíèÿ ôóíêöèè
îãðàíè÷åíèé) äîëæíî óìåíüøàòüñÿ ïî ìåðå ïðè-
áëèæåíèÿ ê ýêñòðåìóìó. Ïðåäëàãàåòñÿ óìåíü-
øàòü ÊÑÄ â çàâèñèìîñòè îò íîìåðà ýïîõè ïðè
ðàáîòå ÃÀ:

max min
k max

max

k n
Y(k) int

n k

    
       

 
,  (8)

çäåñü kmax – ìàêñèìàëüíîå êîëè÷åñòâî ýïîõ; n –
êîëè÷åñòâî øàãîâ èçìåíåíèÿ ÊÑÄ;  min,  max –
äîïóñòèìûå çíà÷åíèÿ ïîãðåøíîñòåé íà íà÷àëü-
íîì ýòàïå ðåøåíèÿ çàäà÷è è â îêðåñòíîñòè ýê-
ñòðåìóìà.

Øòðàôíûå ñëàãàåìûå â ôóíêöèè (4) áóäóò
îïðåäåëÿòüñÿ ïî ôîðìóëå

 
  tt * t x, h x, Y k

H H* Y k
t *

       
 
 

,  (9)

ãäå ht – øàã ÷èñëåííîãî ðåøåíèÿ ÑÄÓ (5), çàâè-
ñÿùèé îò çíà÷åíèé âàðüèðóåìûõ ïàðàìåòðîâ è
äîïóñòèìîé ïîãðåøíîñòè íà k-é ýïîõè ïðè ðå-
àëèçàöèè ãåíåòè÷åñêîãî àëãîðèòìà.

Äëÿ èëëþñòðàöèè ïðåäëîæåííîãî àëãîðèò-
ìà ðàññìîòðèì ðåøåíèå çàäà÷è îïòèìàëüíîãî
ïðîåêòèðîâàíèÿ ñòàòè÷åñêè íåîïðåäåëèìîé ïÿ-
òèñòåðæíåâîé ôåðìû (ðèñ. 5).

Ðèñ. 5. Ðàñ÷¸òíàÿ ñõåìà ìîäåëüíîé êîíñòðóêöèè

Ïðè òåñòèðîâàíèè îïòèìèçàöèîííîãî àë-
ãîðèòìà èñïîëüçîâàëàñü íà÷àëüíàÿ ïîïóëÿöèÿ èç
250 îñîáåé. Îáúåêòîì èññëåäîâàíèé ñëóæèëà
ïÿòèñòåðæíåâàÿ ØÑÊ, ïîêàçàííàÿ íà ðèñ. 4.
Êîíñòðóêöèÿ äîëæíà áûëà ñîõðàíÿòü ñâîþ íå-
ñóùóþ ñïîñîáíîñòü íå ìåíåå, ÷åì 2,5 ãîäà.

Çàäà÷à îïòèìèçàöèè ðåøàëàñü íà ïðîòÿæå-
íèè 100 ýïîõ èëè äî äîñòèæåíèÿ ïîëíîãî ñõîæ-
äåíèÿ ïîïóëÿöèè. Ïðè ýòîì, ñîãëàñíî àëãîðèò-
ìó ìåòîäà ñêîëüçÿùåãî äîïóñêà, ïîãðåøíîñòü
âû÷èñëåíèÿ ôóíêöèè îãðàíè÷åíèé ñíèæàëàñü
ïîñëå êàæäûõ 20 ýïîõ èëè ïðè äîñòèæåíèè ñõî-
æäåíèÿ ïîïóëÿöèè, ÷òî ïîçâîëèëî ñíèçèòü âû-
÷èñëèòåëüíûå çàòðàòû íà ðàííèõ ýòàïàõ îïòè-
ìèçàöèè è ïîëó÷èòü ïîãðåøíîñòü ÷èñëåííîãî
ðåøåíèÿ, íå ïðåâûøàþùóþ çàäàííîé çàêàç÷è-
êîì äîïóñòèìîé âåëè÷èíû, âáëèçè ýêñòðåìóìà.
Â äàííîì ñëó÷àå, ìàêñèìàëüíàÿ ïîãðåøíîñòü
âû÷èñëåíèÿ ôóíêöèè îãðàíè÷åíèé íà íà÷àëü-
íûõ èòåðàöèÿõ ïîèñêà ñîñòàâèëà 5%, ìèíèìàëü-
íàÿ ïîãðåøíîñòü íà ïîñëåäíèõ èòåðàöèÿõ – 1%.

Â èñïîëüçóåìîì äëÿ ðåøåíèÿ çàäà÷å ãåíå-
òè÷åñêîì àëãîðèòìå áûëà ðåàëèçîâàíà ìîäåëü
ýâîëþöèè äå Ôðèçà, êîòîðàÿ õàðàêòåðèçóåòñÿ
âûñîêîé âåðîÿòíîñòüþ ìóòàöèé. Ïðè ýòîì âîç-
ìîæíîñòü ìóòàöèè áûëà ïðåäóñìîòðåíà òîëüêî
äëÿ ÷¸òíûõ ãåíîâ, îïðåäåëÿþùèõ ðàçìåð ñå÷å-
íèÿ. Â àëãîðèòìå áûëè èñïîëüçîâàíû îäíîòî-
÷å÷íûé îïåðàòîð êðîññîâåðà è îïåðàòîð òóðíèð-
íîãî îòáîðà.

Îïòèìàëüíûå ñå÷åíèÿ ýëåìåíòîâ ØÑÊ,
ïîëó÷åííûå â ðåçóëüòàòå ðåøåíèÿ çàäà÷è, ïðåä-
ñòàâëåíû â òàáë. 1.

Îáúåì ïîëó÷åííîé êîíñòðóêöèè ñîñòàâèë
34604,42 ñì3.
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Òàáëèöà 1

Îïòèìàëüíûå ñå÷åíèÿ ñòåðæíåé ïÿòèýëåìåíòíîé
ôåðìû

№ Тип сечения Типоразмер t, лет 

1 Уголок 1251259 2,52948 

2 Уголок 125808 2,56995 

3 Уголок 125808 2,57016 

4 Уголок 14014010 2,69019 

5 Уголок 1251259 2,55430 

 
Â êà÷åñòâå êðèòåðèÿ ýôôåêòèâíîñòè ðàç-

ðàáîòàííîãî àëãîðèòìà ïðèíèìàëîñü êîëè÷åñòâî
îáðàùåíèé ê ïðîöåäóðå ìåòîäà êîíå÷íûõ ýëå-
ìåíòîâ â ïðîöåññå ïîèñêà îïòèìàëüíîãî ðåøå-
íèÿ. Â òàáë. 2 ïîêàçàíû ðåçóëüòàòû òåñòèðîâà-
íèÿ ýôôåêòèâíîñòè àëãîðèòìà. Â ñòðîêàõ òàáë. 2
ïðèâåäåíû äàííûå î êîëè÷åñòâå ðåøåíèé çàäà-
÷è ÌÊÝ:

– ïðè èñïîëüçîâàíèè äëÿ âû÷èñëåíèÿ ôóí-
êöèè îãðàíè÷åíèé ôèêñèðîâàííîãî øàãà, îáåñ-
ïå÷èâàþùåãî ïîãðåøíîñòü, íå ïðåâûøàþùóþ
min íà âñ¸ì ìíîæåñòâå âàðüèðóåìûõ ïàðàìåòðîâ;

– ïðè èñïîëüçîâàíèè íåéðîñåòåâîãî ìîäó-
ëÿ äëÿ îïðåäåëåíèÿ ðàññòîÿíèÿ ìåæäó óçëàìè
âðåìåííîé ñåòêè íà îñíîâàíèè èíôîðìàöèè î
òåêóùèõ ïàðàìåòðàõ êîíñòðóêöèè, ïàðàìåòðàõ
àãðåññèâíîé ñðåäû è äîïóñòèìîé ïîãðåøíîñòè
min;

– ïðè èñïîëüçîâàíèè íåéðîñåòåâîãî ìîäó-
ëÿ â ñî÷åòàíèè ñ ìåòîäîì ñêîëüçÿùåãî äîïóñêà.

Òàáëèöà 2

Àíàëèç ýôôåêòèâíîñòè àëãîðèòìà

Алгоритм Количество обращений к МКЭ 

ГА 3 375 508 

НС+ГА 1 618 484 

МСД+НС+ГА 528 043 

 
Âûâîäû
Ïðåäëîæåíî è îáîñíîâàíî èñïîëüçîâàíèå

ãåíåòè÷åñêèõ àëãîðèòìîâ ïðè ðåøåíèè çàäà÷
äèñêðåòíîé îïòèìèçàöèè êîððîäèðóþùèõ øàð-
íèðíî-ñòåðæíåâûõ êîíñòðóêöèé. Ðàçðàáîòàííûé
àâòîðàìè íåéðîñåòåâîé àëãîðèòì óïðàâëåíèÿ
ïîãðåøíîñòüþ âû÷èñëåíèÿ ôóíêöèé îãðàíè÷å-
íèé ïîçâîëèë èñïîëüçîâàòü êîíöåïöèþ ìåòîäà
ñêîëüçÿùåãî äîïóñêà è ñóùåñòâåííî ñíèçèòü
âû÷èñëèòåëüíûå çàòðàòû íà ïîèñê îïòèìàëüíûõ
ðåøåíèé. Ñ ïîìîùüþ îïòèìèçàöèîííîãî àëãî-
ðèòìà ïîëó÷åíû ðåøåíèÿ íîâûõ çàäà÷ îïòèìè-
çàöèè, ïðåäñòàâëÿþùèå íàó÷íûé è ïðàêòè÷å-
ñêèé èíòåðåñ.
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ÇÀÑÒÎÑÓÂÀÍÍß ÃÅÍÅÒÈ×ÍÈÕ ÀËÃÎÐÈÒÌ²Â Â
ÇÀÄÀ×ÀÕ ÄÈÑÊÐÅÒÍÎ¯ ÎÏÒÈÌ²ÇÀÖ²¯ ÊÎÐÎÄÓÞ×ÈÕ
ÊÎÍÑÒÐÓÊÖ²É

Äåíèñþê Î.Ð., Áîðçîâ Ñ.Î.

Ó ðîáîò³ çàïðîïîíîâàíî íîâèé åôåêòèâíèé àëãîðèòì
ðîçâ’ÿçàííÿ çàäà÷ îïòèìàëüíîãî ïðîåêòóâàííÿ êîðîäóþ÷èõ
øàðí³ðíî-ñòåðæíåâèõ êîíñòðóêö³é, ùî ïåðåäáà÷àº îòðèìàííÿ
ðîçâ’ÿçêó ³ç çàäàíîþ òî÷í³ñòþ. Ïðè âèð³øåíí³ îïòèì³çàö³éíî¿
çàäà÷³ ïîòð³áíî âèçíà÷èòè ïàðàìåòðè ïåðåð³ç³â åëåìåíò³â òà-
êèì ÷èíîì, ùîá îáñÿã êîíñòðóêö³¿ áóâ ì³í³ìàëüíèì, ³ ïðîòÿãîì
çàäàíîãî òåðì³íó åêñïëóàòàö³¿ âîíà çáåð³ãàëà íåñó÷ó çäàòí³ñòü,
òîáòî çàäîâîëüíÿëà îáìåæåííÿì ïî ì³öíîñò³ ³ ñò³éêîñò³. Îá-
÷èñëåííÿ ôóíêö³é îáìåæåíü ïåðåäáà÷àº ÷èñåëüíå ðîçâ’ÿçàííÿ
ñèñòåìè äèôåðåíö³àëüíèõ ð³âíÿíü, ùî îïèñóþòü ïðîöåñ êîðîç³¿
â åëåìåíòàõ êîíñòðóêö³¿. Âïëèâ ìåõàí³÷íî¿ íàïðóãè íà øâèäê³ñòü
êîðîç³¿ ïåðåäáà÷àº âèð³øåííÿ çàäà÷³ íàïðóæåíî-äåôîðìîâàíîãî
ñòàíó â êîæíîìó âóçë³ ÷àñîâî¿ ñ³òêè, ùî ïðèçâîäèòü äî ï³äâè-
ùåíèõ âèìîã äî åôåêòèâíîñò³ îá÷èñëþâàëüíîãî àëãîðèòìó.
Øàðí³ðíî-ñòðèæíåâ³ êîíñòðóêö³¿ âèãîòîâëÿþòüñÿ ç ïðîêàò-
íèõ ïðîô³ë³â, ðîçì³ðè ïåðåòèí³â ÿêèõ ðåãëàìåíòîâàí³ ñòàíäàð-
òàìè. Ó çâ’ÿçêó ç öèì ïîøóê ð³øåííÿ çä³éñíþâàâñÿ íà äèñ-
êðåòí³é íåìåòðè÷í³é ìíîæèí³ âàð³éîâàíèõ ïàðàìåòð³â. Îïòèì³-
çàö³éíèé àëãîðèòì ïîáóäîâàíèé íà îñíîâ³ ñòðàòåã³¿ êîâçíîãî
äîïóñêó ñï³ëüíî ç ä³éñíèì ö³ëî÷èñåëüíèì ãåíåòè÷íèì àëãîðèò-
ìîì. Âèêîðèñòàííÿ ìåòîäó êîâçíîãî äîïóñêó äîçâîëÿº çì³íþ-
âàòè òî÷í³ñòü ðîçâ’ÿçêó íà ð³çíèõ åòàïàõ ðîçâ’ÿçàííÿ îïòèì³-
çàö³éíî¿ çàäà÷³ ç âèêîðèñòàííÿì ãåíåòè÷íîãî àëãîðèòìó. Äëÿ
çàáåçïå÷åííÿ íåîáõ³äíî¿ òî÷íîñò³ îá÷èñëåííÿ ôóíêö³é îáìåæåíü
â îêîë³ åêñòðåìóìó âèêîðèñòîâóºòüñÿ øòó÷íà íåéðîííà ìåðå-
æà, ùî àïðîêñèìóº çàëåæí³ñòü ì³æ ïàðàìåòðàìè êîíñòðóêö³¿,
äîïóñòèìîþ ïîõèáêîþ ð³øåííÿ (êðèòåð³ºì êîâçíîãî äîïóñêó) ³
ïàðàìåòðàìè îá÷èñëþâàëüíèõ ïðîöåäóð. Àíàë³ç åôåêòèâíîñò³
ðîçðîáëåíîãî àëãîðèòìó, ÿêèé âèêîðèñòîâóº â ÿêîñò³ êðèòåð³þ
åôåêòèâíîñò³ ê³ëüê³ñòü çâåðíåíü äî ïðîöåäóðè ìåòîäó ñê³í÷åí-
íèõ åëåìåíò³â â ïðîöåñ³ ïîøóêó îïòèìàëüíîãî ð³øåííÿ, ïðîäå-
ìîíñòðóâàâ ³ñòîòíå çíèæåííÿ îá÷èñëþâàëüíèõ âèòðàò ó ïî-
ð³âíÿíí³ ç â³äîìèìè àëãîðèòìàìè.

Êëþ÷îâ³ ñëîâà: îïòèìàëüíå ïðîåêòóâàííÿ, äèñêðåòíà
îïòèìèçàö³ÿ, ãåíåòè÷íèé àëãîðèòì, ìåòîä êîâçíîãî äîïóñêó,
íåéðîííà ìåðåæà, êîðîç³ÿ.

UTILIZATION OF GENETIC ALGORITHMS IN
PROBLEMS OF DISCRETE OPTIMIZATION OF
CORRODING STRUCTURES

Denysiuk O.R., Borzov S.A.

The paper proposes a new efficient algorithm to solve the
problems of corroding hinged-rod structures optimal design, which
involves obtaining solutions with given accuracy. When solving the
optimization problem, it is required to determine the parameters of
cross-sections of elements in such way that the volume of the structure
is minimal, and for a given period of operation it retains its carrying
capacity, that is, it satisfies the constraints on strength and stability.
Calculation of the constraint functions involves a numerical solution
of the system of differential equations describing the process of
corrosion in structural elements. The effect of mechanical stresses on
the rate of corrosion involves solving the problem of the stress-strain
state at each node of the time grid, which leads to increased
requirements for the efficiency of the computational algorithm. Hinged-
rod structures are made of rolling profiles; the dimensions of sections
of these profiles are regulated by standards. Therefore the search for
solution is made in a discrete non-metric space of varied parameters.
The optimization algorithm is based on use of flexible tolerance
strategy together with integer-valued real genetic algorithm. Use of
the flexible tolerance method allows to change the accuracy of a

solution at different stages when solving the optimization problem
using the genetic algorithm. To ensure the required accuracy of the
restrictions function computation in the vicinity of an extremum an
artificial neural network approximating the relationship between
structure parameters, permissible error of solution (flexible tolerance
criterion) and parameters of computational procedures is used. The
analysis of effectiveness of the developed algorithm, which used the
number of calls to the procedure of the finite element method in the
process of searching for the optimal solution as the efficiency criterion,
demonstrated a significant decrease in computational costs in
comparison with the known algorithms.

Keywords: optimal design, discrete optimization, genetic
algorithm, flexible tolerance method, neural network, corrosion.
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ÌÎÄÅËÈÐÎÂÀÍÈÅ ÑÂÎÁÎÄÍÛÕ ÊÎËÅÁÀÍÈÉ ÏÐßÌÎÓÃÎËÜÍÎÉ ÏËÀÑÒÈÍÛ
C ÎÒÂÅÐÑÒÂÈÅÌ ÏÐÎÈÇÂÎËÜÍÎÉ ÔÎÐÌÛ

Íàöèîíàëüíàÿ ìåòàëëóðãè÷åñêàÿ àêàäåìèÿ Óêðàèíû, ã. Äíåïð, Óêðàèíà

Äëÿ èññëåäîâàíèÿ âëèÿíèÿ ïðîèçâîëüíîãî ñâîáîäíîãî îòâåðñòèÿ íà ÷àñòîòû ñîá-

ñòâåííûõ êîëåáàíèé ïðÿìîóãîëüíûõ ïëàñòèí èñïîëüçóåòñÿ âàðèàöèîííûé ïðèí-

öèï Ðåéññíåðà. Ïðîãèá è ìîìåíòû àïïðîêñèìèðóþòñÿ íåçàâèñèìî äðóã îò äðóãà

R-ôóíêöèÿìè ñ íåîïðåäåëåííûìè ïàðàìåòðàìè òàê, ÷òîáû âûïîëíÿëèñü ãðàíè-

÷íûå óñëîâèÿ íà êðàÿõ ïëàñòèíêè. Ãðàíè÷íûå óñëîâèÿ íà ñâîáîäíîì îòâåðñòèè ïðè-

íÿòû â ôîðìå, ïðåäëîæåííîé Ïóàññîíîì. Ïðåäëàãàåìûé àëãîðèòì áûë ðåàëèçîâàí

äëÿ îïðåäåëåíèÿ âëèÿíèÿ ñâîáîäíîãî öåíòðàëüíîãî êðóãîâîãî îòâåðñòèÿ â êâàäðàò-

íîé ïëàñòèíêå íà îñíîâíîé òîí åå êîëåáàíèé. Ïðè ýòîì äëÿ ïðîñòîòû â ðàçëîæå-

íèÿõ áûëî îñòàâëåíî ïî îäíîé àïïðîêñèìèðóþùåé ôóíêöèè. Ðåçóëüòàòû áûëè

ñðàâíåíû ñ ðåçóëüòàòàìè, ïîëó÷åííûìè â ðàáîòå Ð. Íåãàðòà è Ò. Àðèìàí. Íà-

èáîëüøåå ðàñõîæäåíèå, îêîëî 16%, èìååò ìåñòî ïðè ìàëûõ îòâåðñòèÿõ, ñ óâåëè÷å-

íèåì ðàçìåðà îòâåðñòèÿ îíî ïàäàåò äî 10%. Ñ öåëüþ ïðîâåðêè ðåàëèçîâàííîãî

àëãîðèòìà áûëà ðåøåíà òåñòîâàÿ çàäà÷à îïðåäåëåíèÿ ñîáñòâåííîé ÷àñòîòû ñïëîø-

íîé øàðíèðíî îïåðòîé êâàäðàòíîé ïëàñòèíêè. Ðàñõîæäåíèå ðåçóëüòàòîâ ñ òî÷íûì

ðåøåíèåì ñîñòàâèëî ìåíüøå 2%. Ïðåäëîæåííûé àëãîðèòì îïðåäåëåíèÿ ñîáñòâåí-

íîé ÷àñòîòû êîëåáàíèé ïðÿìîóãîëüíûõ ïëàñòèí ñî ñâîáîäíûì îòâåðñòèåì èìååò

ðÿä ïðåèìóùåñòâ ïî ñðàâíåíèþ ñ ìåòîäàìè, èñïîëüçîâàííûìè â ðàáîòàõ Ó. Êðèñ-

òåíñàíà, Â. Ñîåäåëà è Ð. Íåãàðòà. Íàïðèìåð, îí íå íàêëàäûâàåò îãðàíè÷åíèé íà

ðàçìåð, ôîðìó è ðàñïîëîæåíèå îòâåðñòèÿ, ëåãêî ðàñïðîñòðàíÿåòñÿ íà ñëó÷àè íå-

ñêîëüêèõ îòâåðñòèé è äðóãèõ óñëîâèé çàêðåïëåíèÿ ïëàñòèíû è îòâåðñòèÿ. Ïðè ýòîì,

íåîáõîäèìî îòìåòèòü íåäîñòàòîê, êîòîðûé èìååò ìåñòî ïðè èñïîëüçîâàíèè ïðèí-

öèïà Ðåéññíåðà â çàäà÷àõ î êîëåáàíèÿõ. Â òî âðåìÿ êàê ìåòîä Ðýëåÿ-Ðèòöà äàåò

çíà÷åíèå ÷àñòîò, êîòîðûå áîëüøå ñîîòâåòñòâóþùèõ òî÷íûõ çíà÷åíèé, ïðèíöèï

Ðåéññíåðà ýòîãî íå ãàðàíòèðóåò. Âû÷èñëåííûå ÷àñòîòû ìîãóò áûòü áîëüøå èëè

ìåíüøå òî÷íûõ çíà÷åíèé è íåò íèêàêèõ ïðèåìîâ, ïîçâîëÿþùèõ îïðåäåëèòü çíàê

ýòîãî îòêëîíåíèÿ.

Êëþ÷åâûå ñëîâà: ïðÿìîóãîëüíàÿ ïëàñòèíà, ñâîáîäíîå îòâåðñòèå, ñîáñòâåííûå ÷àñ-

òîòû, ïðèíöèï Ðåéññíåðà, R-ôóíêöèè.

Ïîñòàíîâêà ïðîáëåìû
Ïðÿìîóãîëüíûå ïëàñòèíû ñ âûðåçàìè (îò-

âåðñòèÿìè) äîñòàòî÷íî øèðîêî èñïîëüçóþòñÿ â
êîíñòðóêöèÿõ ðàêåòíîé è àâèàöèîííîé òåõíè-
êè, ñóäîñòðîåíèè, ñòðîèòåëüíûõ ñîîðóæåíèÿõ è
ìàøèí. Îäíîé èç îñíîâíûõ çàäà÷ ïðè ðàñ÷åòå
âèáðàöèîííûõ õàðàêòåðèñòèê òàêèõ ýëåìåíòîâ
êîíñòðóêöèé, îñîáåííî íà ýòàïå ïðîåêòèðîâà-
íèÿ, ÿâëÿåòñÿ îïðåäåëåíèå ÷àñòîò ñâîáîäíûõ
êîëåáàíèé. Â íàñòîÿùåå âðåìÿ èçó÷åíû òîëüêî
÷àñòíûå ñëó÷àè ñ îòâåðòèÿìè îïðåäåëåííîé ôîð-
ìû è ðàñïîëîæåíèÿ. Ïîýòîìó ðàçðàáîòêà àëãî-
ðèòìà ïîçâîëÿþùåãî èññëåäîâàòü âëèÿíèå îò-
âåðñòèÿ ïðîèçâîëüíîé ôîðìû íà ÷àñòîòû ñîá-

ñòâåííûõ êîëåáàíèé ïðåäñòàâëÿåòñÿ àêòóàëüíîé.
Àíàëèç ïîñëåäíèõ èññëåäîâàíèé è ïóáëèêàöèé
Ðåøåíèþ âîïðîñà î âëèÿíèè âûðåçîâ ðàç-

ëè÷íîé ôîðìû íà ñîáñòâåííûå ÷àñòîòû êîëåáà-
íèé ïðÿìîóãîëüíûõ ïëàñòèí ïîñâÿùåíî áîëü-
øîå êîëè÷åñòâî ðàáîò. Â ÷àñòíîñòè, â ðàáîòå [1]
ñ ïîìîùüþ ìåòîäà Áóáíîâà-Ãàëåðêèíà èññëå-
äîâàíî âëèÿíèå âûðåçîâ íà ñîáñòâåííûå êîëå-
áàíèÿ òîíêîé óïðóãîé ïðÿìîóãîëüíîé ïëàñòè-
íû. Áûëè îïðåäåëåíû íèçøèå ÷àñòîòû äëÿ ïëà-
ñòèí îñëàáëåííûõ öåíòðàëüíûì âûðåçîì êâàä-
ðàòíîé, ïðÿìîóãîëüíîé, êðóãëîé è îâàëüíîé
ôîðìû. Ñ èñïîëüçîâàíèåì áàëî÷íûõ ôóíêöèé
êîëåáàíèé â ðàáîòå [2] îïðåäåëåíû ñîáñòâåí-
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íûå ÷àñòîòû ïðÿìîóãîëüíîé ïëàñòèíû ñ öåíò-
ðàëüíûì ïðÿìîóãîëüíûì âûðåçîì ïðè ïðîèç-
âîëüíîì çàêðåïëåíèè êðîìîê ïëàñòèíû. Â ðà-
áîòå [3] ðàññìàòðèâàåìàÿ çàäà÷à ðåøàëàñü ìåòî-
äîì Ðýëåÿ-Ðèòöà. Ñëåäóåò îòìåòèòü, ÷òî ðåøå-
íèå òàêèõ çàäà÷ òðàäèöèîííûìè ìåòîäàìè Ðý-
ëåÿ-Ðèòöà èëè Áóáíîâà-Ãàëåðêèíà ñîïðÿæåíî ñî
çíà÷èòåëüíûìè òðóäíîñòÿìè, ñâÿçàííûìè ñ âû-
áîðîì àïïðîêñèìèðóþùèõ ôóíêöèé äëÿ ïðîãè-
áà, óäîâëåòâîðÿþùèõ ãðàíè÷íûì óñëîâèÿì [4].
Ïîýòîìó ìíîãî èññëåäîâàíèé â ýòîì íàïðàâëå-
íèè âûïîëíÿëèñü ýêñïåðèìåíòàëüíî [5,6] èëè
òåîðåòèêî-ýêñïåðèìåíòàëüíûì ìåòîäîì [7].
Îáúåêòîì èñïûòàíèé â ýòèõ ðàáîòàõ ÿâëÿëèñü
êâàäðàòíûå ïëàñòèíû ñ çàùåìëåííûìè êðàÿìè,
ïîñêîëüêó òàêèå ãðàíè÷íûå óñëîâèÿ íàèáîëåå
ïðîñòî ðåàëèçóþòñÿ ýêñïåðèìåíòàëüíî. Ñîá-
ñòâåííûå êîëåáàíèÿ øàðíèðíî-îïåðòûõ êâàäðàò-
íûõ ïëàñòèí ñ öåíòðàëüíûì êðóãîâûì îòâåðñòè-
åì, ñâîáîäíûì îò íàïðÿæåíèé, èññëåäîâàëèñü â
ðàáîòå [8]. Îäíàêî ðåçóëüòàòû, ïîëó÷åííûå â
ýòîé ðàáîòå, îãðàíè÷åíû ñëó÷àÿìè ñðàâíèòåëü-
íî ìàëûõ îòâåðñòèé: r/a0,3 (a – äëèíà ñòîðîíû
ïëàñòèíêè, r – ðàäèóñ îòâåðñòèÿ).

Ôîðìóëèðîâàíèå öåëåé ñòàòüè (ïîñòàíîâêà
çàäà÷è)

Â äàííîé ðàáîòå äëÿ èññëåäîâàíèÿ âëèÿ-
íèÿ ïðîèçâîëüíîãî ñâîáîäíîãî îòâåðñòèÿ íà
÷àñòîòû ñîáñòâåííûõ êîëåáàíèé ïðÿìîóãîëüíûõ
ïëàñòèí (ðèñ. 1) ïðåäëàãàåòñÿ èñïîëüçîâàòü âà-
ðèàöèîííûé ïðèíöèï Ðåéññíåðà.

Ðèñ. 1. Êâàäðàòíàÿ øàðíèðíî-îïåðòàÿ ïëàñòèíêà ñî

ñâîáîäíûì îòâåðñòèåì

Ýòîò ïðèíöèï áûë óñïåøíî ïðèìåíåí â
ðàáîòå [9] ê çàäà÷àì îá èçãèáå è êîëåáàíèÿõ
ñïëîøíîé êîíñîëüíîé ïëàñòèíêè. Ìîæíî îæè-
äàòü, ÷òî ïîäîáíûé ìåòîä áóäåò òàêæå ýôôåê-
òèâåí è äëÿ ðåøåíèÿ ðàññìàòðèâàåìîé çàäà÷è,
ïîñêîëüêó îñíîâíûå îñîáåííîñòè èññëåäîâàíèÿ
ñîáñòâåííûõ êîëåáàíèé êîíñîëüíîé è ìíîãî-
ñâÿçíîé ïëàñòèíîê (íåîáõîäèìîñòü óäîâëåòâî-
ðåíèÿ ðàçëè÷íûõ ãðàíè÷íûõ óñëîâèé íà ðàçíûõ
ó÷àñòêàõ êîíòóðà) ñîâïàäàþò.

Èçëîæåíèå îñíîâíîãî ìàòåðèàëà èññëåäîâàíèÿ
Â ñëó÷àå ñîáñòâåííûõ êîëåáàíèé ïðèíöèï

Ðåéññíåðà äëÿ òîíêèõ ïëàñòèí [9] èìååò âèä:

  
 

2 2 2

x y xy2 2

2 2 2

x y xy

2

A

2
2

ntn
n

c

M M 2M
x y x y

M M 2 1 M
dxdy

2 1
0

2

MM
M 2 dt

n n t

       
          

     
    
    

   
   

   
  

                 





, (1)

ãäå 
 

2

2

Eh
D

12 1



; E – ìîäóëü óïðóãîñòè;  – êî-

ýôôèöèåíò Ïóàññîíà;  – êðóãîâàÿ ÷àñòîòà;
 – ïëîòíîñòü ìàññû íà åäèíèöó ïëîùàäè.

Âàðèàöèîííîå óðàâíåíèå (1) ýêâèâàëåíòíî
äèôôåðåíöèàëüíûì óðàâíåíèÿì ðàâíîâåñèÿ
ïëàñòèíêè, ôèçè÷åñêèì ñîîòíîøåíèÿì óïðóãî-
ñòè è ñòàòèñòè÷åñêèì ãðàíè÷íûì óñëîâèÿì íà
êîíòóðå îòâåðñòèÿ Ñ.

Óðàâíåíèå (1) èñïîëüçóåòñÿ äëÿ ïðèáëèæåí-
íîãî îïðåäåëåíèÿ ñîáñòâåííîé ÷àñòîòû êîëåáà-
íèé ñëåäóþùèì îáðàçîì. Ïðîãèá è ìîìåíòû
àïïðîêñèìèðóþòñÿ íåçàâèñèìî äðóã îò äðóãà
ôóíêöèÿìè ñ íåêîòîðûì ÷èñëîì íåîïðåäåëåí-
íûõ ïàðàìåòðîâ â êàæäîì âûðàæåíèè òàê, ÷òî-
áû âûïîëíÿëèñü ãðàíè÷íûå óñëîâèÿ íà êðàÿõ
ïëàñòèíêè. Ïîäñòàâëÿÿ ýòè âûðàæåíèÿ â âàðè-
àöèîííîå óðàâíåíèå (1) è ïðîèçâîäÿ âàðüèðî-
âàíèå, ïîëó÷àåì àëãåáðàè÷åñêóþ ñèñòåìó ëèíåé-
íûõ îäíîðîäíûõ óðàâíåíèé îòíîñèòåëüíî ïàðà-
ìåòðîâ. Ïðèðàâíèâàÿ îïðåäåëèòåëü ýòîé ñèñòå-
ìû íóëþ, íàõîäèì óðàâíåíèå äëÿ îïðåäåëåíèÿ
ñîáñòâåííîé ÷àñòîòû.

Óñïåõ îïèñàííîãî ìåòîäà çàâèñèò îò òîãî,
íàñêîëüêî óäà÷íî ïðåäëîæåííûå ôóíêöèè äëÿ
ïðîãèáà è ìîìåíòîâ àïïðîêñèìèðóþò èñòèííûå
ôóíêöèè ïðè ñîîòâåòñòâóþùåì âûáîðå íåîïðå-
äåëåííûõ ïàðàìåòðîâ. Ïîýòîìó äëÿ óëó÷øåíèÿ
ñõîäèìîñòè âû÷èñëèòåëüíîãî ïðîöåññà öåëåñîîá-
ðàçíî ïîä÷èíèòü àïïðîêñèìèðóþùèå ôóíêöèè
òàêæå è ãðàíè÷íûì óñëîâèÿì íà êîíòóðå îòâåð-
ñòèÿ. Ïðè ýòîì â âàðèàöèîííîì óðàâíåíèè èñ÷å-
çàåò êðèâîëèíåéíûé èíòåãðàë è èñõîäíàÿ ñèñòå-
ìà óðàâíåíèé ñóùåñòâåííî óïðîùàåòñÿ.

Ãðàíè÷íûå óñëîâèÿ äëÿ øàðíèðíî- îïåð-
òîé êâàäðàòíîé ïëàñòèíêè ñî ñâîáîäíûì îòâåð-
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ñòèåì (ðèñ. 1) âîçüìåì â ñëåäóþùåì âèäå:

ïðè 2=1, =0, Mx=0; ïðè 2=1, =0, M=0;  (2)

íà êîíòóðå îòâåðñòèÿ Ñ:

2 2

nM M cos M sin

M cos sin 0;

 



  

   

 
 

2 2

ntM M cos sin

M M cos sin 0;



 

   

    

n

M M
Q cos

M M
sin 0,

 

 



  
     

  
       

  
(3)

ãäå 
a

x2
 , 

a

y2
 ,  – óãîë ìåæäó îñüþ õ è íîð-

ìàëüþ ê êîíòóðó îòâåðñòèÿ Ñ.

Çäåñü ïðèíÿòû ãðàíè÷íûå óñëîâèÿ íà ñâî-
áîäíîì îòâåðñòèè (3) â ôîðìå, ïðåäëîæåííîé
Ïóàññîíîì. Îòêàç îò êèðãîôîâñêèõ ãðàíè÷íûõ
óñëîâèé âûçâàí òåì, ÷òî ïðèíÿòûå ãðàíè÷íûå
óñëîâèÿ ìîæíî ðàçðåøèòü îòíîñèòåëüíî M, M,
M. Â ðåçóëüòàòå ïîëó÷èì, ÷òî íà ãðàíèöå îò-
âåðñòèÿ:

M =M=M =0.  (4)

Ïðîãèá è ìîìåíòû âûãîäíî ïðåäñòàâèòü
ñëåäóþùèìè âûðàæåíèÿìè, óäîâëåòâîðÿþùèìè
ãðàíè÷íûìè óñëîâèÿìè:

k

1 1n 1n

n 1

c


   ; 

k

2 2n 2n

n 1

M c


   ;

k

3 3n 3n

n 1

M c


   ; 

k

4 4n 4n

n 1

M c


   ,     (5)

çäåñü i=0 íà òåõ ó÷àñòêàõ ãðàíèöû, ãäå ýòîãî
òðåáóåò âûïîëíåíèå ãðàíè÷íûõ óñëîâèé (2), (3);
in – íåêîòîðûå âûáðàííûå çàðàíåå àïïðîêñè-
ìèðóþùèå ôóíêöèè; cin – ïðîèçâîëüíûå ïîñòî-
ÿííûå. Èñïîëüçóÿ äëÿ ïîñòðîåíèÿ i – ôóí-
êöèè Ðâà÷åâà [10], [11] íåòðóäíî óäîâëåòâîðèòü

ãðàíè÷íûì óñëîâèÿì ïëàñòèíêè ñ îòâåðñòèåì
ïðîèçâîëüíîé ôîðìû.

Îïèñàííûé âûøå àëãîðèòì áûë ðåàëèçî-
âàí äëÿ îïðåäåëåíèÿ âëèÿíèÿ ñâîáîäíîãî öåíò-
ðàëüíîãî êðóãîâîãî îòâåðñòèÿ â êâàäðàòíîé ïëà-
ñòèíêå íà îñíîâíîé òîí åå êîëåáàíèé. Ïðè ýòîì
äëÿ ïðîñòîòû â ðàçëîæåíèÿõ (5) áûëî îñòàâëåíî
ïî îäíîé àïïðîêñèìèðóþùåé ôóíêöèè:

1c cos sin
2 2

 
  ;

 2 2 2

21M c R cos sin
2 2



 
    ;

 2 2 2

3M c R cos sin
2 2



 
    ;

 2 2 2

4M c R sin sin
2 2



 
    .  (6)

Ðåçóëüòàòû áûëè ñðàâíåíû ñ ðåçóëüòàòàìè,
ïîëó÷åííûìè â ðàáîòå [8] (ðèñ. 2). Íàèáîëüøåå
ðàñõîæäåíèå, îêîëî 16%, èìååò ìåñòî ïðè ìà-
ëûõ îòâåðñòèÿõ, ñ óâåëè÷åíèåì ðàçìåðà îòâåð-
ñòèÿ îíî ïàäàåò äî 10%. Ýòî îáúÿñíÿåòñÿ òåì,
÷òî ïðèíÿòàÿ àïïðîêñèìàöèÿ ìîìåíòîâ (6) íå
îáåñïå÷èâàåò ïðåäåëüíîãî ïåðåõîäà ê ñïëîøíîé
ïëàñòèíå. Íî, ïîñêîëüêó â ðàáîòå [8] ïîëó÷åíà
îöåíêà ñîáñòâåííîé ÷àñòîòû ñâåðõó òî, î÷åâèä-
íî, èñòèííàÿ ïîãðåøíîñòü ïîëó÷åííûõ ðåçóëü-
òàòîâ áóäåò íèæå óêàçàííîãî ðàñõîæäåíèÿ.

Ñ öåëüþ ïðîâåðêè ðåàëèçîâàííîãî àëãîðèò-
ìà áûëà ðåøåíà òåñòîâàÿ çàäà÷à îïðåäåëåíèÿ
ñîáñòâåííîé ÷àñòîòû ñïëîøíîé øàðíèðíî-îïåð-
òîé êâàäðàòíîé ïëàñòèíêè. Ïðè ýòîì åå ïðîãèá
è ìîìåíòû àïïðîêñèìèðîâàëèñü ñëåäóþùèìè
âûðàæåíèÿìè:

1

N N
c sin sin

2 2

 
  ;

2

N N
M c cos cos

2 2


 
 ;

3

N N
M c cos sin

2 2


 
 ;

4

N N
M c sin sin

2 2


 
 .  (7)
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Ðèñ. 2. Çàâèñèìîñòü îñíîâíîé ÷àñòîòû ñîáñòâåííûõ

êîëåáàíèé ïëàñòèíû îò ðàäèóñà îòâåðñòèÿ: 1 – ðåçóëüòàò

ðàáîòû [4]; 2 – ðåçóëüòàòû àâòîðîâ

Ðàñõîæäåíèå ðåçóëüòàòîâ ñ òî÷íûì ðåøå-
íèåì ñîñòàâèëî ìåíüøå 2%.

Âûâîäû
Ïðåäëîæåííûé àëãîðèòì îïðåäåëåíèÿ ñîá-

ñòâåííîé ÷àñòîòû êîëåáàíèé ïðÿìîóãîëüíûõ
ïëàñòèí ñî ñâîáîäíûì îòâåðñòèåì èìååò ðÿä
ïðåèìóùåñòâ ïî ñðàâíåíèþ ñ ìåòîäàìè, èñïîëü-
çîâàííûìè â ðàáîòàõ [1–4]. Îí íå íàêëàäûâàåò
îãðàíè÷åíèé íà ðàçìåð, ôîðìó è ðàñïîëîæåíèå
îòâåðñòèÿ, ëåãêî ðàñïðîñòðàíÿåòñÿ íà ñëó÷àè
íåñêîëüêèõ îòâåðñòèé è äðóãèõ óñëîâèé çàêðåï-
ëåíèÿ ïëàñòèíû è îòâåðñòèÿ. Ïðè ýòîì, íåîá-
õîäèìî îòìåòèòü íåäîñòàòîê, êîòîðûé èìååò
ìåñòî ïðè èñïîëüçîâàíèè ïðèíöèïà Ðåéññíåðà
â çàäà÷àõ î êîëåáàíèÿõ. Â òî âðåìÿ êàê ìåòîä
Ðýëåÿ-Ðèòöà äàåò çíà÷åíèå ÷àñòîò, êîòîðûå áîëü-
øå ñîîòâåòñòâóþùèõ òî÷íûõ çíà÷åíèé, ïðèíöèï
Ðåéññíåðà ýòîãî íå ãàðàíòèðóåò [9]. Âû÷èñëåí-
íûå ÷àñòîòû ìîãóò áûòü áîëüøå èëè ìåíüøå
òî÷íûõ çíà÷åíèé è íåò íèêàêèõ ïðèåìîâ, ïî-
çâîëÿþùèõ îïðåäåëèòü çíàê ýòîãî îòêëîíåíèÿ.
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ÌÎÄÅËÞÂÀÍÍß Â²ËÜÍÈÕ ÊÎËÈÂÀÍÜ
ÏÐßÌÎÊÓÒÍÎ¯ ÏËÀÑÒÈÍÈ Ç ÎÒÂÎÐÎÌ ÄÎÂ²ËÜÍÎ¯
ÔÎÐÌÈ

Äèñêîâñüêèé  Î.À., Ìàëà Þ.À.

Äëÿ äîñë³äæåííÿ âïëèâó äîâ³ëüíîãî â³ëüíîãî îòâîðó íà
÷àñòîòè âëàñíèõ êîëèâàíü ïðÿìîêóòíèõ ïëàñòèí âèêîðèñòî-
âóºòüñÿ âàð³àö³éíèé ïðèíöèï Ðåéññíåðà. Ïðîãèí ³ ìîìåíòè àï-
ðîêñèìóþòüñÿ íåçàëåæíî îäèí â³ä îäíîãî R-ôóíêö³ÿìè ç íåâèç-
íà÷åíèìè ïàðàìåòðàìè òàê, ùîá âèêîíóâàëèñÿ ãðàíè÷í³ óìîâè
íà êðàÿõ ïëàñòèíè. Ãðàíè÷í³ óìîâè íà â³ëüíîìó îòâîð³ ïðèé-
íÿò³ ó ôîðì³, ÿê³ çàïðîïîíîâàí³ Ïóàññîíîì. Ïðîïîíîâàíèé àë-
ãîðèòì áóâ ðåàë³çîâàíèé äëÿ âèçíà÷åííÿ âïëèâó â³ëüíîãî öåíò-
ðàëüíîãî êðóãîâîãî îòâîðó â êâàäðàòí³é ïëàñòèí³ íà îñíîâíèé
òîí ¿¿ êîëèâàíü. Ïðè öüîìó äëÿ ïðîñòîòè â ðîçêëàäàííÿõ áóëî
çàëèøåíî ïî îäí³é àïðîêñèìóþ÷³é ôóíêö³¿. Ðåçóëüòàòè áóëè
ïîð³âíÿí³ ç ðåçóëüòàòàìè, ÿê³ îòðèìàí³ â ðîáîò³ Ð. Íåãàðòà ³
Ò. Àðèìàí. Íàéá³ëüøà ðîçá³æí³ñòü, áëèçüêî 16% ìàº ì³ñöå ïðè
ìàëèõ îòâîðàõ, ç³ çá³ëüøåííÿì ðîçì³ðó îòâîðó âîíà ïàäàº äî
10%. Ç ìåòîþ ïåðåâ³ðêè ðåàë³çîâàíîãî àëãîðèòìó áóëà ðîçâ’ÿ-
çàíà òåñòîâà çàäà÷à âèçíà÷åííÿ âëàñíî¿ ÷àñòîòè ñóö³ëüíî¿
øàðí³ðíî-îïåðòî¿ êâàäðàòíî¿ ïëàñòèíêè. Ðîçá³æí³ñòü ðåçóëü-
òàò³â ç òî÷íèì ðîçâ’ÿçêîì ñêëàëî ìåíøå 2%. Çàïðîïîíîâàíèé
àëãîðèòì âèçíà÷åííÿ âëàñíî¿ ÷àñòîòè êîëèâàíü ïðÿìîêóòíèõ
ïëàñòèí ç â³ëüíèì îòâîðîì ìàº íèçêó ïåðåâàã â ïîð³âíÿíí³ ç
ìåòîäàìè, ÿê³ áóëè âèêîðèñòàí³ â ðîáîòàõ Ó. Êð³ñòåíñàíà,
Â. Ñîåäåëà ³ Ð. Íåãàðòà. Íàïðèêëàä, â³í íå íàêëàäàº îáìåæåíü
íà ðîçì³ð, ôîðìó ³ ðîçòàøóâàííÿ îòâîðó, ëåãêî ïîøèðþºòüñÿ
íà âèïàäêè äåê³ëüêîõ îòâîð³â ³ ³íøèõ óìîâ çàêð³ïëåííÿ ïëàñòè-
íè ³ îòâîðó. Ïðè öüîìó, íåîáõ³äíî â³äì³òèòè íåäîë³ê, ÿêèé ìàº
ì³ñöå ïðè âèêîðèñòàíí³ ïðèíöèïó Ðåéññíåðà â çàäà÷àõ ïðî êî-
ëèâàííÿ. Ó òîé ÷àñ ÿê ìåòîä Ðåëåÿ-Ð³òöà äàº çíà÷åííÿ ÷àñ-
òîò, ÿê³ á³ëüøå â³äïîâ³äíèõ òî÷íèõ çíà÷åíü, ïðèíöèï Ðåéññíå-
ðà öüîãî íå ãàðàíòóº. Îá÷èñëåí³ ÷àñòîòè ìîæóòü áóòè á³ëüøå
àáî ìåíøå òî÷íèõ çíà÷åíü ³ íåìàº í³ÿêèõ ïðèéîì³â, ùî äîçâîëÿ-
þòü âèçíà÷èòè çíàê öüîãî â³äõèëåííÿ.

Êëþ÷îâ³ ñëîâà: ïðÿìîêóòíà ïëàñòèíà, â³ëüíèé îòâ³ð,
âëàñí³ ÷àñòîòè, ïðèíöèï Ðåéññíåðà, R-ôóíêö³¿.

FREE VIBRATIONS MODELING OF THE RECTANGULAR
PLATE WITH AN ARBITRARY FROM HOLE

Diskovskiy O.A., Mala Yu.A.

National Metallurgical Academy of Ukraine, Dnipro, Ukraine

The Reissner variations principle is used to study influence of
an arbitrary hole on the frequencies of rectangular plate. Deflection
and moments are approximated independently through the R-functions
with a few (not defined yet) parameters in order to satisfy boundary
conditions on the plate edges. The boundary conditions on contour
hole are considered in form proposed by Poisson. The described
algorithm has been realized numerically to study influence of the
free central circle hole localized in a square plate on its fundamental
frequency of vibration. For simplicity, we have used only one
approximating functions in the series. Our results have been compared
with those obtained by R. Hegarty and T. Ariman. The largest error
on amount of 16% occurs for small holes; increase of the hole size
decreases the error to 10%. In order to validate the proposed algorithm,
a test problem is solved to define the fundamental frequency of the
continuous simply supported square plate. A difference comparing
with the exact result achieved less than 2%. It should be emphasized
that the proposed algorithms of the estimation of fundamental
frequency of vibrations of the rectangular plates with free hole has
numerous advantages in comparison to the methods used in works
by U. Kristiansen, W. Soedel and R. Hegarty. Namely, it does not
introduce any limits on the dimensions, form and location of a hole,
and can be extended to study a case with several holes and other
boundary conditions for the plate and hole. There is, however, one

drawback while applying the Reissner principle to the problems of
vibrations. In the contrary to the Rayleigh-Ritz method, which allows
to estimates frequencies located over their exact values, the Reissner
method cannot guarantee this. In words, the obtained frequencies
can be either larger or smaller than the exact values, and there is no
way to estimate a sign of this deviation.

Keywords: rectangular plate, arbitrary hole, fundamental
frequency of vibration, Reissner principle, R-functions.
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DECOMPOSITION METHOD FOR SOLVING SYSTEMS OF DIFFERENTIAL
EQUATIONS FOR THE PROBLEMS OF MODELLING CORROSION DEFORMATION

PROCESSES

Ukrainian State University of Chemical Technology, Dnipro, Ukraine

The article offers and justifies a method for solving systems of differential equations (SDE)

that simulate time changes of stress and strain state due to the influence of corrosive

environment (the process of corrosion deformation). The objective of modelling is the

determination of the construction durability that is the time of its flawless operation. The

finite element model of the object under study determines dimension of SDE modelling

the process of corrosion deformation. The right-hand sides of the differential equations

contain functions of mechanical stresses. The finite element method is used to calculate

stresses. The proposed decomposition method is based on the transformation of the initial

differential equations by introducing functions describing the influence of the remaining

equations and the subsequent solution of one of these equations. Based on the analysis of

the factors influencing the stress change in the area of the given finite element, we propose

to introduce into the corresponding differential equation a function approximating the

change of internal forces over time. In this case, the discrepancy between the results of the

initial SDE solution and an individual equation is determined only by the error in

approximating the dependence of the internal force on time. The article shows that this

allows a multi-rate reduction of computational costs. In addition, for a numerical solution

of SDE, we propose to use a modified algorithm of the Euler method with a variable

integration step by argument. The result of the solution is determination of corrosive

construction durability, i.e. operating time before exhaustion of bearing capacity. To illustrate

the proposed method, we solved the problem of calculating the durability of a flat-plate

subjected to corrosive wear. The article provides the results of numerical experiments

confirming the accuracy of the proposed numerical solution with minimal computational

costs. The decomposition method for solving SDE, modelling the process of corrosion

deformation of plane-stressed plates, can be generalized to other classes of constructions.

Keywords: decomposition method, corrosive medium, process of corrosion deformation,

system of differential equations, plane-stress corroding plates.

Statement of the problem

When solving practical problems associated with
the finite element modelling of the corrosion
deformation process and predicting the durability of
metal constructions operating in corrosive
environments (CE), the problem of accuracy and
efficiency of computational methods and algorithms
becomes particularly important. In the general case,
modelling of changes in stress and strain state of a
construction in time due to the physical and chemical
processes occurring in its elements assumes a
numerical solution of the Cauchy problem for systems
of differential equations (SDE) describing the
accumulation of geometric damages. The finite

element model of the object under study determines
the dimension of the SDE. The increase in accuracy
due to the increase in the number of nodes of the
time grid leads to a sharp increase in computing
costs. In this article, we propose and justify the
method of solving SDE, based on the decomposition
of the system and allowing to achieve high accuracy
of the numerical solution with minimal
computational costs.

Analysis of recent research and publications

At the initial development stage of Corrosive
Structure Mechanics as an independent direction of
Construction Mechanics most works practically do
not pay attention to analyzing the accuracy of the
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obtained results. At best, only the method of solving
SDE is indicated [1]. Such a disregard for numerical
methods, and, especially, for estimation of their
accuracy, is probably caused by the fact that authors
were interested only in qualitative estimates.

The paper [2] should be considered one of the
first works, which gives recommendations for
choosing the parameters of the numerical solution
for SDE in the study of corroding plates. It was
proposed to take the length of the integration step
in time not more than 1/200 of the plate thickness
ratio to the corrosion rate in the absence of stresses.
These recommendations, however, do not take into
account such important factors affecting inaccuracy
of numerical solution as the value of stress at the
initial time and the rate of stress changes. In addition,
following these recommendations can lead to
excessive computational costs in the study of multi-
element constructions, especially for optimization
problems.

In later works, the increase in the efficiency
and accuracy of computational algorithms was
provided due to their modification including the use
of analytical dependencies between the parameters
of the cross section and the corrosive environment,
stress, limiting values of the corrosion depth and
time [3]. However, quantitative estimates of the errors
in solution were not given in these studies.

Obviously, one of the first papers devoted to
improving the efficiency of numerical integration of
systems of differential equations is [4]. In this paper,
they used the method of dynamic programming for
the problem of minimizing the number of arithmetic
operations when integrating a system of ordinary
differential equations of the nth order by controlling
the length of the integration step.

The approach based on the formalization of
information about the influence on  solution
inaccuracy (in addition to the length of the
integration step) of such factors as the initial values
of stresses in the element, parameters of corrosive
environment and, for rod constructions, the
characteristics of its cross-sections (shape, area,
perimeter) is apparently more promising. This
formalization was carried out with the help of artificial
neural networks (ANN) [5,6] in the study of hinged-
rod structures (HRS). With the obvious advantages
of this approach, the question about the effect of
the time variation of internal forces in finite elements
on the accuracy of the obtained solution remained
open.

The problem of the accuracy and efficiency of
the numerical solution for SDE describing
accumulation of geometric damages becomes
especially important in problems of optimal design

for corrosive structures [7] where the calculation of
the constraint functions involves determining the
durability of the construction. It should be noted
that methods for solving discrete optimization
problems including genetic methods assume higher
computational costs in comparison with methods of
Mathematical Programming [8].

Research objective

We will consider plane-stressed plates subject
to corrosive wear as an object of study. The task of
modelling is the determination of the construction
durability - the time of its trouble-free operation.

Due to the inf luence of a corrosive
environment, the thickness of the plate decreases
that, in turn, leads to an increase in mechanical
stresses. If we take the depth of a corrosion damage
as a parameter for corrosion action (damage
parameter), the system of differential equations
modelling the process of corrosion plate deformation
can be presented as follows:

  i
0 i i t 0

d
v F ; 0; i 1, N.

dt



         (1)

Here: t – time; v0 – corrosion rate in the
absence of stress;  – equivalent of stress; F –
function describing the influence of stress over the
rate of the corrosion process; N – number of
elements in the finite element model.

The right-hand sides of the SDE contain the
functions of mechanical stresses F(). The following
equations of Deformable Solid Mechanics are used
to calculate stresses: the system of equations of
equilibrium and deformation compatibility, the
Cauchy relations and physical relationships (the
Hooke’s law for elastic bodies). As a system of
equations for the finite element method (FEM) they
look as follows:

1R K u;

D u;

E ,

  

  

   
  (2)

where K, D, E are the matrices of rigidity,
differentiation and elasticity; ,u,R  and  – vectors
of nodal loads, displacements, deformations, and
stresses.

Since the stress state is complex:

 Txyyx ,,  , in the right-hand side of the system

(1), the stress intensity is taken as the equivalent
stress eq. Stresses are calculated in the center of
finite element (FE) gravity. The structure loses its
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bearing capacity when the stress in any of its elements
reaches the maximum permissible value. The time
moment corresponding to this state determines
durability of the structure. Thus, the solution of the
durability problem reduces to solving the Cauchy
problem for a system (1) together with the solution
of FEM problem (2). The calculation cycle is
repeated until the structural capacity is exhausted.

Obviously, the system (1) can be solved only
numerically and the solution of the FEM problem
(2) is performed at each node of the time grid. This
determines the level of computational costs which
increases nonlinearly with FEM problem dimension
growth and, as a consequence, the growth of SDE
dimension.

Main material of the research

Stress changes in the finite elements are affected
by two factors: the change in the thickness of these
elements hi and the change in their internal forces
Qi. The first factor is relatively easy to take into
account, since the magnitude of the corrosion damage
in the ith element is determined by the stress value
only in this element. At a constant value of forces,
SDE (1) degenerates into a simple set of unbound
differential equations varying only in parameters.

  i
0 i i i i

i t 0

d
v F h , Q ;

dt

0; i 1, N.

      

  
  (3)

The durability of any element can be
determined analytically, i.e. exactly (within the
accepted model of corrosion wear). Thus, the solution
of the durability prediction problem for statically
plane-strained plates reduces to solving independent
differential equations.

In the proposed algorithm for solving the
durability problem, we use analytical formulas that
determine the relationship between the thicknesses
of FE, the initial and final stresses in them and
parameters of corrosion wear.

Suppose that stress values are constant in D
surroundings of some point (Fig. 1,a). It follows from
the hypothesis of equivalent stress that the corrosion
process in its vicinity occurs at the same rate as in
the vicinity of the same point under the conditions
of simple stressed state at =eq (Fig. 1,b).

To obtain a durability formula, we consider a
plate fragment as a rod of rectangular cross section
under uniaxial loading. As a model for accumulation
of geometric damages, we take the following kinetic
equation:

 0

d
v 1 k

dt


   ,  (4)

where k – coefficient of stress influence on the rate
of corrosion.

ab

Fig. 1. Corrosion process under conditions of complex and

simple stress state

Substantiation for the possibility of the equation
(4) usage in modelling of processes of corrosion
deformation is given in the monograph [3].

For a simple stress state, stresses in the element
of h(t) thickness in the area D are determined as
follows:

 
 
eq

eq

q
t

h t
  ,  (5)

where qeq – intensity of the equivalent force in the
plane of the element.

Differentiating (5) with respect to time after
simple transformations for the damage accumulation
model (4) we obtain a differential equation
determining relationship between the initial and final
equivalent stresses, the initial thickness of the
element, the parameters of the corroding medium
over time:

 
2

eq eq 0
eq

eq 0 0

d v
1 k

dt h

 
   


.  (6)

By means of integration (6), we finally obtain:

 
 

eq 0 eq eq eq 00
eq 0

0 eq eq 0eq eq 0

1 kh
t k ln

v 1 k

     
   

     
. (7)

This solution can also serve as an approximate
estimate for durability of statically indeterminate
constructions. Its inaccuracy is determined by the
degree of change in forces within the boundaries of
the finite elements.
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In statically indeterminate constructions, the
force in a given element depends on time-varying
thicknesses of all the elements. This is what
determines relationship between equations of the
system (1):

    i
0 i i i i

i t 0

d
v F h , Q ;

dt

0; i 1, N.

       

  
  (8)

In addition to parameters of corrosive wear, a
large number of factors influence the character of
the change in time including topology of the
construction, its initial geometric parameters,
boundary and loading conditions as well as the
number of elements in the finite element model.

The idea of the method proposed by the authors
is to create a function for the time variation of the
force that allows to consider a separate differential
equation instead of SDE (8) since this function allows
to take into account influence of the remaining
equations 2.

If dependence of force on time in the element
which determines durability of the structure as a
whole is formalized, then instead of a system of
equations (8) it is sufficient to obtain a numerical
solution of a single equation with any degree of
accuracy since it is no longer necessary to solve the
FEM problem to calculate the stresses. This
considerably reduces computational costs.
Discrepancy between a hypothetical exact solution
of SDE (8) and a solution of one equation is
determined only by the approximating error of the
force and time dependence. On the other hand, a
function approximating the dependence of the
internal force on time can be created only as a result
of solving SDE as mentioned above (8).

Accordingly, we offer to carry out the solution
of the problem in two stages.

The first stage involves a numerical solution of
SDE with a minimum number of nodal points for
determining the number of the element which
determines the construction durability and creating
for it an approximating function of time variation of
the force. As a result of the first stage realization,
the approximate value of the structure durability t~

is determined.
The results of numerical experiments lead to

the conclusion that the third-degree polynomial quite
accurately approximates the law of internal force
variation. Therefore, in the time interval  t~;0  four
node points are sufficient. Thus, at the first stage

the FEM problem is solved only four times.
The second stage includes transformation of a

differential equation describing the corrosion process
in the element with the shortest durability by means
of introducing the resulting approximating function
Q=Q(t) into its right-hand part and then its numerical
solution with the required accuracy. Its solution is a
specified value of the structure durability.

Let us consider the algorithm for the numerical
solution of Cauchy problem for the following SDE
(8).

In most of the known works, one-step
numerical methods of the Runge-Kutta type were
used to solve SDE, most often the Euler’s method.
The disadvantages of these methods, in addition to
low efficiency, are amply described in [3].

The main disadvantage of the methods used is
that the abscissa of the intersection point of the
function graph =(t) with the line *=*(t) is
unknown; its definition is the result of solving the
problem of forecasting durability. The arbitrary
assignment of the integration step length (the distance
between the nodes of the time grid) not only does
not allow to control the accuracy of a numerical
solution, but also not always provides the condition
of its existence for all possible parameters of SDE.

This article offers to use the modified algorithm
of the Euler’s method with a variable integration
step by the argument for the numerical solution of
SDE (8) (Fig. 2). We suggest to specify the increment
of the function S=const and determine the
corresponding value of the argument increment tS
by the formula (7). The parameter of the
computational procedure is the number of equidistant
node points of the interval [0; *].

Fig. 2. Graphical illustration of computational algorithm

In this case, the condition for the existence of
a numerical solution is satisfied for the entire domain
of SDE parameter definition.

For a numerical illustration of the proposed
method, consider a rectangular plate loaded in its
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plane by uniformly distributed load, and located in
corrosive environment. The calculation scheme (a)
and the finite element model (b) of the plate are
presented in Fig. 3.

Parameters of the plate and corrosive medium
were taken as follows:

– geometrical characteristics: L=40 cm;
H=20 cm; h0=1,5 cm;

– mechanical characteristics: E=2,1105 MPa;
=0,3; *=[]=240 MPa;

– loading parametres: q=40 kN/cm; l=15 cm;
– parametres of corroding environment:

v0=0,1 cm/year; k=0,003 MPa-1.
At the first stage, we determine the approximate

value of the plate durability:

 1 2 32t min t ; t ; ; t    ,  (9)

where 3221 t~;;t~;t~   represent durability of the
elements found using formula (7) with a constant
value of internal forces. The value found in this way
is determined by the durability of the first element
and amount to t

~
3,8405 years.

The obtained result is used to receive a
calibration value of durability. The Cauchy problem
for SDE (8) is solved by the Euler’s method with
recalculation. The distance between the nodes of
the time grid is assumed to be equal to t=0,005,
t~ =0,0195 years. The solution for the three last nodes
of the time grid is refined with the parabolic method.
The calibration value of the plate durability is
tet=3,9731 years. To obtain a calibration solution,
the problem of calculating the stressed state of a

construction by the finite element method has been
solved 204 times.

Some results obtained during the
implementation of the first stage of the decomposition
method are shown in Table. Here we provide the
absolute values of forces and stresses (in parentheses)
in structural elements.

At the second stage, the change in forces in
the area of the first finite element of the structure is
approximated with the third-degree polynomial using
the data of the first four table rows.

The differential equation describing the process
of corrosive destruction in the first element with the
formalized dependence of the internal force on time
is as follows:

2 3

0 1 2 3
0

0

q t t td
v 1 k

dt h 2

    
    

  
,  (10)

where a1, a2, a3 – polynomial coefficients, h0 –
thickness of the plate while t=0,0.

The numerical solution of the equation (10) is
obtained using the Euler’s method with recalculation
at t=0,0195 year. The obtained value of durability
is t*=3,9562 years. The error in solving the problem
relative to the reference solution is 0,5%. At the
same time, FEM problem is solved five times, i.e.
the computational costs decrease by more than
40 times.

Conclusions

The decomposition method for solving systems

à                                                                                         b

Fig. 3. The calculation scheme and the finite element model of the plate

qeq, kN/cm (eq, MPa) 
t, years 

(1) (2) (3) (4) (5) 

0,0 10,825 (72,17) 8,587 (57,25) 5,795 (38,64) 4,027 (26,85) 4,383 (29,22) 

2,173 10,693 (110,09) 8,529 (86,09) 5,776 (56,91) 4,042 (39,23) 4,426 (43,08) 

3,161 10,520 (148,52) 8,456 (113,96) 5,750 (73,39) 4,059 (50,15) 4,480 (55,72) 

3,715 10,315 (188,11) 8,371 (141,04) 5,718 (88,16) 4,077 (59,77) 4,543 (67,32) 

4,077 10,302 (238,50) 8,364 (168,68) 5,683 (101,93) 4,098 (68,63) 4,581 (78,58) 

 

The results of the solution with the Euler’s method with variable time step
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of differential equations modelling the process of
corrosion deformation for plane-strained plates
presented in this article can be generalized to other
classes of constructions. According to the authors,
the most promising usage of this method is
represented in solving problems of optimal structure
design with limitation on durability. In this case,
the task of determining the durability is solved at
each iteration of the search for the optimal project
that leads to large computational costs. The
application of the decomposition method solves the
problem with minimal computational costs and high
accuracy.
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ÄÅÊÎÌÏÎÇÈÖÈÎÍÍÛÉ ÌÅÒÎÄ ÐÅØÅÍÈß
ÑÈÑÒÅÌ ÄÈÔÔÅÐÅÍÖÈÀËÜÍÛÕ ÓÐÀÂÍÅÍÈÉ Â
ÇÀÄÀ×ÀÕ ÌÎÄÅËÈÐÎÂÀÍÈß ÏÐÎÖÅÑÑÎÂ
ÊÎÐÐÎÇÈÎÍÍÎÃÎ ÄÅÔÎÐÌÈÐÎÂÀÍÈß

Çåëåíöîâ Ä.Ã., Ëÿøåíêî Î.À.

Â íàñòîÿùåé ðàáîòå ïðåäëàãàåòñÿ è îáîñíîâûâàåòñÿ
ìåòîä ðåøåíèÿ ñèñòåì äèôôåðåíöèàëüíûõ óðàâíåíèé (ÑÄÓ),
ìîäåëèðóþùèõ ïðîöåññ èçìåíåíèÿ âî âðåìåíè íàïðÿæ¸ííî-äå-
ôîðìèðîâàííîãî ñîñòîÿíèÿ êîíñòðóêöèé âñëåäñòâèå âîçäåéñòâèÿ
àãðåññèâíûõ ñðåä (ïðîöåññ êîððîçèîííîãî äåôîðìèðîâàíèÿ). Çà-
äà÷åé ìîäåëèðîâàíèÿ ÿâëÿåòñÿ îïðåäåëåíèå äîëãîâå÷íîñòè êîí-
ñòðóêöèè, òî åñòü âðåìåíè å¸ áåçîòêàçíîé ðàáîòû. Ðàçìåð-
íîñòü ÑÄÓ, êîòîðàÿ ìîäåëèðóåò ïðîöåññ êîððîçèîííîãî äåôîð-
ìèðîâàíèÿ,  îïðåäåëÿåòñÿ êîíå÷íî-ýëåìåíòíîé ìîäåëüþ èññëå-
äóåìîãî îáúåêòà. Ïðàâûå ÷àñòè  äèôôåðåíöèàëüíûõ óðàâíåíèé
ñîäåðæàò ôóíêöèè ìåõàíè÷åñêèõ íàïðÿæåíèé. Äëÿ âû÷èñëå-
íèÿ íàïðÿæåíèé èñïîëüçóåòñÿ ìåòîä êîíå÷íûõ ýëåìåíòîâ.
Ïðåäëàãàåìûé äåêîìïîçèöèîííûé ìåòîä îñíîâàí íà ïðåîáðàçî-
âàíèè èñõîäíûõ äèôôåðåíöèàëüíûõ óðàâíåíèé ñèñòåìû ïóò¸ì
ââåäåíèÿ â íèõ ôóíêöèé, îïèñûâàþùèõ âëèÿíèå îñòàëüíûõ óðàâ-
íåíèé, è ïîñëåäóþùåì ðåøåíèè îäíîãî èç ýòèõ óðàâíåíèé. Íà
îñíîâàíèè àíàëèçà ôàêòîðîâ, âëèÿþùèõ íà èçìåíåíèå íàïðÿ-
æåíèÿ â îáëàñòè äàííîãî êîíå÷íîãî ýëåìåíòà, ïðåäëîæåíî ââå-
ñòè â ñîîòâåòñòâóþùåå äèôôåðåíöèàëüíîå óðàâíåíèå ôóíê-
öèþ, àïïðîêñèìèðóþùóþ èçìåíåíèå âíóòðåííèõ óñèëèé âî âðå-
ìåíè. Â ýòîì ñëó÷àå ðàñõîæäåíèå ðåçóëüòàòîâ ðåøåíèÿ èñõîä-
íîé ÑÄÓ è îòäåëüíîãî óðàâíåíèÿ áóäóò îïðåäåëÿòüñÿ ëèøü ïî-
ãðåøíîñòüþ àïïðîêñèìàöèè çàâèñèìîñòè âíóòðåííåãî óñèëèÿ
îò âðåìåíè. Â ðàáîòå ïîêàçàíî, ÷òî ýòî ïîçâîëèò ìíîãîêðàò-
íî ñíèçèòü âû÷èñëèòåëüíûå çàòðàòû. Êðîìå òîãî, â íàñòî-
ÿùåé ñòàòüå äëÿ ÷èñëåííîãî ðåøåíèÿ ÑÄÓ ïðåäëàãàåòñÿ èñ-
ïîëüçîâàòü ìîäèôèöèðîâàííûé àëãîðèòì ìåòîäà Ýéëåðà ñ ïå-
ðåìåííûì øàãîì èíòåãðèðîâàíèÿ ïî àðãóìåíòó. Ðåçóëüòàòîì
ðåøåíèÿ ÿâëÿåòñÿ îïðåäåëåíèå äîëãîâå÷íîñòè êîððîäèðóþùèõ
êîíñòðóêöèé, òî åñòü âðåìåíè ðàáîòû äî ìîìåíòà èñ÷åðïàíèÿ
íåñóùåé ñïîñîáíîñòè. Äëÿ èëëþñòðàöèè ïðåäëàãàåìîãî ìåòîäà
ðåøåíà çàäà÷à ðàñ÷¸òà äîëãîâå÷íîñòè ïëîñêîíàïðÿæ¸ííîé ïëà-
ñòèíû, ïîäâåðæåííîé êîððîçèîííîìó èçíîñó. Ïðèâîäÿòñÿ ðå-
çóëüòàòû ÷èñëåííûõ ýêñïåðèìåíòîâ, ïîäòâåðæäàþùèå òî÷-
íîñòü ïðåäëàãàåìîãî ÷èñëåííîãî ðåøåíèÿ ïðè ìèíèìàëüíûõ âû-
÷èñëèòåëüíûõ çàòðàòàõ. Ïðåäëîæåííûé â ñòàòüå äåêîìïîçè-
öèîííûé ìåòîä ðåøåíèÿ ÑÄÓ, ìîäåëèðóþùèõ ïðîöåññ êîððîçè-
îííîãî äåôîðìèðîâàíèÿ ïëîñêîíàïðÿæ¸ííûõ ïëàñòèí, ìîæåò
áûòü îáîáù¸í íà äðóãèå êëàññû êîíñòðóêöèé.

Êëþ÷åâûå ñëîâà: äåêîìïîçèöèîííûé ìåòîä,
àãðåññèâíàÿ ñðåäà, ïðîöåññ êîððîçèîííîãî äåôîðìèðîâàíèÿ,
ñèñòåìà äèôôåðåíöèàëüíûõ óðàâíåíèé, ïëîñêîíàïðÿæ¸ííûå
êîððîäèðóþùèå ïëàñòèíû.
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ÄÅÊÎÌÏÎÇÈÖ²ÉÍÈÉ ÌÅÒÎÄ ÐÎÇÂ’ßÇÀÍÍß
ÑÈÑÒÅÌ ÄÈÔÅÐÅÍÖ²ÀËÜÍÈÕ Ð²ÂÍßÍÜ Â ÇÀÄÀ×ÀÕ
ÌÎÄÅËÞÂÀÍÍß ÏÐÎÖÅÑ²Â ÊÎÐÎÇ²ÉÍÎÃÎ
ÄÅÔÎÐÌÓÂÀÍÍß

Çåëåíöîâ Ä.Ã., Ëÿøåíêî Î.À.

The article offers and justifies a method for solving systems of
differential equations (SDE) that simulate time changes of stress
and strain state due to the influence of corrosive environment (the
process of corrosion deformation). The objective of modelling is the
determination of the construction durability that is the time of its
flawless operation. The finite element model of the object under
study determines dimension of SDE modelling the process of corrosion
deformation. The right-hand sides of the differential equations contain
functions of mechanical stresses. The finite element method is used
to calculate stresses. The proposed decomposition method is based
on the transformation of the initial differential equations by introducing
functions describing the influence of the remaining equations and
the subsequent solution of one of these equations. Based on the
analysis of the factors influencing the stress change in the area of the
given finite element, we propose to introduce into the corresponding
differential equation a function approximating the change of internal
forces over time. In this case, the discrepancy between the results of
the initial SDE solution and an individual equation is determined
only by the error in approximating the dependence of the internal
force on time. The article shows that this allows a multi-rate reduction
of computational costs. In addition, for a numerical solution of SDE,
we propose to use a modified algorithm of the Euler method with a
variable integration step by argument. The result of the solution is
determination of corrosive construction durability, i.e. operating time
before exhaustion of bearing capacity. To illustrate the proposed
method, we solved the problem of calculating the durability of a flat-
plate subjected to corrosive wear. The article provides the results of
numerical experiments confirming the accuracy of the proposed
numerical solution with minimal computational costs. The
decomposition method for solving SDE, modelling the process of
corrosion deformation of plane-stressed plates, can be generalized to
other classes of constructions.

Keywords: decomposition method, corrosive medium, pro-
cess of corrosion deformation, system of differential equations,
plane-stress corroding plates.

DECOMPOSITION METHOD FOR SOLVING SYSTEMS
OF DIFFERENTIAL EQUATIONS FOR THE PROBLEMS
OF MODELLING CORROSION DEFORMATION
PROCESSES

Zelentsov D.G., Liashenko O.A.

Ukrainian State University of Chemical Technology, Dnipro,
Ukraine

The article offers and justifies a method for solving systems of
differential equations (SDE) that simulate time changes of stress
and strain state due to the influence of corrosive environment (the
process of corrosion deformation). The task of modelling is the
determination of the construction durability that is the time of its
flawless operation. The finite element model of the object under
study determines dimension of SDE modelling the process of corrosion
deformation. The right-hand sides of the differential equations contain
functions of mechanical stresses. The finite element method is used
for calculating stresses. The proposed decomposition method is based
on the transformation of the initial differential equations by introducing
in them functions describing the influence of the remaining equations
and the subsequent solution of one of these equations. Based on the
analysis of the factors influencing the stress change in the area of the
given finite element, we propose to introduce into the corresponding
differential equation a function approximating the change of internal
forces over time. In this case, the discrepancy between the results of

the initial SDE solution and an individual equation is determined
only by the error in approximating the dependence of the internal
force on time. The article shows that this allows a multi-rate reduction
of computational costs. In addition, for a numerical solution of SDE,
we propose to use a modified algorithm of the Euler method with a
variable integration step by argument. The result of the solution is
determination of corrosive construction durability, i.e. operating time
before exhaustion of bearing capacity. To illustrate the proposed
method, we solved the problem of calculating the durability of a flat-
plate subjected to corrosive wear. The article provides the results of
numerical experiments confirming the accuracy of the proposed
numerical solution with minimal computational costs. The
decomposition method for solving SDE modelling the process of
corrosion deformation of plane-stressed plates can be generalized to
other classes of constructions.

Keywords: decomposition method, corrosive environment,
process of corrosion deformation, system of differential equa-
tions, plane-stress corroding plates.
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²ÍÒÅËÅÊÒÓÀËÜÍÀ Ï²ÄÑÈÑÒÅÌÀ Ä²ÀÃÍÎÑÒÓÂÀÍÍß ÇÀÕÂÎÐÞÂÀÍÜ ÍÀ
ÎÑÍÎÂ² ÀÍÀË²ÇÓ ÊÐÎÂ²

ÄÂÍÇ «Óêðà¿íñüêèé äåðæàíèé õ³ì³êî-òåõíîëîã³÷íèé óí³âåðñèòåò», ì. Äí³ïðî, Óêðà¿íà

Ðîáîòà ïðèñâÿ÷åíà ñòâîðåííþ ³íòåëåêòóàëüíî¿ ï³äñèñòåìè ä³àãíîñòóâàííÿ çàõâî-

ðþâàíü çà àíàë³çîì êðîâ³, ïàðàìåòðè ÿêîãî ìîæóòü â³äõèëÿòèñÿ â³ä íîðìè òà îïèñó-

âàòèñÿ ³íòåðâàëüíèìè âåëè÷èíàìè. Ó äàí³é ðîáîò³ ïðîïîíóºòüñÿ âèêîðèñòîâóâàòè

åëåìåíòè îá÷èñëþâàëüíîãî ³íòåëåêòó, çîêðåìà: òåîð³þ íå÷³òêèõ ìíîæèí. Äëÿ âèç-

íà÷åííÿ â³äõèëåíü àíàë³çó êðîâ³ çàñòîñîâàíî íîðìàòèâí³ ìåäè÷í³ äîêóìåíòè, íà

îñíîâ³ ÿêèõ âñòàíîâëþºòüñÿ íîðìà àáî íå íîðìà ïîêàçíèê³â. Ïðîïîíóºòüñÿ îïèñó-

âàòè ò³ ïàðàìåòðè, ÿê³ âèõîäÿòü çà ìåæ³ íîðìàòèâíèõ äîêóìåíò³â çà äîïîìîãîþ

ôóíêö³é íàëåæíîñò³. Ó äåÿêèõ âèïàäêàõ âèêîðèñòîâóþòüñÿ ë³íãâ³ñòè÷í³ çì³íí³, çîê-

ðåìà, òåðì-ìíîæèíè «äóæå», «íå äóæå» òà ³í. Çàïðîïîíîâàíî äëÿ âèçíà÷åíîñò³ çà-

ñòîñîâóâàòè ïðÿì³ åêñïåðòí³ ìåòîäè ïîáóäîâè ôóíêö³é íàëåæíîñò³. Ó á³ëüøîñò³

âèïàäê³â îáðàíî òà âèêîðèñòîâóþòüñÿ òðàïåö³ºâèäí³ ôóíêö³¿. Çã³äíî ïðÿìèõ åêñ-

ïåðòíèõ îö³íîê, âîíè ìàþòü ³íòåðâàëüí³ ãðàíèö³ çì³íåííÿ ïîêàçíèê³â, ùî â³äõèëÿ-

þòüñÿ â³ä íîðìàòèâíèõ ìåäè÷íèõ äîêóìåíò³â. Äëÿ àíàë³òè÷íîãî çàâäàííÿ ôóíêö³é

íàëåæíîñò³ âèêîðèñòîâóºòüñÿ ñõîâèùå ¿õ ïàðàìåòð³â òà ³íòåðâàëè, íà ÿêèõ ìîæóòü

âàð³þâàòèñÿ ïîêàçíèêè, ùî â³äõèëÿþòüñÿ â³ä íîðìè. Äàíà ³íôîðìàö³éíà ï³äñèñòå-

ìà ìàº áàçó äàíèõ ïàö³ºíò³â òà äèíàì³÷íî îíîâëþºòüñÿ. ²íôîðìàö³éíà ï³äñèñòåìà

ðîçðàõîâàíà íà ìåäè÷íèõ ïðàö³âíèê³â òà ìàº ðîçãàëóæåí³ ïðàâà äîñòóïó. Òàê, íà-

ïðèêëàä, ìåäè÷í³ ñåñòðè ïðàöþþòü ò³ëüêè ç áàçîþ äàíèõ, à ë³êàð³ ìàþòü äîñòóï äî

âñ³º¿ ñèñòåìè. Ñòâîðåíà ³íôîðìàö³éíà ï³äñèñòåìà º âåá-îð³ºíòîâíîþ, òîìó ðåàë³çî-

âàíà ìîæëèâ³ñòü çâîðîòíîãî çâ’ÿçêó ç ïàö³ºíòàìè. Çà ¿õ áàæàííÿì íà åëåêòðîííó

ñêðèíüêó íàäñèëàþòüñÿ ðåçóëüòàòè àíàë³çó êðîâ³ ïàö³ºíòà. Ïðè÷îìó, ïðè â³äõèëåí-

íÿõ ó ðåçóëüòàòàõ çà êîíêðåòíèìè ïàðàìåòðàìè âèäàºòüñÿ ñòóï³íü âïåâíåíîñò³ ôà-

õ³âöÿ â òîìó ÷è ³íøîìó çàõâîðþâàíí³. Ó ðîáîò³ íà îñíîâ³ íîðìàòèâíèõ ìåäè÷íèõ

äîêóìåíò³â âèêîðèñòàíî òà ñôîðìîâàíî íå÷³òêó áàçó ïðàâèë ìåäè÷íîãî ä³àãíîñòó-

âàííÿ çàõâîðþâàíü çà àíàë³çîì êðîâ³. Ñòâîðåíó ³íôîðìàö³éíó ï³äñèñòåìó ìîæíà

ââàæàòè ³íòåëåêòóàëüíîþ, òàê ÿê çàñòîñîâàíî åëåìåíòè îá÷èñëþâàëüíîãî ³íòåëåê-

òó, äî ÿêèõ, çîêðåìà, ³ â³äíîñèòüñÿ òåîð³ÿ íå÷³òêèõ ìíîæèí.

Êëþ÷îâ³ ñëîâà: ôóíêö³¿ íàëåæíîñò³, íå÷³òê³ ìíîæèíè, ñòóï³íü âïåâíåíîñò³, ìåäè-

÷íå ä³àãíîñòóâàííÿ, ³íòåëåêòóàëüíà ï³äñèñòåìà.

Ïîñòàíîâêà ïðîáëåìè
Âèêîðèñòàííÿ ³íôîðìàö³éíèõ òåõíîëîã³é â

ìåäèöèí³, ÿê ïðàâèëî, âåäåòüñÿ çà íàñòóïíèìè
íàïðÿìàìè: äîêóìåíòîîá³ã òà ô³íàíñîâà çâ³ò-
í³ñòü, âèêîðèñòàííÿ â³äïîâ³äíîãî îáëàäíàííÿ,
ä³àãíîñòóâàííÿ òà ³í.

Íàéá³ëüø íàóêîºìíèì íàïðÿìîì º ä³àãíî-
ñòóâàííÿ òà ïðîãíîçóâàííÿ ð³çíîãî ðîäó çàõâî-
ðþâàíü, ÿêå áàçóºòüñÿ íà ð³çíèõ ìåòîäàõ, ó òîìó
÷èñë³: ñòàòèñòè÷í³ ìåòîäè îáðîáêè äàíèõ, íå-
ë³í³éíèõ ðåãðåñ³éíèõ ìåòîäàõ, âèêîðèñòàííÿ
ñèñòåì øòó÷íîãî ³íòåëåêòó [1].

Íà ñüîãîäí³øí³é äåíü ³ñíóþ÷èé ïðîöåñ ä³àã-
íîñòóâàííÿ ïàö³ºíò³â ë³êàðåíü, çîêðåìà äåðæà-
âíèõ, º äîñèòü äîâãèì òà áàãàòîåòàïíèì, îñê³ëü-
êè äëÿ ï³äòâåðäæåííÿ àáî ñïðîñòóâàííÿ ä³àãíî-
çó ïîòð³áíî çäàòè íèçêó àíàë³ç³â, ùî ìîæå ïðè-
çâåñòè, ÷åðåç äîâãîòðèâàë³ñòü äàíîãî ïðîöåñó, äî
çàãîñòðåííÿ õâîðîáè àáî ïîñòàâëåííÿ õèáíîãî
ä³àãíîçó. ²ñíóþ÷³ àâòîìàòèçîâàí³ ìåòîäè ä³àãíî-
ñòèêè º íåäîñòàòíüî åôåêòèâíèìè – á³ëüø³ñòü
ñèñòåì îð³ºíòîâàíà íà âèçíà÷åííÿ êîíêðåòíîãî
çàõâîðþâàííÿ, ùî ÷åðåç ñïåöèô³êó ìåäè÷íî¿
ãàëóç³, ìàº âèñîêó éìîâ³ðí³ñòü âèÿâèòèñü õèá-
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íèì, äàí³ ñèñòåìè ìàþòü íåâèïðàâäàíó
ñêëàäí³ñòü àëãîðèòì³â òà ¿õ ïðîãðàìíî¿ ðåàë³çàö³¿.

Àíàë³ç îñòàíí³õ äîñë³äæåíü ³ ïóáë³êàö³é
Òàêèì ÷èíîì, ³ñíóº ïðîáëåìà íåäîñêîíà-

ëîñò³ ñó÷àñíèõ ìåòîä³â ä³àãíîñòóâàííÿ, ùî íå
çàáåçïå÷óþòü âèñîêó òî÷í³ñòü âèÿâëåííÿ çàõâî-
ðþâàííÿ òà çðó÷í³ñòü çàñòîñóâàííÿ ³ç çàëó÷åí-
íÿì ïåðñîíàëüíèõ ìîá³ëüíèõ çàñîá³â, íå ìîæóòü
áóòè âèêîðèñòàí³ ïàö³ºíòàìè äèñòàíö³éíî áåç
â³äâ³äóâàííÿ ë³êàðí³.

Äëÿ óñóíåííÿ äàíî¿ ïðîáëåìè ïðîïîíóºòü-
ñÿ ï³äõ³ä, çàñíîâàíèé íà âèçíà÷åí³ ïîêàçíèê³â
çàãàëüíîãî àíàë³çó êðîâ³, ùî ïðîâîäèòüñÿ ïðè
á³ëüøîñò³ çàõâîðþâàíü ³ ïðîô³ëàêòè÷íèõ îáñòå-
æåííÿõ, òà âêëþ÷àº â ñåáå 10 ïîêàçíèê³â, êîæåí
ç ÿêèõ ïðè â³äõèëåíí³ â³ä íîðìè ïåðåäáà÷àº
ñõèëüí³ñòü äî ïåâíèõ õâîðîá. Ä³àãíîñòóâàííÿ çà
äîïîìîãîþ îòðèìàíèõ ïîêàçíèê³â àíàë³çó êðîâ³
äîïîìàãàº âèÿâèòè â³äõèëåííÿ ðåçóëüòàò³â â³ä
íîðìè òà ñïðîãíîçóâàòè òèï çàõâîðþâàííÿ ïàö³-
ºíòà ç êîíêðåòíèì ñòåïåíåì âïåâíåíîñò³ ñïåö³-
àë³ñòà.

Ñë³ä çàçíà÷èòè, ùî ïðè àíàë³ç³ îá’ºêò³â, ùî
õàðàêòåðèçóþòüñÿ äîñòàòíüî âåëèêîþ ê³ëüê³ñòþ
ïàðàìåòð³â, âèíèêàº íåîáõ³äí³ñòü ðîçðîáêè òà
âèêîðèñòàííÿ ìåòîä³â, ÿê³ ñïåö³àë³çóþòüñÿ íà
êëàñèô³êàö³¿ áàãàòîì³ðíèõ äàíèõ [2].

ßê çàçíà÷àëîñÿ ðàí³øå, äëÿ ä³àãíîñòóâàííÿ
òà ïðîãíîçóâàííÿ çàõâîðþâàíü ìîæíà âèêîðè-
ñòîâóâàòè: ñòàòèñòè÷í³ ìåòîäè, ðåãðåñ³éíèé
àíàë³ç, ìåòîäè òà ñèñòåìè øòó÷íîãî ³íòåëåêòó,
çîêðåìà åêñïåðòí³ ñèñòåìè [3], íåéðîíí³ ìåðåæ³
[4] òà íå÷³òê³ ìíîæèíè.

Ôîðìóëþâàííÿ ìåòè äîñë³äæåííÿ
Äëÿ ïîïåðåäíüî¿ ä³àãíîñòèêè çàõâîðþâàíü

íà îñíîâ³ àíàë³çó êðîâ³ áàçîâèì äîêóìåíòîì ÿâ-
ëÿºòüñÿ ìåäè÷íî-íîðìàòèâíèé äîêóìåíò [5] àíà-
ë³çó êðîâ³ (òàáë. 1), âèõîäÿ÷è ç ÿêîãî îáèðàºòü-
ñÿ âèä ôóíêö³é íàëåæíîñò³ (ÔÍ) – òðàïåö³-
ºâèäí³. Òîáòî ÿäðîì ôóíêö³¿ íàëåæíîñò³ º ³íòåð-
âàë ç ìåäè÷íî-íîðìàòèâíîãî äîêóìåíòó, à á³÷í³
ðåáðà òðàïåö³¿ áóäóþòüñÿ íà îñíîâ³ çíàíü åêñ-
ïåðòà ó äàí³é ïðåäìåòí³é îáëàñò³. Áàçóþ÷èñü íà
ìåäè÷íî-íîðìàòèâíîìó äîêóìåíò³, ìàºìî çàäà-
÷ó êëàñèô³êàö³¿.

Òàêèì ÷èíîì, âêàçàíèé íîðìàòèâíî-ìåäè-
÷íèé äîêóìåíò äàº ìîæëèâ³ñòü âèçíà÷èòè ³íòåð-
âàë, ÿêèé º íîðìîþ/íåíîðìîþ, ÿê äëÿ æ³íîê
òàê ³ äëÿ ÷îëîâ³ê³â. Ñë³ä çàçíà÷èòè, ùî äëÿ çàâ-
äàííÿ ôóíêö³é íàëåæíîñò³, äå ïàðàìåòðè ìàþòü
â³äõèëåííÿ (òîáòî íå íîðìó), âèêîðèñòîâóþòü-
ñÿ ïðÿì³ ìåòîäè ïîáóäîâè ÔÍ, âèõîäÿ÷è ç åêñ-
ïåðòíèõ îö³íîê.

Âèêëàä îñíîâíîãî ìàòåð³àëó äîñë³äæåííÿ
Äàë³ áóäå íàâåäåíî ïàðàìåòðè àíàë³çó êðîâ³,

ÿê³ â ðîáîò³ âèêîðèñòàíî äëÿ íàäàííÿ ÔÍ äëÿ
æ³íîê (òàáë. 2) òà ÷îëîâ³ê³â (òàáë. 3). ßê çàçíà-
÷àëîñÿ ðàí³øå, íà îñíîâ³ íîðìàòèâíèõ äîêó-
ìåíò³â ñòâîðþâàíà ³íôîðìàö³éíà ï³äñèñòåìà
äîçâîëÿº áóäóâàòè ãðàô³êè ôóíêö³é íàëåæíîñò³,
ôðàãìåíòè íàäàííÿ ¿õ ó ïðîãðàì³ íàâîäÿòüñÿ â
òàáëèöÿõ. Â ðîáîò³ çàñòîñîâóþòüñÿ ë³íãâ³ñòè÷í³
çì³íí³, òàê³ ÿê â³äõèëåííÿ â³ä íîðìè. Çàïèñó-
þòüñÿ òåðì-ìíîæèíè ³ç çàñòîñóâàííÿì îïåðàö³é
ðîçòÿãíåííÿ òà ñòèñíåííÿ, çîêðåìà äëÿ çàâäàí-
íÿ çíà÷åíü òåðì³â «äóæå», «íå äóæå» òà ³í.

Ôàêòè÷íî äëÿ çàâäàííÿ ôóíêö³é íàëåæíîñò³
äëÿ ÷îëîâ³ê³â òà æ³íîê ãîëîâíèì º íîðìàòèâíèé
ìåäè÷íèé äîêóìåíò, à äëÿ óòâîðåííÿ òåðì³â ïðè
â³äõèëåíí³ àíàë³çó êðîâ³ âèêîðèñòîâóþòüñÿ ñèí-
òàêñè÷í³ òà ñåìàíòè÷í³ ïðàâèëà. Âçàãàë³ âîíè ÿê
äëÿ æ³íîê, òàê ³ äëÿ ÷îëîâ³ê³â ìàþòü îäíàêîâó
ñòðóêòóðó, òîìó ùî ñèíòàêñè÷í³ ïðàâèëà, ÿê³
ïîðîäæóþòü íàçâè òåðì³â, ïðàêòè÷íî íå â³äð³çíÿ-
þòüñÿ. ßê â³äîìî, ñåìàíòè÷í³ ïðàâèëà ïîðî-
äæóþòüñÿ ñèíòàêñè÷íèìè.

Íàïðèêëàä, äëÿ ÷îëîâ³ê³â ôóíêö³þ íàëåæ-
íîñò³ «ãåìîãëîá³í» ìîæíà çàäàòè (âèõîäÿ÷è ç
íîðìàòèâíîãî ìåäè÷íîãî äîêóìåíòó) [2]. Àíàë³-
òè÷íå òà ãðàô³÷íå íàäàííÿ ìàº âèãëÿä, ïðåäñòàâ-
ëåíèé â òàáë. 3.

Íàñòóïí³ ïîêàçíèêè íîðìè/íåíîðìè
(«ëåéêîöèòè», «áàçîô³ëè», «åîçèíîô³ëè», «ïàëè-
÷êîÿäåðí³», «ñåãìåíòîÿäåðí³», «ë³ìôîöèòè» òà
«ìîíîöèòè») îäíàêîâ³ ÿê äëÿ ÷îëîâ³ê³â òàê ³ äëÿ
æ³íîê, ôóíêö³¿ íàëåæíîñò³ òà ¿õ ãðàô³êè ïîáó-
äîâè ïðåäñòàâëÿþòüñÿ àíàëîã³÷íî ãðàô³êàì, ÿê³
íàâåäåíî ó òàáë. 2 òà 3. Ñë³ä çàóâàæèòè, ùî òåðì-
ìíîæèíè ïðåäñòàâëÿþòüñÿ ïîä³áíèì ÷èíîì ³
òîìó äàë³ íå íàâîäÿòüñÿ.

Нормальне значення Показник 

загального 

аналізу крові Жінки Чоловіки 

Одиниці 

виміру 

Гемоглобін 120–140 130–160 г/л 

Еритроцити 3,7–4,7 4,0–5,1 1012 клітин/л 

Лейкоцити 4,0–9,0 109 клітин/л 

Базофіли 0–0,65 109 клітин/л 

Еозинофіли 4,0–8,8 109 клітин/л 

Паличкоядерні 0,04–0,30 109 клітин/л 

Сегментоядерні 2,0–5,5 109 клітин/л л 

Лімфоцити 1,2–3,0 109 клітин/л 

Моноцити 0,09–0,60 109 клітин/л 

ШОЄ 2–15 1–10 мм/год 

 

Òàáëèöÿ 1

Íîðìàòèâíî-ìåäè÷íèé äîêóìåíò àíàë³çó êðîâ³
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№ Назва параметра Програмна реалізація деяких графіків ФН Аналітичне надання ФН 

1 гемоглобін 

 

1

1, якщо 10 x 100

0,067x 7,67, якщо 100 x 115

0,05x 5, якщо 100 x 120

1, якщо 120 x 140

0,05x 8, якщо 140 x 160

0,067x 9,67, якщо 145 x 160

1, якщо 160 x 220













 
   

  
   

   
  

 

 

2 еритроцити 

 

2

1, якщо 1 x 1,7

x 2,7, якщо 1,7 x 2,7

0,43x 0,57, якщо 1,35 x 3,7

1, якщо 3,7 x 140

0,5x 3,35, якщо 4,7 x 6,7

x 5,7, якщо 5,7 x 6,7

1, якщо 6,7 x 8,7













 
   

  
   

   
  

 

 

3 
швидкість осідання 

еритроцитів (ШОЕ) 

 

3

x 1, якщо 1 x 2

1, якщо 2 x 15

0,5x 8,5, якщо 15 x 17

x 16, якщо 16 x 17

0,05x 8, якщо 140 x 160

1, якщо 17 x 23











  
 

   
 

  
   

 

 

 Òàáëèöÿ 3

Íàäàííÿ ïàðàìåòð³â àíàë³çó êðîâ³ äëÿ ÷îëîâ³ê³â çà äîïîìîãîþ ÔÍ

№ Назва параметра Програмна реалізація деяких графіків ФН Аналітичне надання ФН 

1 гемоглобін 

 

1

1, якщо 10 x 100

0,067x 8,33, якщо 110 x 125

0,05x 5,5, якщо 110 x 130

1, якщо 130 x 160

0,05x 9, якщо 160 x 180

0,067x 11, якщо 165 x 180

1, якщо 180 x 220













 
   

  
   

   
  

 

 

2 еритроцити 

 

2

1, якщо 1 x 2

0,67x 2,33, якщо 2 x 3,5

0,8x 2,2, якщо 2,75 x 4

1, якщо 4 x 5,1

0,5x 3,35, якщо 5,1 x 7,1

x 6,1, якщо 6,1 x 7,1

1, якщо 7,1 x 9,1













 
   

  
   

   
  

 

 

3 

швидкість осідання 

еритроцитів 

(ШОЕ) 

 

3

2,86x 1,86, якщо 0,65 x 1

1, якщо 1 x 10

0,2x 3, якщо 10 x 15

0,25x 3,25, якщо 13 x 17

1, якщо 17 x 23









  
 

     
  

 

 

 

Òàáëèöÿ 2

Íàäàííÿ ïàðàìåòð³â àíàë³çó êðîâ³ äëÿ æ³íîê çà äîïîìîãîþ ÔÍ
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Ðèñ. 1. Â³êíî ï³äñèñòåìè «Çàíåñåíèå ðåçóëüòàòîâ àíàëèçà ïàöèåíòà»

ßê çàçíà÷àëîñÿ ðàí³øå, â ðîáîò³ âèêîðèñ-
òàíî ìåäè÷í³ äîêóìåíòè äëÿ ïðîãíîçóâàííÿ çàõ-
âîðþâàííÿ ïî àíàë³çó êðîâ³. Íà ¿õ áàç³ ôîðìó-
þòüñÿ íå÷³òê³ ïðàâèëà, òîáòî ñòâîðþºòüñÿ íå-
÷³òêà áàçà ïðàâèë. Âèêîðèñòàííÿ òàêî¿ áàçè äîç-
âîëÿº ïðîãíîçóâàòè çàõâîðþâàííÿ ïî àíàë³çó
êðîâ³.

Ðåçóëüòàòîì ðîáîòè º ñïðîåêòîâàíà ³íôîð-
ìàö³éíà ï³äñèñòåìà, ÿêà ðîçðàõîâàíà íà âèêî-
ðèñòàííÿ ìåäèêîì-ëàáîðàíòîì òà ë³êàðåì. Ó
ñòâîðåí³é ³íôîðìàö³éí³ ñèñòåì³ º ìîæëèâ³ñòü
çáåð³ãàííÿ îñîáèñòî¿ ³íôîðìàö³¿ ïðî ïàö³ºíò³â
òà ðåçóëüòàò³â ¿õ àíàë³çó êðîâ³. Ñèñòåìà ìàº ðîç-
ãàëóæåí³ ïðàâà äîñòóïó, òîáòî äëÿ ñåðåäíüîãî òà
âèùîãî ìåäè÷íîãî ïåðñîíàëó. Ëàáîðàíò áåçïî-
ñåðåäíüî ïðàöþº ç áàçîþ ïàö³ºíò³â, à ñàìå âè-
êîíóº: çàïîâíåííÿ, âíåñåííÿ äàíèõ òà ðåçóëü-
òàò³â àíàë³çó. Ë³êàð ìàº ìîæëèâ³ñòü àíàë³çóâàòè
îòðèìàí³ ðåçóëüòàòè. Ðîáîòó ç áàçîþ äàíèõ
ïàö³ºíò³â ïðåäñòàâëåíî íà ðèñ. 1.

Ñôîðìóâàòè çâ³ò ìîæëèâî ò³ëüêè ïðè íà-

ÿâíîñò³ ðåçóëüòàò³â ïàö³ºíòà. Äîñòóï äî ïðîöåñó
ïåðåãëÿäó ä³àãíîñòóâàííÿ, ùî ïðîïîíóº ñèñòå-
ìà, ìàº ò³ëüêè ôàõ³âåöü – ë³êàð. Äåÿê³ çâ³òè
ôîðìóþòüñÿ ò³ëüêè ç ïîðÿäêîâèì íîìåðîì áàçè
äàíèõ ïàö³ºíò³â. Îñòàííº º íåîáõ³äíèì äëÿ çáå-
ðåæåííÿ êîíô³äåíö³éíî¿ ³íôîðìàö³¿.

Íàïîâíåí³ñòü áàçè äàíèõ, ç ÿêîþ ïðàöþº
ìåäèê-ëàáîðàíò äåìîíñòðóº ðèñ. 2. Î÷åâèäíî, ùî
çà íåîáõ³äíîñò³ äîñòóï äî íå¿ ìàº ³ ë³êàð.

Îêðåì³ ôðàãìåíòè ðîáîòè ïðîãðàìíîãî
ìîäóëÿ, ÿêèé íà îñíîâ³ àíàë³çó êðîâ³ ìîæå âè-
êîíàòè ïðîãíîçóâàííÿ çàõâîðþâàííÿ ïàö³ºíòà,
íàäàíî íà ðèñ. 3. Çàóâàæèìî, ùî ó äàíîìó âè-
ïàäêó ïðåäñòàâëåíî ÷àñòèíà â³êíà ðîáîòè ï³äñè-
ñòåìè. ßêùî â³äõèëåíü â³ä íîðìè ó ïàö³ºíòà
íåìàº, òî ñèñòåìà âèäàº çíà÷åííÿ ôóíêö³¿ íà-
ëåæíîñò³ ð³âíèì îäèíèö³. Ó òèõ  âèïàäêàõ, êîëè
â³äõèëåííÿ ìàþòü ì³ñöå, òî ñèñòåìà íàäàº ñòåï³íü
âïåâíåíîñò³ åêñïåðòà, ó ÿêîñò³ çíà÷åííÿ â³ä íóëÿ
äî îäèíèö³. Ñàìå òóò (ó âèïàäêó â³äõèëåííÿ)
ìîæå ñïðàöþâàòè íå÷³òêà áàçà ïðàâèë òà ìîæ-
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Ðèñ. 2. Â³êíî ï³äñèñòåìè «Áàçà äàííûõ ðåçóëüòàòîâ àíàëèçà ïàöèåíòîâ»

Ðèñ. 3. Ôðàãìåíò â³êíà ï³äñèñòåìè «Äèàãíîñòèðîâàíèå çàáîëåâàíèé»
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Ðèñ. 4. Â³êíî ñôîðìîâàíîãî çâ³òó ç³ ñòóïåíåì âïåâíåíîñò³ åêñïåðòà

ëèâî îòðèìàòè ïðîãíîçîâàíå çàõâîðþâàííÿ, ó
òîìó ÷èñë³, íàïðèêëàä, ç âèêîðèñòàííÿì
ë³íãâ³ñòè÷íèõ çì³ííèõ.

Íàñòóïí³ ôðàãìåíòè ðîáîòè ïðîãðàìíîãî
ìîäóëÿ äåìîíñòðóþòü â³äõèëåííÿ â³ä íîðìè äå-
ÿêèõ ïîêàçíèê³â àíàë³çó êðîâ³ òà íàäàþòü ñòóï³íü
âïåâíåíîñò³ åêñïåðòà ïðî òå, ùî òå ÷è ³íøå çà-
õâîðþâàííÿ ìîæå áóòè ó ïàö³ºíòà. Ë³êàð, ÿêèé
ìàº äîñòóï äî ³íôîðìàö³éíî¿ ñèñòåìè, ìîæå
àíàë³çóâàòè îòðèìàí³ ðåçóëüòàòè òà ïðèéìàòè
ð³øåííÿ â³äíîñíî îòðèìàíèõ ðåçóëüòàò³â. Ó òîìó
âèïàäêó, êîëè ðåçóëüòàòè àíàë³çó ìàþòü â³äõè-
ëåííÿ, òî àâòîìàòè÷íî ôîðìóºòüñÿ çâ³ò, ÿêèé çà
çãîäîþ ïàö³ºíòà íàäñèëàºòüñÿ éîìó åëåêòðîí-
íîþ ïîøòîþ.

Ñàìå òàê³ ðåçóëüòàòè ðîáîòè ³íôîðìàö³éíî¿
ï³äñèñòåìè ä³àãíîñòóâàííÿ íàâåäåíî íà ðèñ. 4.
Çàóâàæèìî, ùî ó äàíîìó ôðàãìåíò³ ìàþòü ì³ñöå
â³äõèëåííÿ ó ðåçóëüòàò³ àíàë³çó êðîâ³, à ñàìå
ïðîãíîçóºòüñÿ çàõâîðþâàí³ñòü áàçîô³ë³ºþ òà
åîç³íîô³ë³ºþ ç³ ñòóïåíåì âïåâíåíîñò³ åêñïåðòà
â³äïîâ³äíî 0,66 òà 0,90.

Âèñíîâêè
Ôîðìàë³çîâàíî íå÷³òêó ³íôîðìàö³þ çà äî-

ïîìîãîþ òåîð³¿ íå÷³òêèõ ìíîæèí, à ñàìå: ïîêàç-
íèêè àíàë³çó êðîâ³ çàïèñàíî çà äîïîìîãîþ òðà-
ïåö³ºâèäíèõ ôóíêö³é íàëåæíîñò³, ÿäðîì ÿêèõ º
äàí³ ìåäè÷íî-íîðìàòèâíîãî äîêóìåíòà. Ðåàë³-
çîâàíî ìîæëèâ³ñòü ïðîãíîçóâàííÿ çàõâîðþâàí-
íÿ ïàö³ºíòà çà àíàë³çîì êðîâ³, à ñàìå: ÿêùî âîíè
âèõîäÿòü çà íîðìó, òî çà äîïîìîãîþ çíà÷åíü
ôóíêö³¿ íàëåæíîñò³ âèçíà÷àòè ñòóï³íü âïåâíå-
íîñò³ åêñïåðòà.
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ÈÍÒÅËËÅÊÒÓÀËÜÍÀß ÏÎÄÑÈÑÒÅÌÀ
ÄÈÀÃÍÎÑÒÈÐÎÂÀÍÈß ÇÀÁÎËÅÂÀÍÈÉ ÍÀ ÎÑÍÎÂÅ
ÀÍÀËÈÇÀ ÊÐÎÂÈ

Èâàíîâà Å.À., Êîðîòêàÿ Ë.È.

Äëÿ îïðåäåëåíèÿ îòêëîíåíèé àíàëèçà êðîâè èñïîëüçóþò-
ñÿ íîðìàòèâíûå ìåäèöèíñêèå äîêóìåíòû, íà îñíîâàíèè êîòî-
ðûõ îïðåäåëÿåòñÿ íîðìà èëè íå íîðìà ïîêàçàòåëåé. Ïðåäëàãà-
åòñÿ îïèñûâàòü òå ïàðàìåòðû, êîòîðûå âûõîäÿò çà ïðåäåëû
íîðìàòèâíûõ ìåäèöèíñêèõ äîêóìåíòîâ ñ ïîìîùüþ ôóíêöèé
ïðèíàäëåæíîñòè. Â íåêîòîðûõ ñëó÷àÿõ èñïîëüçóþòñÿ ëèíãâè-
ñòè÷åñêèå ïåðåìåííûå, â ÷àñòíîñòè, òåðì-ìíîæåñòâà «ñèëü-
íî», «íå ñèëüíî» è äð. Ïðåäëîæåíî äëÿ îïðåäåëåííîñòè èñïîëü-
çîâàòü ïðÿìûå ýêñïåðòíûå ìåòîäû ïîñòðîåíèÿ ôóíêöèé ïðè-
íàäëåæíîñòè. Â áîëüøèíñòâå ñëó÷àåâ âûáðàíî è èñïîëüçóþòñÿ
òðàïåöèåâèäíûå ôóíêöèè. Ñîãëàñíî ïðÿìûì ýêñïåðòíûì îöåí-
êàì, îíè èìåþò èíòåðâàëüíûå ãðàíèöû èçìåíåíèÿ ïîêàçàòå-
ëåé, êîòîðûå îòêëîíÿþòñÿ îò íîðìàòèâíûõ ìåäèöèíñêèõ äî-
êóìåíòîâ. Äëÿ àíàëèòè÷åñêîãî çàäàíèÿ ôóíêöèé ïðèíàäëåæ-
íîñòè èñïîëüçóåòñÿ õðàíèëèùå èõ ïàðàìåòðîâ è èíòåðâàëîâ,
íà êîòîðûõ ìîãóò âàðüèðîâàòüñÿ ïîêàçàòåëè, êîòîðûå îò-
êëîíÿþòñÿ îò íîðìû. Äàííàÿ èíôîðìàöèîííàÿ ïîäñèñòåìà
èìååò áàçó äàííûõ ïàöèåíòîâ è äèíàìè÷åñêè îáíîâëÿåòñÿ.
Èíôîðìàöèîííàÿ ïîäñèñòåìà ðàññ÷èòàíà íà ìåäèöèíñêèõ ðà-
áîòíèêîâ è èìååò ðàçâåòâëåííûå ïðàâà äîñòóïà. Òàê, íàïðè-
ìåð, ìåäèöèíñêèå ñåñòðû ðàáîòàþò òîëüêî ñ áàçîé äàííûõ, à
âðà÷è èìåþò äîñòóï êî âñåé ñèñòåìå. Ñîçäàííàÿ èíôîðìàöè-
îííàÿ ïîäñèñòåìà ÿâëÿåòñÿ âåá-îðèåíòèðîâàííîé, ïîýòîìó
ðåàëèçîâàíà âîçìîæíîñòü îáðàòíîé ñâÿçè ñ ïàöèåíòàìè. Ïî
èõ æåëàíèþ, íà ýëåêòðîííóþ ïî÷òó îòïðàâëÿþòñÿ ðåçóëüòà-
òû àíàëèçà êðîâè ïàöèåíòà. Ïðè÷¸ì, ïðè îòêëîíåíèÿõ â ðå-
çóëüòàòàõ ïî êîíêðåòíûì ïàðàìåòðàì âûäà¸òñÿ ñòåïåíü óâå-
ðåííîñòè ñïåöèàëèñòà â òîì èëè èíîì çàáîëåâàíèè. Â ðàáîòå
íà îñíîâå íîðìàòèâíûõ ìåäèöèíñêèõ äîêóìåíòîâ èñïîëüçîâàíî
è ñôîðìèðîâàíî íå÷¸òêóþ áàçó ïðàâèë ìåäèöèíñêîãî äèàãíî-
ñòèðîâàíèÿ çàáîëåâàíèé ïî àíàëèçó êðîâè. Ñîçäàííóþ èíôîð-
ìàöèîííóþ ïîäñèñòåìó ìîæíî ñ÷èòàòü èíòåëëåêòóàëüíîé, òàê
êàê èñïîëüçîâàíû ýëåìåíòû âû÷èñëèòåëüíîãî èíòåëëåêòà, ê
êîòîðûì, â ÷àñòíîñòè, è îòíîñèòñÿ òåîðèÿ íå÷¸òêèõ ìíî-
æåñòâ.

Êëþ÷åâûå ñëîâà: ôóíêöèè ïðèíàäëåæíîñòè, íå÷¸òêèå
ìíîæåñòâà, ñòåïåíü óâåðåííîñòè, ìåäèöèíñêîå
äèàãíîñòèðîâàíèå, èíòåëëåêòóàëüíàÿ ïîäñèñòåìà.

INTELLECTUAL SUBSYSTEM THAT IS USED TO
DIAGNOSE DISEASES BY ANALYZING BLOOD

Ivanova E.A., Korotka L.I.

Ukrainian State University of Chemical Technology, Dnipro,
Ukraine

The work is devoted to the creation of an intellectual subsystem
for diagnosing diseases by analyzing blood, the parameters of which
may deviate from the norm and be described by interval values. In
this paper, proposes to use elements of computational intelligence, in
particular: the theory of fuzzy sets. To determine the deviations of
the blood test, the normative medical documents are used, on the
basis of which the norm or not the norm of the indicators is determined.
It is proposed to describe those parameters that go beyond the limits
of normative medical documents with the use of membership functions.
In some cases, linguistic variables are used, in particular, the term
sets are «very», «not very» and other. It is suggested to use direct
expert methods of constructing membership functions for definiteness.
In most cases, trapezoidal functions are selected and used. According
to direct expert assessments, they have interval boundaries for changing
indicators, which deviate from normative medical documents. For
the analytical assignment of membership functions, the storage of
their parameters and intervals is used, on which indicators that
deviate from the norm can vary. This information subsystem has a
patient database and is dynamically updated. The information
subsystem is designed for medical workers and has ramified access
rights. For example, nurses work only with a database, and doctors
have access to the entire system. The created information subsystem
is web-oriented, therefore the opportunity of a feedback with patients
is realized. For their desire, the results of a patient’s blood test are
sent to the e-mail. Moreover, with deviations in the results of a
blood test, the degree of confidence of a specialist in a particular
disease is given. In the work on the basis of normative medical
documents, a fuzzy base for the rules of medical diagnosis of diseases
for blood analysis was used and formed. The created information
subsystem can be considered intellectual, since elements of
computational intelligence are used, to which, in particular, the
theory of fuzzy sets belongs. The created information subsystem can
be considered intellectual, since elements of computational intelligence
are used, to which, in particular, the theory of fuzzy sets belongs.

Keywords: membership function, fuzzy sets, degree of as-
surance, medical diagnostics, intelligent subsystem.
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ÃÂÓÇ «Óêðàèíñêèé ãîñóäàðñòâåííûé õèìèêî-òåõíîëîãè÷åñêèé óíèâåðñèòåò», ã. Äíåïð, Óêðàèíà

Â äàííîé ðàáîòå ðàññìàòðèâàþòñÿ ìåòîäû ðåøåíèÿ ìíîãîýêñòðåìàëüíûõ çàäà÷ â

êîíå÷íîìåðíîì åâêëèäîâîì ïðîñòðàíñòâå. Òàêèå çàäà÷è âîçíèêàþò ïðè ìàòåìàòè-

÷åñêîì ìîäåëèðîâàíèè ñëîæíûõ ñèñòåì â ýêîíîìèêå, ôèíàíñàõ, óïðàâëåíèè, òåõ-

íîëîãè÷åñêèõ ïðîöåññàõ, èíôîðìàòèêå, ïðîåêòèðîâàíèè è äðóãèõ îáëàñòÿõ. Ïîêà-

çàíî, ÷òî ê ýòîìó êëàññó çàäà÷ ïðåîáðàçóþòñÿ äèñêðåòíûå çàäà÷è, à òàêæå çàäà÷è

ðåøåíèÿ íåëèíåéíûõ óðàâíåíèé. Â ïîñëåäíèå ãîäû ïðèëîæåíû çíà÷èòåëüíûå óñèëèÿ

èññëåäîâàòåëåé äëÿ ðàçðàáîòêè ìåòîäîâ ðåøåíèÿ ìíîãîýêñòðåìàëüíûõ çàäà÷. Ðàç-

ðàáîòàíû ìåòîäû âåòâåé è ãðàíèö, ïîëóîïðåäåëåííîå ïðîãðàììèðîâàíèå, äâîé-

ñòâåííûå ìåòîäû, ãåíåòè÷åñêèå è ýâîëþöèîííûå ìåòîäû è ìíîãèå äðóãèå. Â íà-

ñòîÿùåå âðåìÿ äëÿ ïðîâåðêè ýôôåêòèâíîñòè ìåòîäîâ èñïîëüçóþòñÿ ðàçðàáîòàííûå

ñëîæíûå òåñòîâûå çàäà÷è, à òàêæå çàäà÷è èç ðàçëè÷íûõ ïðèêëàäíûõ îáëàñòåé.

Ìíîãî÷èñëåííûå ýêñïåðèìåíòû ïîêàçûâàþò, ÷òî òîëüêî äëÿ íåêîòîðûõ òåñòîâûõ

çàäà÷ ñóùåñòâóþùèå ìåòîäû ïîçâîëÿþò íàõîäèòü îïòèìàëüíûå ðåøåíèÿ. Âî ìíî-

ãèõ ñëó÷àÿõ ýòè ðåøåíèÿ äàëåêè îò îïòèìàëüíûõ. Áóäåì èñïîëüçîâàòü òî÷íóþ êâàä-

ðàòè÷íóþ ðåãóëÿðèçàöèþ äëÿ ïðåîáðàçîâàíèÿ ìíîãîýêñòðåìàëüíûõ çàäà÷ ê ìàêñè-

ìèçàöèè íîðìû âåêòîðà íà âûïóêëîì ìíîæåñòâå. Òàêîå ïðåîáðàçîâàíèå ÷àñòî ñâî-

äèò èñõîäíóþ ìíîãîýêñòðåìàëüíóþ çàäà÷ó ê îäíîýêñòðåìàëüíîé. Äëÿ ïîèñêà ëî-

êàëüíîãî ýêñòðåìóìà èñïîëüçóåì ïðÿìî-äâîéñòâåííûé ìåòîä âíóòðåííåé òî÷êè è

ìåòîä äèõîòîìèè äëÿ ðåøåíèÿ ïðåîáðàçîâàííîé çàäà÷è. Ýòè ìåòîäû ïîçâîëÿþò

ðåøàòü ìíîãîýêñòðåìàëüíûå çàäà÷è áîëüøîé ðàçìåðíîñòè. Ïðîâåäåíû çíà÷èòåëü-

íûå ÷èñëåííûå ýêñïåðèìåíòû íà òåñòîâûõ çàäà÷àõ äëÿ ïðîâåðêè ýôôåêòèâíîñòè

ìåòîäîâ. Ïðàêòè÷åñêè äëÿ âñåõ òåñòîâûõ çàäà÷ ñ íåèçâåñòíûìè ðåøåíèÿìè ìåòî-

äîì òî÷íîé êâàäðàòè÷íîé ðåãóëÿðèçàöèè áûëè ïîëó÷åíû ëó÷øèå ðåçóëüòàòû. Ýòè

ðåçóëüòàòû ëåãêî ïðîâåðèòü, ïîäñòàâèâ íàéäåííîå îïòèìàëüíîå ðåøåíèå â îãðàíè-

÷åíèÿ è öåëåâóþ ôóíêöèþ ñîîòâåòñòâóþùåé òåñòîâîé çàäà÷è. Ïðîâåäåííûå ýêñïå-

ðèìåíòû ïîêàçûâàþò çíà÷èòåëüíîå ïðåèìóùåñòâî ìåòîäà òî÷íîé êâàäðàòè÷íîé

ðåãóëÿðèçàöèè íàä ñóùåñòâóþùèìè ìåòîäàìè ðåøåíèÿ ìíîãîýêñòðåìàëüíûõ çà-

äà÷.

Êëþ÷åâûå ñëîâà: ìíîãîýêñòðåìàëüíûå çàäà÷è, òåñòîâûå çàäà÷è, ãëîáàëüíàÿ îïòè-

ìèçàöèÿ, ìåòîä òî÷íîé êâàäðàòè÷íîé ðåãóëÿðèçàöèè.

Ïîñòàíîâêà ïðîáëåìû è àíàëèç ïîñëåäíèõ

èññëåäîâàíèé è ïóáëèêàöèé

Îäíèìè èç íàèáîëåå ñëîæíûõ ïðîáëåì â
÷èñëåííîì àíàëèçå ÿâëÿåòñÿ ðåøåíèå çàäà÷ ãëî-
áàëüíîé îïòèìèçàöèè. Íåñìîòðÿ íà çíà÷èòåëü-
íûå óñèëèÿ èññëåäîâàòåëåé â ýòîé îáëàñòè, ïîêà
ýôôåêòèâíûå ìåòîäû ðåøåíèÿ òàêèõ çàäà÷ íå
ïðåäëîæåíû. Ðàçðàáîòàíû ìåòîäû âåòâåé è ãðà-
íèö [1], âðåìÿ ðåøåíèÿ êîòîðûìè ðàñòåò ýêñ-
ïîíåíöèàëüíî ïðè óâåëè÷åíèè ðàçìåðíîñòè çà-
äà÷è. Äðóãèå ìåòîäû äëÿ ðåøåíèÿ çàäà÷ ãëîáàëü-

íîé îïòèìèçàöèè èñïîëüçóþò ñëó÷àéíûé ïîèñê
(ãåíåòè÷åñêèå, ýâîëþöèîííûå àëãîðèòìû) [2].
Îäíàêî â ìíîãîìåðíîì ïðîñòðàíñòâå ñëó÷àéíûé
ïîèñê  íåýôôåêòèâåí, ÷òî ïîäòâåðæäàåòñÿ ÷èñ-
ëåííûìè ýêñïåðèìåíòàìè. Êðîìå òîãî, òàêèå
ìåòîäû ñîäåðæàò ìíîæåñòâî íàñòðàèâàåìûõ ïà-
ðàìåòðîâ, ïîýòîìó ðåøåíèå îäíèõ è òåõ æå çà-
äà÷ ýòèìè ìåòîäàìè äàþò ðàçëè÷íûå ðåçóëüòà-
òû. Íîâûì íàïðàâëåíèåì â ãëîáàëüíîé îïòè-
ìèçàöèè ÿâëÿåòñÿ ïîëóîïðåäåëåííàÿ ðåëàêñàöèÿ
äëÿ ðåøåíèÿ êâàäðàòè÷íûõ è ïîëèíîìèàëüíûõ
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çàäà÷ [3]. Â îáùåì ñëó÷àå, òàêàÿ ðåëàêñàöèÿ ïî-
çâîëÿåò íàõîäèòü òîëüêî îöåíêè îïòèìàëüíûõ
ðåøåíèé. ×àñòî íàéäåííîå ðåøåíèå íàõîäèòñÿ
âáëèçè ãëîáàëüíîãî ýêñòðåìóìà, êîòîðûé ìîæ-
íî íàéòè ëîêàëüíûì ìåòîäîì. Ðàçðàáàòûâàþòñÿ
òàêæå äâîéñòâåííûå ìåòîäû äëÿ ðåøåíèÿ çàäà÷
ãëîáàëüíîé îïòèìèçàöèè. Ðàçðûâ äâîéñòâåííî-
ñòè â ìíîãîýêñòðåìàëüíûõ çàäà÷àõ ìåæäó çíà-
÷åíèÿìè öåëåâûõ ôóíêöèé ïðÿìîé è äâîéñòâåí-
íîé çàäà÷è òàêæå ïîçâîëÿåò, â îáùåì ñëó÷àå,
íàõîäèòü òîëüêî îöåíêè ðåøåíèé. Âñå ýòè ìå-
òîäû ïðîøëè ìíîãîêðàòíóþ ÷èñëåííóþ ïðîâåð-
êó ïðè ðåøåíèè òåñòîâûõ è ïðàêòè÷åñêèõ çàäà÷.
Ïîëó÷åííûå ðåçóëüòàòû âûíóæäàþò èñêàòü íî-
âûå ýôôåêòèâíûå ìåòîäû äëÿ ðåøåíèÿ ìíîãî-
ýêñòðåìàëüíûõ çàäà÷. Äëÿ îöåíêè ýôôåêòèâíî-
ñòè ìåòîäà èñïîëüçóþò òðè ïîäõîäà: äîêàçàòåëü-
ñòâî ñõîäèìîñòè ìåòîäà è îïðåäåëåíèå ñêîðî-
ñòè åãî ñõîäèìîñòè, îïðåäåëåíèå îöåíêè ÷èñëà
èòåðàöèé äëÿ ïîëó÷åíèÿ e-îïòèìàëüíîãî ðåøå-
íèÿ è ïðîâåäåíèå ÷èñëåííûõ ýêñïåðèìåíòîâ íà
ìíîãî÷èñëåííûõ ñëîæíûõ òåñòîâûõ çàäà÷àõ.
Ïåðâûå äâà ïîäõîäà äîëæíû ó÷èòûâàòü ñàìûå
íåáëàãîïðèÿòíûå óñëîâèÿ çàäà÷è, êîòîðûå ìî-
ãóò íå ïðåäñòàâëÿòü ïðàêòè÷åñêîãî èíòåðåñà.
Òàêàÿ ñèòóàöèÿ íàáëþäàåòñÿ  ïðè èñïîëüçîâà-
íèè ñèìïëåêñ-ìåòîäà â ëèíåéíîì ïðîãðàììè-
ðîâàíèè. Ýòîò ìåòîä òåîðåòè÷åñêè íåýôôåêòè-
âåí, íî ïðàêòè÷åñêè ýôôåêòèâåí, ÷òî äîêàçàíî
ðåøåíèåì ñîòíè òûñÿ÷ ïðàêòè÷åñêèõ çàäà÷. Äî-
êàçàòåëüñòâà ñõîäèìîñòè ìåòîäîâ ÷àñòî ñîäåð-
æàò óñëîâèÿ, êîòîðûå ñëîæíî ïðîâåðèòü ïðè èõ
ïðàêòè÷åñêîé ðåàëèçàöèè. Ïðè îöåíêå ÷èñëà
èòåðàöèé íåîáõîäèìî ó÷èòûâàòü, ÷òî  ñëîæíîñòü
ýòèõ èòåðàöèé â ðàçëè÷íûõ ìåòîäàõ ñóùåñòâåí-
íî ðàçëè÷íà. Ïîýòîìó â ïîñëåäíèå ãîäû ýôôåê-
òèâíîñòü ìåòîäîâ ïðîâåðÿåòñÿ ïðè ðåøåíèè ìíî-
æåñòâà ñëîæíûõ òåñòîâûõ çàäà÷. Íåêîòîðûå èç
ýòèõ çàäà÷ èìåþò 2n èëè n! ëîêàëüíûõ ýêñòðåìó-
ìîâ.

Ïîñòàíîâêà çàäà÷è è åå ðåøåíèå

Â ýòîé ðàáîòå ðàññìàòðèâàåòñÿ ìåòîä òî-
÷íîé êâàäðàòè÷íîé ðåãóëÿðèçàöèè [4] äëÿ ðå-
øåíèÿ ìíîãîýêñòðåìàëüíûõ çàäà÷. Â ýòîì ìå-
òîäå èñõîäíàÿ ìíîãîýêñòðåìàëüíàÿ çàäà÷à:

n

0 imin{f (x) | f (x) 0,i 1,...,m, x E }   ,  (1)

ãäå âñå fi(x) – äâàæäû äèôôåðåíöèðóåìûå ôóí-
êöèè, à E

n
 – åâêëèäîâîå ïðîñòðàíñòâî ïðåîáðà-

çóåòñÿ ê çàäà÷å ìàêñèìóìà íîðìû âåêòîðà íà
âûïóêëîì ìíîæåñòâå. Çàäà÷à (1) ñîäåðæèò âñå
êâàäðàòè÷íûå è ïîëèíîìèàëüíûå çàäà÷è. Â çà-
äà÷å (1) ïåðåìåííûå ìîãóò ïðèíèìàòü íåïðå-

ðûâíûå, äèñêðåòíûå èëè áóëåâû çíà÷åíèÿ. Åñëè
ïåðåìåííûå òîëüêî öåëî÷èñëåííûå, òî îíè óäîâ-
ëåòâîðÿþò óñëîâèþ:

n

i

i 1

(1 cos(2 x )) 0


   .

Áóëåâûå ïåðåìåííûå óäîâëåòâîðÿþò îãðà-
íè÷åíèÿì:

n

i i i

i 1

x (1 x ) 0,0 x 1


    .

Èíîãäà ïåðåìåííûå ïðèíèìàþò òîëüêî
îäíî èç äèñêðåòíîãî ìíîæåñòâà çíà÷åíèé
xi{ui1,…,uiq}, òîãäà òàêèå ïåðåìåííûå çàìåíÿåì
óñëîâèÿìè:

q q

i ij ij ij ij

j 1 j 1

x z u , z 1, z 0 1,i 1,..., n
 

      .

×àñòî îãðàíè÷åíèÿ çàäà÷è (1) èìåþò âèä
ðàâåíñòâ:

if (x) 0,i 1,...,m  .

Â ýòîì ñëó÷àå îíè ëåãêî ïðåîáðàçóþòñÿ ê
íåðàâåíñòâàì:

m

i i

i 1

f (x) 0, i 1,..., m, f (x) 0


   

èëè

m

i i

i 1

max{ f (x) |f (x) 0,i 1,...,m}


  ,

åñëè ðåøàåòñÿ íåëèíåéíàÿ ñèñòåìà óðàâíåíèé.
Òî÷íàÿ êâàäðàòè÷íàÿ ðåãóëÿðèçàöèÿ ïîçâî-

ëÿåò ïðåîáðàçîâàòü çàäà÷ó (1) ê âèäó:

2max{|| x || | x S(d)} ,  (2)

ãäå S – âûïóêëîå ìíîæåñòâî:

2

0

2

i

S(d) {x | f (x) s (r 1) || x ||

d, f (x) r || x || d, i 1,...,m},

    

   

çäåñü 2
1n

2
n

2
1

2 xx...x||x||  . Ëåãêî óáåäèòüñÿ â
òîì, ÷òî ïðè ôèêñèðîâàííîì çíà÷åíèè d ìàê-
ñèìàëüíîìó äîïóñòèìîìó çíà÷åíèþ ||x||2 áóäåò
ñîîòâåòñòâîâàòü ìèíèìàëüíîå çíà÷åíèå f0(x). Ïðè
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óâåëè÷åíèè d è ìàêñèìèçàöèè ||x||2 çíà÷åíèå f0(x)
áóäåò óáûâàòü. Íåîáõîäèìî îïðåäåëèòü ìèíè-
ìàëüíîå çíà÷åíèå d ïðè êîòîðîì ñ çàäàííîé
òî÷íîñòüþ âûïîëíèòñÿ óñëîâèå r||x||2=d.

Ïðåîáðàçîâàííàÿ çàäà÷à (2) ñîäåðæèò äâà
ïàðàìåòðà è äâå íîâûõ ïåðåìåííûõ. Ïàðàìåòð
r>0 âûáèðàåòñÿ òàêèì, ÷òîáû ìíîæåñòâî S(d)
áûëî âûïóêëûì. Äëÿ êâàäðàòè÷íûõ çàäà÷ çíà-
÷åíèå ýòîãî ïàðàìåòðà ëåãêî íàéòè (ìàòðèöû
êâàäðàòè÷íûõ ñëàãàåìûõ äîëæíû áûòü ñ ïðåîáëà-
äàþùèìè äèàãîíàëÿìè). Ïàðàìåòð s äîëæåí
óäîâëåòâîðÿòü óñëîâèþ:

* 2 *

0s || x || f (x )  ,

ãäå x* – ðåøåíèå çàäà÷è (1). Ïðè òàêîì çíà÷å-
íèè s ïåðâîå îãðàíè÷åíèå çàäà÷è (2) áóäåò àê-
òèâíûì. Îáû÷íî äëÿ ïåðåìåííûõ çàäà÷è (1)
ìîæíî óñòàíîâèòü äâóõñòîðîííèå îãðàíè÷åíèÿ,
÷òî ïîçâîëÿåò îïðåäåëèòü çíà÷åíèå ïàðàìåòðà s.

Çàäà÷à (2) â îáùåì ñëó÷àå, ìíîãîýêñòðå-
ìàëüíàÿ, íî ìîæåò áûòü è îäíîýêñòðåìàëüíîé,
åñëè ðåøåíèå (d0, x

0) çàäà÷è âûïóêëîé îïòèìè-
çàöèè:

2min{d | x S, r || x || d} 

óäîâëåòâîðÿåò óñëîâèþ r||x0||2=d0. Çàäà÷à (2) ëåã-
êî ïðåîáðàçóåòñÿ ê îäíîýêñòðåìàëüíîé òàêæå â
äðóãèõ ñëó÷àÿõ. Íàïðèìåð, êîãäà âûïóêëîå ìíî-
æåñòâî S ÿâëÿåòñÿ ïàðàëëåëåïèïåäîì. ×àñòî
ñäâèã âûïóêëîãî ìíîæåñòâà S âäîëü áèññåêòðè-
ñû ïîëîæèòåëüíîãî îðòàíòà òàêæå ïðåîáðàçóåò
çàäà÷ó (2) ê îäíîýêñòðåìàëüíîé. Ýòî ñâÿçàíî ñ
òåì, ÷òî â òî÷êå ìàêñèìóìà êðèâèçíà ñôåðû
S0={x|r||x||2=d} áóäåò ìåíüøå êðèâèçíû âûïóêëîé
ïîâåðõíîñòè S. Åñëè çàäà÷à (2) ìíîãîýêñòðå-
ìàëüíàÿ, òî íà ìèíèìàëüíîé äóãå, ñîåäèíÿþ-
ùåé äâà ëîêàëüíûõ ìàêñèìóìà, áóäåò íàõîäèòü-
ñÿ, ïî êðàéíåé ìåðå, îäèí ìèíèìóì íîðìû âåê-
òîðà. Â ýòîé òî÷êå ìèíèìóìà êðèâèçíà S0 áóäåò
áîëüøå êðèâèçíû S. Òåïåðü, åñëè ìíîæåñòâî S
ïåðåìåñòèòü â íàïðàâëåíèè ïîëîæèòåëüíîãî
îðòàíòà, òî êðèâèçíà S îñòàíåòñÿ íåèçìåííîé,
à êðèâèçíà S0 áóäåò ñòðåìèòñÿ ê íóëþ ïðè óâå-
ëè÷åíèè ñäâèãà. Ýòî îçíà÷àåò, ÷òî ñóùåñòâóåò
òàêîé ñäâèã ìíîæåñòâà S(d), ÷òî çàäà÷à:

2min{|| x || | x S(d)}

íå áóäåò ñîäåðæàòü âíóòðåííèõ ëîêàëüíûõ ìè-
íèìóìîâ. Íî òîãäà çàäà÷à (2) áóäåò îäíîýêñòðå-
ìàëüíîé.

Äëÿ ðåøåíèÿ çàäà÷è (2) èñïîëüçîâàëñÿ ïðÿ-

ìî-äâîéñòâåííûé ìåòîä âíóòðåííåé òî÷êè [5] è
ìåòîä äèõîòîìèè ïî ïåðåìåííîé d. Â çàäà÷å (2)
íåîáõîäèìî íàéòè ìèíèìàëüíîå çíà÷åíèå d, ïðè
êîòîðîì åå ðåøåíèå óäîâëåòâîðÿåò óñëîâèþ
r||x||2=d. Ýòî çíà÷åíèå d íàõîäèì ìåòîäîì äèõî-
òîìèè.

Ðåçóëüòàòû ñðàâíèòåëüíûõ ÷èñëåííûõ ýêñ-

ïåðèìåíòîâ

Äëÿ ïðîâåðêè ÷èñëåííîé ýôôåêòèâíîñòè
ìåòîäà òî÷íîé êâàäðàòè÷íîé ðåãóëÿðèçàöèè èñ-
ïîëüçîâàëèñü èçâåñòíûå òåñòîâûå çàäà÷è, à òàê-
æå ìíîãîýêñòðåìàëüíûå ìîäåëè ðàçëè÷íûõ ïðè-
êëàäíûõ çàäà÷. Ýòèì ìåòîäîì ðåøåíî áîëåå 300
ñëîæíûõ òåñòîâûõ çàäà÷ ÷èñëî ëîêàëüíûõ ýêñò-
ðåìóìîâ â íåêîòîðûõ èç íèõ ðàâíî 2n èëè n! è
áîëüøå. Ìíîãî òàêèõ òåñòîâûõ çàäà÷ ïðåäñòàâ-
ëåíî íà âåá-ñàéòå GLOBAL Library: http://
www.gamsworld.org/global/globallib.htm (GL).
Ìàêñèìàëüíàÿ ðàçìåðíîñòü ðåøàåìûõ äàííûì
ìåòîäîì çàäà÷ ðàâíÿëàñü 150. Íî, ó÷èòûâàÿ òî,
÷òî ëîêàëüíûì ïîèñêîì ðåøàþòñÿ çàäà÷è äî 10
ìëí. ïåðåìåííûõ, äàííûé ìåòîä ìîæíî èñïîëü-
çîâàòü äëÿ ðåøåíèÿ ìíîãîýêñòðåìàëüíûõ çàäà÷
òàêîé æå ðàçìåðíîñòè.

Òåñòîâûå çàäà÷è, ðàçðàáîòàííûå äëÿ ïðî-
âåðêè ÷èñëåííîé ýôôåêòèâíîñòè ìåòîäîâ ìîæ-
íî ðàçáèòü íà êëàññû. Ýòî çàäà÷è ìàëîé ðàçìåð-
íîñòè, çàäà÷è ñ òðèâèàëüíûìè ðåøåíèÿìè, çà-
äà÷è ñ èçâåñòíûìè ðåøåíèÿìè è çàäà÷è ñ íåèç-
âåñòíûìè ðåøåíèÿìè. Äëÿ çàäà÷ ñ íåèçâåñòíû-
ìè ðåøåíèÿìè ñóùåñòâóþùèìè ìåòîäàìè çíà-
÷åíèå öåëåâûõ ôóíêöèé ïîñòåïåííî óëó÷øàåò-
ñÿ ïî ìåðå òîãî, êàê ñîâåðøåíñòâóþòñÿ ìåòîäû
èõ ðåøåíèÿ. Íî ìåòîä òî÷íîé êâàäðàòè÷íîé ðå-
ãóëÿðèçàöèè ïîêàçàë ëó÷øèé ðåçóëüòàò ïðàêòè-
÷åñêè ïî âñåì ýòèì òåñòîâûì çàäà÷àì. Íàïðè-
ìåð, äëÿ èçâåñòíîé òåñòîâîé çàäà÷è Rana:

   
 
 

 

i 1 i 1 i

i 1 i
n 1

i i 1 i
i 1

i 1 i

x 1 cos | x x 1|

sin | x x 1|

min x cos | x x 1|

sin | x x 1|

| 520 x 520

 









     
  
       
               
    


 (3)

äëÿ n=20 ëó÷øèé ðåçóëüòàò, ïîëó÷åííûé äðóãè-
ìè ìåòîäàìè, ðàâíÿåòñÿ –9742,310076, à ìåòî-
äîì òî÷íîé êâàäðàòè÷íîé ðåãóëÿðèçàöèè ïîëó-
÷åíî çíà÷åíèå öåëåâîé ôóíêöèè çàäà÷è (3) ðàâ-
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íîå –9819,53154, ÷òî çíà÷èòåëüíî ìåíüøå. Äà-
ëåå, äëÿ òåñòîâîé çàäà÷è:

2 3

1 4 2 3 1 2 5 3

5
3 2 4 2

2 4 5 i

i 1

2 2

1 3 4 5 2 4 1 5

10x x 6x x x x 9sin(x x )

min x x x | x 20,

x x x x 2, x x 10x x 5



     
 
 
  
 
      



ëó÷øåå ðåøåíèå öåëåâîé ôóíêöèè, ïîëó÷åííîå
äðóãèìè ìåòîäàìè ðàâíî –2461,115783, à ìåòî-
äîì òî÷íîé êâàäðàòè÷íîé ðåãóëÿðèçàöèè ïîëó-
÷åíî çíà÷åíèå öåëåâîé ôóíêöèè ðàâíîå
–5675,620079, ÷òî òàêæå çíà÷èòåëüíî ìåíüøå.
Ñïèñîê òàêèõ çàäà÷ ìîæíî ïðîäîëæèòü. Â ðàáî-
òå [6] ïðèâåäåíî 67 òåñòîâûõ çàäà÷ ñ ïîëó÷åí-
íûìè ëó÷øèìè ðåçóëüòàòàìè ìåòîäîì òî÷íîé
êâàäðàòè÷íîé ðåãóëÿðèçàöèè. Â òàáëèöå ïðèâå-
äåíû íåêîòîðûå èç ïîëó÷åííûõ ðåçóëüòàòîâ.

Ìåòîä òî÷íîé êâàäðàòè÷íîé ðåãóëÿðèçàöèè
èñïîëüçîâàëñÿ òàêæå äëÿ ðåøåíèÿ èçâåñòíûõ
ïðèêëàäíûõ çàäà÷. Ýòî çàäà÷è ìèíèìèçàöèè
ïîòåíöèàëüíîé ýíåðãèè àòîìîâ. Óæå äëÿ ñèñòå-

ìû èç 5 àòîìîâ ìèíèìàëüíàÿ ïîòåíöèàëüíàÿ
ýíåðãèÿ òî÷íî íåèçâåñòíà. Àâòîðîì ðåøåíà çà-
äà÷à ñ 30 è 50 àòîìàìè. Ðåøàëèñü ñëîæíûå çà-
äà÷è óïàêîâêè øàðîâ, â ÷àñòíîñòè, çàäà÷à íà-
õîæäåíèÿ êîíòàêòíîãî ÷èñëà. Ìåòîäîì òî÷íîé
êâàäðàòè÷íîé ðåãóëÿðèçàöèè áûëè íàéäåíû êî-
îðäèíàòû öåíòðîâ 24 åäèíè÷íûõ øàðîâ â 4-õ
ìåðíîì ïðîñòðàíñòâå, êàñàþùèåñÿ îäíîãî øàðà.
Ðåøàëèñü çàäà÷è íàèáîëåå ïëîòíîé óïàêîâêè
øàðîâ â êâàäðàòû è øàðû. Î÷åíü ñëîæíûìè äëÿ
÷èñëåííîãî ðåøåíèÿ ÿâëÿþòñÿ çàäà÷è òåîðèè
ðàñïèñàíèé. Äëÿ ýòîãî êëàññà çàäà÷ ïîëó÷åíû
ïåðâûå îáíàäåæèâàþùèå ðåçóëüòàòû. Ðåøåíû
íåñêîëüêî çàäà÷ îïòèìèçàöèè êîíñòðóêöèé.
Ïîëó÷åíû ïåðâûå ðåçóëüòàòû ïî îïòèìàëüíîìó
ðàñêðîþ ìàòåðèàëîâ. Ìíîãî çàäà÷ ðåøåíî ïî
îïòèìèçàöèè íàäåæíîñòè ñëîæíûõ ñèñòåì óï-
ðàâëåíèÿ. Â íåêîòîðûõ ñëó÷àÿõ äàííûì ìåòî-
äîì ïîëó÷åíû ëó÷øèå ïîêàçàòåëè íàäåæíîñòè,
÷åì äðóãèìè ìåòîäàìè. Êðóã ñëîæíûõ ïðèêëàä-
íûõ çàäà÷, ðåøàåìûõ ìåòîäîì òî÷íîé êâàäðà-
òè÷íîé ðåãóëÿðèçàöèè, ïîñòîÿííî ðàñøèðÿåò-
ñÿ. Âñå ýòî ãîâîðèò î òîì, ÷òî ýòîò ìåòîä íà
ñåãîäíÿ ÿâëÿåòñÿ íàèáîëåå ýôôåêòèâíûì äëÿ
ðåøåíèÿ ìíîãîýêñòðåìàëüíûõ çàäà÷.

Ñðàâíèòåëüíûå ÷èñëåííûå ýêñïåðèìåíòû

№ 

п/п 
Задача n m 

Метод EQR 

Значение глобального минимума 

Лучшее известное значение 

глобального минимума 
Источник 

1 Ex4.6 20 0 –3,3137889 –0,3827 [7] 

2 Egg Holder 20 0 –17313,8055 –14371,8 [8] 

3 Rana 20 0 –9819,531542 –9742,310076 [8] 

4 LJ_30 90(30) 0 –135,1146 –128.286571 [9] 

5 LJ_50 150(50) 0 –247,36484 –244,549926 [9] 

6 DropWave 50 0 –0,936245328 0.0194 [10] 

7 Ex. 4.2 10 0 –368,91465 –367,73255 [11] 

8 meanvar 9 2 –28,78870202 5,2434 GL 

9 ODIRS 14 15 0,0311596 0,057406 [12] 

10 GTCD 4 1 2964375,495 2964377,63 [12] 

11 Ex7_3_3 5 8 –5 –0,817529 GL 

12 PC55 16 21 156,2196293 174,788 [13] 

13 house 8 8 –4500 –2625 GL 

14 GGP9 10 6 0,97888325 1,1437 [14] 

15 GGP6 4 3 0,00398785 0,032615 [14] 

16 Ex6_1_2 3 1 –83,27457479 –83,25349567 GL 

17 chance 4 3 23,85531631 29,8943782 GL 

19 Ex7_2_10 12 9 0 0,1 GL 

20 Ex2_1_7 20 10 –4150,40992 –4105,2779 GL 

22 Ex5.3 5 3 –5675,620079 –2461,115783 [15] 

23 Ex2_1_8 24 10 15639 15990 GL 

24 Ex6_1_1 8 6 –1,00905 –0,0202 GL 

25 Ex7_3_5 13 15 7,68E–06 1,2065255 GL 

26 Ex8_4_7 63 41 26,99430909 29,0473 GL 

27 Harker 20 7 –987,7592744 –986,513 GL 
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Âûâîäû

Â ðàáîòå ïðèâåäåíû ñðàâíèòåëüíûå ÷èñëåí-
íûå ýêñïåðèìåíòû ïî ïðîâåðêå ýôôåêòèâíîñòè
ìåòîäà òî÷íîé êâàäðàòè÷íîé ðåãóëÿðèçàöèè ïðè
ðåøåíèè ìíîæåñòâà ñëîæíûõ òåñòîâûõ çàäà÷.
Ýòè ýêñïåðèìåíòû ïîêàçûâàþò çíà÷èòåëüíîå
ïðåèìóùåñòâî äàííîãî ìåòîäà. Ïîëó÷åííûå ëó÷-
øèå ðåçóëüòàòû ïðè ðåøåíèè òåñòîâûõ çàäà÷
ëåãêî ïðîâåðèòü. Ïðèâåäåííûå äàííûå ðåøåíèÿ
òåñòîâûõ çàäà÷ ìîãóò áûòü èñïîëüçîâàíû äëÿ
óëó÷øåíèÿ ñóùåñòâóþùèõ ìåòîäîâ ðåøåíèÿ çà-
äà÷ ãëîáàëüíîé îïòèìèçàöèè.
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×ÈÑÅËÜÍÀ ÅÔÅÊÒÈÂÍ²ÑÒÜ ÌÅÒÎÄÓ ÒÎ×ÍÎ¯
ÊÂÀÄÐÀÒÈ×ÍÎ¯ ÐÅÃÓËßÐÈÇÀÖ²¯

Êîñîëàï À.².

Ó äàí³é ðîáîò³ ðîçãëÿäàþòüñÿ ìåòîäè ðîçâ’ÿçóâàííÿ áà-
ãàòîåêñòðåìàëüíèõ çàäà÷ â ñê³í÷åííîì³ðíîìó åâêë³äîâîìó ïðî-
ñòîð³. Òàê³ çàäà÷³ âèíèêàþòü ïðè ìàòåìàòè÷íîìó ìîäåëþ-
âàíí³ ñêëàäíèõ ñèñòåì â åêîíîì³ö³, ô³íàíñàõ, óïðàâë³íí³, òåõ-
íîëîã³÷íèõ ïðîöåñàõ, ³íôîðìàòèö³, ïðîåêòóâàíí³ ³ ³íøèõ îáëà-
ñòÿõ. Ïîêàçàíî, ùî äî öüîãî êëàñó çàäà÷ ïåðåòâîðþþòüñÿ äèñ-
êðåòí³ çàäà÷³, à òàêîæ çàäà÷³ ðîçâ’ÿçàííÿ íåë³í³éíèõ ð³âíÿíü.
Â îñòàíí³ ðîêè äîêëàäåíî çíà÷íèõ çóñèëü äîñë³äíèê³â äëÿ ðîç-
ðîáêè ìåòîä³â ðîçâ’ÿçóâàííÿ áàãàòîåêñòðåìàëüíèõ çàäà÷. Ðîç-
ðîáëåíî ìåòîäè ìåæ òà ãðàíèöü, íàï³ââèçíà÷åíå ïðîãðàìóâàí-
íÿ, äâî¿ñò³ ìåòîäè, ãåíåòè÷í³ òà åâîëþö³éí³ ìåòîäè ³ áàãàòî
³íøèõ. Â äàíèé ÷àñ äëÿ ïåðåâ³ðêè åôåêòèâíîñò³ ìåòîä³â âèêî-
ðèñòîâóþòüñÿ ðîçðîáëåí³ ñêëàäí³ òåñòîâ³ çàäà÷³, à òàêîæ çà-
äà÷³ ç ð³çíèõ ïðèêëàäíèõ îáëàñòåé. Áàãàòî÷èñåëüí³ åêñïåðè-
ìåíòè ïîêàçóþòü, ùî ò³ëüêè äëÿ äåÿêèõ òåñòîâèõ çàäà÷ ³ñíó-
þ÷³ ìåòîäè äîçâîëÿþòü çíàõîäèòè îïòèìàëüí³ ðîçâ’ÿçêè. Ó áà-
ãàòüîõ âèïàäêàõ ö³ ðîçâ’ÿçêè äàëåê³ â³ä îïòèìàëüíèõ. Áóäåìî
âèêîðèñòîâóâàòè òî÷íó êâàäðàòè÷íó ðåãóëÿðèçàö³þ äëÿ ïåðå-
òâîðåííÿ áàãàòîåêñòðåìàëüíèõ çàäà÷ äî ìàêñèìóìó íîðìè âåê-
òîðà íà îïóêë³é ìíîæèí³. Òàêå ïåðåòâîðåííÿ ÷àñòî çâîäèòü
ïî÷àòêîâó áàãàòîåêñòðåìàëüíó çàäà÷ó äî îäíîåêñòðåìàëüíî¿.
Äëÿ ïîøóêó ëîêàëüíîãî åêñòðåìóìó âèêîðèñòîâóºìî ïðÿìî-äâî-
¿ñòèé ìåòîä âíóòð³øíüî¿ òî÷êè ³ ìåòîä äèõîòîì³¿ äëÿ ðîçâ’ÿ-
çóâàííÿ ïåðåòâîðåíî¿ çàäà÷³. Ö³ ìåòîäè äîçâîëÿþòü ðîçâ’ÿçó-
âàòè áàãàòîåêñòðåìàëüí³ çàäà÷³ âåëèêî¿ ðîçì³ðíîñò³. Ïðîâå-
äåíî çíà÷í³ ÷èñåëüí³ åêñïåðèìåíòè íà òåñòîâèõ çàäà÷àõ äëÿ
ïåðåâ³ðêè åôåêòèâíîñò³ ìåòîä³â. Ïðàêòè÷íî äëÿ âñ³õ òåñòî-
âèõ çàäà÷ ç íåâ³äîìèìè ðîçâ’ÿçêàìè ìåòîäîì òî÷íî¿ êâàäðà-
òè÷íî¿ ðåãóëÿðèçàö³¿ áóëè îòðèìàí³ êðàù³ ðåçóëüòàòè. Ö³ ðå-
çóëüòàòè ëåãêî ïåðåâ³ðèòè, ï³äñòàâèâøè çíàéäåíèé îïòèìàëü-
íèé ðîçâ’ÿçîê â îáìåæåííÿ ³ ö³ëüîâó ôóíêö³þ â³äïîâ³äíî¿ òå-
ñòîâî¿ çàäà÷³. Ïðîâåäåí³ åêñïåðèìåíòè ïîêàçóþòü çíà÷íó ïå-
ðåâàãó ìåòîäó òî÷íî¿ êâàäðàòè÷íî¿ ðåãóëÿðèçàö³¿ íàä ³ñíóþ÷è-
ìè ìåòîäàìè ðîçâ’ÿçóâàííÿ áàãàòîåêñòðåìàëüíîãî çàäà÷.

Êëþ÷îâ³ ñëîâà: áàãàòîåêñòðåìàëüí³ çàäà÷³, òåñòîâ³
çàäà÷³, ãëîáàëüíà îïòèì³çàö³ÿ, ìåòîä òî÷íî¿ êâàäðàòè÷íî¿
ðåãóëÿðèçàö³¿.
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THE NUMERICAL EFFICIENCY OF THE METHOD OF
EXACT QUADRATIC REGULARIZATION

Kosolap A.I.

Ukrainian State University of Chemical Technology, Dnipro,
Ukraine

In this paper we consider methods for solving the multi-extreme
problems in Euclidean finite-dimensional space and compare their
efficiency at the solution of test problems. Such multi-extreme problems
arise at mathematical modeling of various difficult systems in
economics and finance, management, technological processes,
computer science, design and others. We show that this class of
problems contains discrete problems and also problems of solution of
nonlinear equations. Recently considerable efforts have been made
to find effective methods of solving multi-extreme problems. Nowadays
researchers use such methods as: semidefinite programming, methods
of branches and bounds, dual, genetic, evolutionary and other
methods. Complex testing problems are used for the analysis of the
efficiency of offered methods. Test problems of constrained and
unconstrained optimization include also complex of applied problems.
Numerous experiments prove that known methods find the optimal
solution for a limited number of test problems. In this paper we
consider the method of exact quadratic regularization. It can be
used to transform multi-extreme problems into problems of searching
maximum norm of a vector on a convex set. It is a very simple
transformation. Such transformation often reduces the initial multi-
extreme problem to the one-extreme one. For solving the transformed
problem we use the primal-dual interior point method and bisection
method. These methods allow solving high-dimensional multi-extreme
problems. A large number of numerical experiments were performed
for checking the efficiency of offered method. By implementing the
method of exact quadratic regularization we have obtained better
results for most test problems with unknown solutions. Comparative
numerous experiments prove the substantial advantage of offered
method of exact quadratic regularization over widely used optimization
methods.

Keywords: multi-extreme problems, test problems, global
optimization, method of exact quadratic regularization.
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ÈÑÑËÅÄÎÂÀÍÈÅ ÒÐÀÅÊÒÎÐÈÈ ÐÀÑÏÐÎÑÒÐÀÍÅÍÈß ÇÀÃÐßÇÍÅÍÈÉ ÎÒ
ÒÎ×Å×ÍÎÃÎ ÈÑÒÎ×ÍÈÊÀ Â ÇÀÂÈÑÈÌÎÑÒÈ ÎÒ ÕÀÐÀÊÒÅÐÀ ËÀÍÄØÀÔÒÀ

Íàöèîíàëüíàÿ ìåòàëëóðãè÷åñêàÿ àêàäåìèÿ Óêðàèíû, ã. Äíåïð, Óêðàèíà

Â äàííîé ðàáîòå èññëåäîâàíî ïîâåäåíèå ïîòîêà çàãðÿçíÿþùèõ âåùåñòâ, â ïðîöåññå

èõ ðàñïðîñòðàíåíèÿ èç äûìîâîé òðóáû. Ýòî ïîìîæåò ëó÷øå ïîíÿòü, êàêèì îáðàçîì

ïðîèñõîäèò çàãðÿçíåíèå âîçäóõà. Ñ ïîìîùüþ ïðîãðàììû Solid Edge ñîçäàíû òðè

òð¸õìåðíûå ìîäåëè äëÿ òî÷å÷íîãî èñòî÷íèêà çàãðÿçíåíèÿ ñ ðàçíûì òèïîì ðåëüå-

ôà: ðîâíûé ëàíäøàôò, õîëìèñòûé ëàíäøàôò è ãîðîäñêàÿ çàñòðîéêà, êîòîðàÿ ñî-

ñòîèò èç çäàíèé ðàçëè÷íûõ ðàçìåðîâ. Òð¸õìåðíûå ìîäåëè èìåþò îäèíàêîâûå ãåî-

ìåòðè÷åñêèå ðàçìåðû, äûìîâóþ òðóáó, à ðàçíûé òèï ðåëüåôà ïîìîãàåò èññëåäîâàòü

ïîâåäåíèå ïîòîêà â ðàçëè÷íûõ óñëîâèÿõ. Íà îñíîâå òð¸õìåðíûõ ìîäåëåé ðåàëèçî-

âàíû ìîäåëüíûå çàäà÷è ñ èñïîëüçîâàíèåì ïðîãðàììíîãî ïðîäóêòà ANSYS. Âû÷èñ-

ëåíèÿ â ïðîãðàììíîì ïðîäóêòå ANSYS ïðîâîäÿòñÿ ñ ïîìîùüþ ìåòîäà êîíå÷íûõ

ýëåìåíòîâ. Ñîçäàíû ïîëèãîíàëüíûå ñåòêè äëÿ òð¸õìåðíûõ ìîäåëåé äëÿ ðåàëèçà-

öèè ìåòîäà êîíå÷íûõ ýëåìåíòîâ. Ïîêàçàíî, êàê ìåíÿåòñÿ òðàåêòîðèÿ ïîòîêà ïðè-

ìåñåé â çàâèñèìîñòè îò õàðàêòåðà ëàíäøàôòà. Â ìîäåëè ñ ðîâíûì ðåëüåôîì òðàåê-

òîðèÿ ïîòîêà çàãðÿçíÿþùèõ âåùåñòâ íàïðàâëåíà âíèç. Â ìîäåëè ñ õîëìèñòûì ëàí-

äøàôòîì ïîñëå ñòîëêíîâåíèÿ ñ ïðåïÿòñòâèåì òðàåêòîðèÿ ïîòîêà çàãðÿçíÿþùèõ

âåùåñòâ íàïðàâëåíà ââåðõ. Â ìîäåëè ñ ãîðîäñêîé çàñòðîéêîé ïîñëå ñòîëêíîâåíèÿ ñ

ïðåïÿòñòâèåì òðàåêòîðèÿ ïîòîêà çàãðÿçíÿþùèõ âåùåñòâ òàê æå íàïðàâëåíà ââåðõ.

Âûÿâëåíî, ÷òî ãîðîäñêàÿ çàñòðîéêà îêàçûâàåò ìåíüøåå âëèÿíèå, ÷åì íåðîâíûé

ðåëüåô. Ïðåæäå âñåãî, ýòî ñâÿçàíî ñ âûñîòîé ïðåïÿòñòâèÿ îòíîñèòåëüíî âûñîòû

èñòî÷íèêà çàãðÿçíåíèÿ. Èçìåíåíèå òðàåêòîðèè ïîòîêà âëèÿåò íà óðîâåíü êîíöåí-

òðàöèè çàãðÿçíÿþùèõ âåùåñòâ. Ïåðâàÿ è òðåòüÿ ìîäåëè èìåþò ñõîæèé óðîâåíü

êîíöåíòðàöèè çàãðÿçíÿþùèõ âåùåñòâ. Âî âòîðîé ìîäåëè óðîâåíü êîíöåíòðàöèè

çàãðÿçíÿþùèõ âåùåñòâ íèæå. Óñòàíîâëåíî, ÷òî óðîâåíü êîíöåíòðàöèè çàãðÿçíÿþ-

ùèõ âåùåñòâ çíà÷èòåëüíî ñíèæàåòñÿ ïîñëå ñòîëêíîâåíèÿ ñ õîëìèñòûì ëàíäøàô-

òîì, âûñîòà êîòîðîãî ïðåâûøàåò âûñîòó äûìîâîé òðóáû.

Êëþ÷åâûå ñëîâà: ìîäåëèðîâàíèå, çàãðÿçíåíèå àòìîñôåðû, òî÷å÷íûé èñòî÷íèê, ïðè-

ìåñè, ANSYS, âû÷èñëèòåëüíàÿ ãèäðîäèíàìèêà, ìåòîä êîíå÷íûõ ýëåìåíòîâ.

Ïîñòàíîâêà ïðîáëåìû

Íåñìîòðÿ íà ñòðåìèòåëüíîå ðàçâèòèå àëü-
òåðíàòèâíîé ýíåðãåòèêè â ïîñëåäíèå ãîäû, âîï-
ðîñ çàãðÿçíåíèÿ îêðóæàþùåé ñðåäû äî ñèõ ïîð
îñòàåòñÿ àêòóàëüíûé äëÿ Óêðàèíû [1]. Ýëåêòðî-
ñòàíöèè, çàâîäû, âåíòèëÿöèîííûå øàõòû, àâòî-
ìîáèëüíûé òðàíñïîðò íà äâèãàòåëÿõ âíóòðåí-
íåãî ñãîðàíèÿ, ñàìîëåòû – âñå ýòî ñëóæèò èñ-
òî÷íèêîì ïðèìåñåé, ïîïàäàþùèõ â àòìîñôåðó.
Ñîâðåìåííûå âû÷èñëèòåëüíûå ñèñòåìû ïîçâî-
ëÿþò ðåàëèçîâàòü íå òîëüêî ñëîæíûå ìàòåìàòè-
÷åñêèå ðàñ÷åòû, íî è èõ âèçóàëüíîå ìîäåëèðî-
âàíèå, â òîì ÷èñëå çàãðÿçíåíèÿ îêðóæàþùåé
ñðåäû. Íàãëÿäíàÿ äåìîíñòðàöèÿ äàííîãî ïðî-

öåññà, â ñî÷åòàíèè ñ ïîëó÷åííûìè ÷èñëåííûìè
ðåçóëüòàòàìè ïðåäîñòàâëÿåò âîçìîæíîñòü ïîäîé-
òè ê ðåøåíèþ ïðîáëåìû êîìïëåêñíî.

Àíàëèç ïîñëåäíèõ èññëåäîâàíèé è ïóáëèêàöèé

Ñóùåñòâóþò ðàçëè÷íûå ñïîñîáû èññëåäî-
âàíèÿ çàãðÿçíåíèÿ îêðóæàþùåé ñðåäû è ïîñò-
ðîåíèÿ êàê ìàòåìàòè÷åñêèõ, òàê è âèçóàëüíûõ
ìîäåëåé. Ê íèì îòíîñèòñÿ ìîíèòîðèíã, ñòàòè-
ñòèêà, ðåãðåññèîííûé àíàëèç, íåéðîííûå ñåòè,
òð¸õìåðíûå ìîäåëè, ìîäåëè âûáðîñîâ, ìåòå-
îðîëîãè÷åñêèå ìîäåëè, õèìè÷åñêèå ìîäåëè, Ãà-
óññîâû ìîäåëè. Ìîäåëè ðàñïðîñòðàíåíèÿ ïðè-
ìåñåé â àòìîñôåðå ïîäðàçäåëÿþòñÿ íà äâà êëàñ-
ñà: ðàññåèâàíèå ïðèìåñåé â àòìîñôåðå è çàãðÿç-
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íåíèå àòìîñôåðíîãî âîçäóõà. Ðÿä ïðîãðàììíûõ
ïðîäóêòîâ ðåàëèçóþò êëàññ çàäà÷ âû÷èñëèòåëü-
íîé ãèäðîäèíàìèêè (Computational Fluid Dyna-
mics), êîòîðûå îñíîâàíû íà ñèñòåìå íåëèíå-
éíûõ äèôôåðåíöèàëüíûõ óðàâíåíèé âòîðîãî ïî-
ðÿäêà. Òàêèå óðàâíåíèÿ ìîãó ðåøàòüñÿ ïî ìåòî-
äó: êîíå÷íûõ ðàçíîñòåé, êîíå÷íûõ ýëåìåíòîâ,
êîíå÷íûõ îáú¸ìîâ, ñãëàæåííûõ ÷àñòèö [2–4].

Ïîñòàíîâêà çàäà÷è

Öåëüþ ñòàòüè ÿâëÿåòñÿ èññëåäîâàíèå òðà-
åêòîðèè ðàñïðîñòðàíåíèÿ ïîòîêà ïðèìåñåé â
àòìîñôåðå â çàâèñèìîñòè îò õàðàêòåðà ïðåãðàä.

Èçëîæåíèå îñíîâíîãî ìàòåðèàëà èññëåäîâàíèÿ

Êàê èçâåñòíî, ñóùåñòâóåò ìíîæåñòâî òèïîâ
èñòî÷íèêîâ çàãðÿçíåíèÿ àòìîñôåðû. Â ñòàòüå
ðàññìîòðåí àíòðîïîãåííûé ïðîèçâîäñòâåííûé
òî÷å÷íûé èñòî÷íèê, èíûìè ñëîâàìè – äûìîâàÿ
òðóáà, êîòîðàÿ âûäåëÿåò çàãðÿçíÿþùèå âåùåñòâà,
ñîñðåäîòî÷åííûå â îäíîé òî÷êå.

Äëÿ ðåàëèçàöèè ìîäåëüíûõ çàäà÷ íåîáõî-
äèìî ïîñòðîèòü òð¸õìåðíóþ ìîäåëü ñðåäû. Äëÿ
å¸ ñîçäàíèÿ èñïîëüçîâàëàñü ïðîãðàììà Solid
Edge. Solid Edge – ýòî íàáîð ïðîñòûõ ïðîãðàì-
ìíûõ èíñòðóìåíòîâ, íàïðàâëåííûõ íà âñå ïðî-
öåññû ðàçðàáîòêè èçäåëèÿ: 3D-ïðîåêòèðîâàíèå,
ìîäåëèðîâàíèå è ïðîèçâîäñòâî. Áëàãîäàðÿ ñèí-
õðîííîé òåõíîëîãèè Solid Edge ñî÷åòàåò ñêîðîñòü
è ïðîñòîòó ïðÿìîãî ìîäåëèðîâàíèÿ ñ ãèáêî-
ñòüþ è êîíòðîëåì ïàðàìåòðè÷åñêîãî êîíñòðó-
èðîâàíèÿ. Âñå ðàññìîòðåííûå ìîäåëè âûïîëíå-
íû â ìàñøòàáå 1:20, èìåþò ôîðìó ïðÿìîóãîëü-
íîãî ïàðàëëåëåïèïåäà, îäèíàêîâûå ãåîìåòðè÷å-
ñêèå ðàçìåðû, ñîäåðæàò äûìîâóþ òðóáó (òàáë. 1).

Ðàññìîòðèì ïðîöåññ ðàñïðîñòðàíåíèÿ çà-
ãðÿçíåíèÿ â ìîäåëèðóåìîì îáúåìå «Model 1» äëÿ
ïëîñêîãî ëàíäøàôòà ñ èñòî÷íèêîì çàãðÿçíåíèÿ
– äûìîâàÿ òðóáà (ðèñ. 1,à). «Model 2» ïðåäñòàâ-
ëÿåò õîëìèñòûé ëàíäøàôò, ôèçè÷åñêàÿ âûñîòà
õîëìîâ íà óðîâíå 175 ì (ðèñ. 1,á). Èñòî÷íèê
çàãðÿçíåíèÿ íàõîäèòñÿ íà ðàññòîÿíèè 320 ì.
«Model 3» – êâàðòàë çàñòðîéêè íà ðàññòîÿíèè
480 ì îò êîòîðîãî íàõîäèòñÿ èñòî÷íèê çàãðÿç-
íåíèÿ. Âûñîòà çäàíèé 14–80 ì (ðèñ. 1,â).

Äëÿ âèçóàëüíîãî ìîäåëèðîâàíèÿ ïðîöåññà
çàãðÿçíåíèÿ àòìîñôåðû èñïîëüçîâàëñÿ ïðî-
ãðàììíûé êîìïëåêñ ANSYS, êîòîðûé ïðåäñòàâ-
ëÿåò ñîáîé óíèâåðñàëüíóþ ïðîãðàììíóþ ñèñòå-

Òàáëèöà 1

Ïàðàìåòðû îáúåêòà ìîäåëèðîâàíèÿ

Размер Ширина Длина Высота 
Высота 

трубы 

Диаметр 

основания трубы 

Диаметр вентиляционного 

отверстия 

Геометрический (мм) 20000 40000 12000 6000 1300 1100 

Физический (м) 400 800 240 120 26 22 

 

â

Ðèñ. 1. Ãåîìåòðèÿ îáúåêòà ìîäåëèðîâàíèÿ:

à – «Model 1»; á – «Model 2»; â – «Model 3»

á

à
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ìó àíàëèçà, ðåàëèçîâàííóþ íà ìåòîäå êîíå÷íûõ
ýëåìåíòîâ. Â ANSYS èíòåãðèðîâàíî ïðèëîæå-
íèå âû÷èñëèòåëüíîé ãèäðîäèíàìèêè CFD
(Computational Fluid Dynamics), êîòîðîå ÿâëÿ-
åòñÿ ÷àñòüþ CFX. CFX – ýòî ñîâîêóïíîñòü ÷èñ-
ëåííûõ, òåîðåòè÷åñêèõ è ýêñïåðèìåíòàëüíûõ
ìåòîäîâ, ïðåäíàçíà÷åííûõ äëÿ ìîäåëèðîâàíèÿ
òå÷åíèÿ æèäêîñòåé è ãàçîâ, ðåàãèðóþùèõ ïîòî-
êîâ, ïðîöåññîâ òåïëîîáìåíà [5]. Ïðîãðàììíûå
ìîäóëè ANSYS èíòåãðèðîâàíû â ðàáî÷óþ ïëàò-

ôîðìó ANSYS Workbench, êîòîðàÿ ÿâëÿåòñÿ îñ-
íîâîé äëÿ ïðåäîñòàâëåíèÿ êîìïëåêñíîé è èí-
òåãðèðîâàííîé ñèñòåìû ìîäåëèðîâàíèÿ.

Â ïëàòôîðìå Workbench ïðîåêò ïðåäñòàâ-
ëÿåòñÿ òðåìÿ áëîêàìè (ðèñ. 2), êîòîðûå çàïîë-
íÿþòñÿ ìåòîäîì ïåðåíîñà èç ìåíþ èíñòðóìåí-
òîâ Toolbox.

Áëîê Geometry ñîäåðæèò òð¸õìåðíóþ ìî-
äåëü îáúåêòà ìîäåëèðîâàíèÿ ïðîöåññà çàãðÿçíå-
íèÿ. Áëîê Mechanical Model ïðåäíàçíà÷åí äëÿ

Ðèñ. 2. Ñõåìàòè÷åñêîå ïðåäñòàâëåíèå ïðîåêòà

Òàáëèöà 2

Îñíîâíûå ïàðàìåòðû CFX

 Streamline Isosurface 
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Ðèñ. 3. Ðàñïðåäåëåíèå çàãðÿçíÿþùèõ âåùåñòâ

Декартовы компоненты
скорости (м/с) 

Относительное 
давление 

атмосферы (Па) 

Фрактальная 

интенсивность 

Шкала 
длины 

вихря (м) 

Скорость выделения 
загрязняющих 

веществ (м/с) 

Коэффициент 

вихревой вязкости 
x y z 

0 0,5 0,25 0,1 10 1 0 0 
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çàäàíèÿ ìåõàíè÷åñêèõ ñâîéñòâ ìîäåëè è çîíè-
ðîâàíèÿ íà îñíîâàíèè èìåíîâàííûõ íàáîðîâ
(Named Selections). Èìåíîâàííûå íàáîðû ïðåä-
ñòàâëÿþò ñîáîé ïëîñêîñòè ñ çàäàííûì èìåíåì,
êîòîðûå ìîæíî èñïîëüçîâàòü â äðóãèõ èíòåãðè-
ðîâàííûõ ïðèëîæåíèÿõ. Ïîñëå ñîçäàíèÿ èìå-
íîâàííûõ íàáîðîâ ïîÿâëÿåòñÿ âîçìîæíîñòü çà-
äàòü ïàðàìåòðû äëÿ ñèìóëÿöèè âåòðîâîãî ïîòî-
êà, âûáðîñà çàãðÿçíÿþùèõ âåùåñòâ è ïîâåäå-
íèÿ àòìîñôåðû. Ïîñêîëüêó ANSYS – ñèñòåìà
êîíå÷íî-ýëåìåíòíîãî àíàëèçà, äëÿ òð¸õìåðíîé
ìîäåëè íåîáõîäèìî ñîçäàòü ïîëèãîíàëüíóþ ñåòêó
(Mesh), êîíå÷íûìè ýëåìåíòàìè êîòîðîé áóäóò
òðåóãîëüíèêè. Áëîê âû÷èñëèòåëüíîé ãèäðîäè-
íàìèêè (CFX) ïðåäíàçíà÷åí äëÿ çàäàíèÿ ïàðà-
ìåòðîâ ðàñ÷åòà (òàáë. 2).

Â CFX âõîäèò ïðåäïðîöåññîð, ðåøàòåëü è
ïîñòïðîöåññîð, êîòîðûé ïîçâîëÿåò îòîáðàçèòü
ðåçóëüòàòû ðàñ÷åòà â âèäå ðàñïðåäåëåíèÿ è ïî-
òîêà êîíöåíòðàöèè çàãðÿçíÿþùåãî âåùåñòâà
(ðèñ. 3).

Àíàëèç ëèíèè ïîòîêîâ (ðèñ. 3,à,â,ä) è èçî-
ïîâåðõíîñòè (ðèñ. 3,á,ã,å) ïîçâîëèò èññëåäîâàòü
ïîâåäåíèå ïîòîêà çàãðÿçíÿþùèõ âåùåñòâ ïðè
âñòðå÷å ñ ïðåïÿòñòâèåì â âèäå ýëåìåíòà ëàíä-
øàôòà èëè ãîðîäñêîé çàñòðîéêè. Ðåçóëüòàòû
âèçóàëüíîãî ìîäåëèðîâàíèÿ ïîäòâåðæäàþò íà-
ëè÷èå âîñõîäÿùèõ ïîòîêîâ âáëèçè ñîîòâåòñòâó-
þùèõ ýëåìåíòîâ ëàíäøàôòà.

Íà ðèñ. 4 ïðèâåäåí êîíòóð äàâëåíèÿ âåòðà
äëÿ íàêëîííûõ ïîâåðõíîñòåé (ðèñ. 4,á) è ïëîñ-
êîñòåé, íàõîäÿùèõñÿ âî ôðîíòå ê íàïðàâëåíèþ
âåòðà (ðèñ. 4,â).

×èñëåííûé àíàëèç ïîëó÷åííûõ ðàñ÷åòíûõ
äàííûõ âîçìîæåí ïóòåì èñïîëüçîâàíèÿ èí-
ñòðóìåíòà Probe ñ çàäàíèåì êîîðäèíàò òåñòîâûõ
òî÷åê (òàáë. 3). Âûñîòà òî÷åê âçÿòèÿ ïðîá îòëè-
÷àþòñÿ, ïîñêîëüêó ïîòîê çàãðÿçíÿþùèõ âåùåñòâ
èìååò ðàçíóþ òðàåêòîðèþ.

Âñå ïðîáû áûëè ðàñïîëîæåíû âäîëü òðà-
åêòîðèè ïîòîêà çàãðÿçíÿþùèõ âåùåñòâ íà îäè-
íàêîâîì ðàññòîÿíèè îò òðóáû.

Âûâîäû

Ïî ðåçóëüòàòàì âèçóàëüíîãî ìîäåëèðîâàíèÿ
âîçìîæíî ñäåëàòü âûâîä, ÷òî ïîâåäåíèå òðàåê-
òîðèè ïîòîêà çàãðÿçíÿþùèõ âåùåñòâ ìåíÿåòñÿ
â çàâèñèìîñòè îò ïðåïÿòñòâèé, âñòðå÷àþùèõñÿ
íà ïóòè. Êàê â ìîäåëè ñ íåðîâíûì ðåëüåôîì
(ðèñ. 3,â), òàê è â ìîäåëè ñ êâàðòàëîì çàñòðîé-
êè (ðèñ. 3,ä) òðàåêòîðèÿ ïîäûìàåòñÿ ââåðõ. Â
èñõîäíîì æå âàðèàíòå òðàåêòîðèÿ ñòðåìèòñÿ
âíèç (ðèñ. 3,à). Ïî ðåçóëüòàòàì ïîëó÷åííûõ ÷èñ-
ëåííûõ äàííûõ, íà îñíîâàíèè âçÿòèÿ ïðîá, ïó-
ò¸ì âçÿòèÿ ïðîá ìîæíî ñäåëàòü âûâîä, ÷òî óðî-

â

Ðèñ. 4. Êîíòóð äàâëåíèé:

à – «Model 1»; á – «Model 2»; â – «Model 3»

à

á
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âåíü êîíöåíòðàöèè çàãðÿçíÿþùèõ âåùåñòâ ñèëü-
íî ñíèæàåòñÿ ñ óâåëè÷åíèåì ðàññòîÿíèÿ îò äû-
ìîâîé òðóáû. Äàííûå ïåðâîé è òðåòüåé ìîäåëè
(òàáë. 3) âåñüìà ñõîæè. Îäíàêî, äàííûå âòîðîé
ìîäåëè ïîêàçûâàþò, ÷òî ïðè ñòîëêíîâåíèè ïî-
òîêà ñ ïðåïÿòñòâèåì êîíöåíòðàöèÿ ñóùåñòâåí-
íî óìåíüøàåòñÿ. Âûñîòà êâàðòàëà çàñòðîéêè
íåäîñòàòî÷íà, ÷òîáû ïîâëèÿòü íà ñíèæåíèå óðîâ-
íÿ êîíöåíòðàöèè â òðåòüåé ìîäåëè.
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ÇÀÁÐÓÄÍÅÍÜ Â²Ä ÒÎ×ÊÎÂÎÃÎ ÄÆÅÐÅËÀ Â
ÇÀËÅÆÍÎÑÒ² Â²Ä ÕÀÐÀÊÒÅÐÓ ËÀÍÄØÀÔÒÓ

Ìàíóêÿí À.À., Ñåë³âüîðñòîâà Ò.Â.

Ó äàí³é ðîáîò³ äîñë³äæåíî ïîâåä³íêó ïîòîêó çàáðóäíþ-
þ÷èõ ðå÷îâèí, â ïðîöåñ³ ¿õ ïîøèðåííÿ ç äèìîâî¿ òðóáè. Öå äîïî-
ìîæå êðàùå çðîçóì³òè, ÿêèì ÷èíîì â³äáóâàºòüñÿ çàáðóäíåííÿ
ïîâ³òðÿ. Çà äîïîìîãîþ ïðîãðàìè Solid Edge ñòâîðåí³ òðè òðè-
âèì³ðí³ ìîäåë³ äëÿ òî÷êîâîãî äæåðåëà çàáðóäíåííÿ ç ð³çíèì
òèïîì ðåëüºôó: ð³âíèé ëàíäøàôò, ãîðáèñòèé ëàíäøàôò ³ ì³ñüêà
çàáóäîâà, ÿêà ñêëàäàºòüñÿ ç áóä³âåëü ð³çíèõ ðîçì³ð³â. Òðèâèì³ðí³
ìîäåë³ ìàþòü îäíàêîâ³ ãåîìåòðè÷í³ ðîçì³ðè, äèìîâó òðóáó, à
ð³çíèé òèï ðåëüºôó äîïîìàãàº äîñë³äèòè ïîâåä³íêó ïîòîêó â
ð³çíèõ óìîâàõ. Íà îñíîâ³ òðèâèì³ðíèõ ìîäåëåé ðåàë³çîâàí³ ìî-
äåëüí³ çàäà÷³ ç âèêîðèñòàííÿì ïðîãðàìíîãî ïðîäóêòó ANSYS.
Îá÷èñëåííÿ â ïðîãðàìíîìó ïðîäóêò³ ANSYS âèêîíóºòüñÿ çà
äîïîìîãîþ ìåòîäó ñê³í÷åííèõ åëåìåíò³â. Ñòâîðåíî ïîë³ãîíàëüí³
ñ³òêè äëÿ òðèâèì³ðíèõ ìîäåëåé äëÿ ðåàë³çàö³¿ ìåòîäó ñê³í÷åí-
íèõ åëåìåíò³â. Ïîêàçàíî, ÿê çì³íþºòüñÿ òðàºêòîð³ÿ ïîòîêó
äîì³øîê â çàëåæíîñò³ â³ä õàðàêòåðó ëàíäøàôòó. Ó ìîäåë³ ç
ð³âíèì ðåëüºôîì òðàºêòîð³ÿ ïîòîêó çàáðóäíþþ÷èõ ðå÷îâèí
ñïðÿìîâàíà âíèç. Ó ìîäåë³ ç ãîðáèñòèì ëàíäøàôòîì ï³ñëÿ
ç³òêíåííÿ ç ïåðåøêîäîþ òðàºêòîð³ÿ ïîòîêó çàáðóäíþþ÷èõ ðå-
÷îâèí ñïðÿìîâàíà âãîðó. Ó ìîäåë³ ç ì³ñüêîþ çàáóäîâîþ ï³ñëÿ
ç³òêíåííÿ ç ïåðåøêîäîþ òðàºêòîð³ÿ ïîòîêó çàáðóäíþþ÷èõ ðå-
÷îâèí òàê ñàìî ñïðÿìîâàíà âãîðó. Âèÿâëåíî, ùî ì³ñüêà çàáóäî-
âà ÷èíèòü ìåíøèé âïëèâ, í³æ íåð³âíèé ðåëüºô. Ïåðø çà âñå, öå
ïîâ’ÿçàíî ç âèñîòîþ ïåðåøêîäè ùîäî âèñîòè äæåðåëà çàáðóä-
íåííÿ. Çì³íà òðàºêòîð³¿ ïîòîêó âïëèâàº íà ð³âåíü êîíöåí-
òðàö³¿ çàáðóäíþþ÷èõ ðå÷îâèí. Ïåðøà ³ òðåòÿ ìîäåë³ ìàþòü
ñõîæèé ð³âåíü êîíöåíòðàö³¿ çàáðóäíþþ÷èõ ðå÷îâèí. Ó äðóã³é
ìîäåë³ ð³âåíü êîíöåíòðàö³¿ çàáðóäíþþ÷èõ ðå÷îâèí íèæ÷å. Âñòà-
íîâëåíî, ùî ð³âåíü êîíöåíòðàö³¿ çàáðóäíþþ÷èõ ðå÷îâèí çíà÷íî
çíèæóºòüñÿ ï³ñëÿ ç³òêíåííÿ ç ãîðáèñòèì ëàíäøàôòîì, âèñî-
òà ÿêîãî ïåðåâèùóº âèñîòó äèìàðÿ.

Êëþ÷îâ³ ñëîâà: ìîäåëþâàííÿ, çàáðóäíåííÿ àòìîñôåðè,
òî÷êîâå äæåðåëî, äîì³øêè, ANSYS, îá÷èñëþâàëüíà
ã³äðîäèíàì³êà, ìåòîä ñê³í÷åííèõ åëåìåíò³â.

Òàáëèöà 3

Êîíöåíòðàöèÿ çàãðÿçíåíèé

Модель Точка взятия пробы Концентрация (кг/м2) Высота (мм) 

Вентиляционное отверстие 0,989983 6000 

Середина потока 0,0589674 5700 «Model 1» 

Конец потока 0,00229462 5000 

Вентиляционное отверстие 0,945833 6000 

Над препятствием 0,0180535 9700 «Model 2» 

За препятствием 0,000503585 11000 

Вентиляционное отверстие 0,994091 6000 

Середина потока 0,0668258 6000 «Model 3» 

Над кварталом застройки 0,00223406 8100 
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RESEARCH OF THE TRAJECTORY OF POLLUTION
DIFFUSION FROM A POINT SOURCE DEPENDING ON
THE NATURE OF THE LANDSCAPE

Manukian A.A., Selivyorstova T.V.

National Metallurgical Academy of Ukraine, Dnipro, Ukraine

The behavior of the flow of pollutants during process of diffusion
from a chimney is investigated in this paper. It will help to understand
the process of air pollution better. By means of the Solid Edge program
three three-dimensional models for a point source of pollution with
different types of landscape are created: a flat landscape, a hilly
landscape and an urban landscape, which consists of buildings of
different sizes. Three-dimensional models have identical geometrical
sizes, a chimney, and different types of landscape help to research
behavior of a flow in different conditions. On the basis of three-
dimensional models, model problems are implemented using ANSYS
software. Computation in the software product ANSYS are performed
using the finite element method. Polygon meshes for three-dimensional
models are created for implementation of the finite element method.
The changes in trajectory of the pollutants flow depending on the
nature of the landscape were shown. In the model with a flat
landscape, the path of the pollutant flow is directed downward. In
the model with a hilly landscape, after collision with an obstacle,
the trajectory of the pollutant flow is directed upward. It is revealed
that urban development exerts less influence, than an unsmooth
landscape. First of all, it depends on the height of the obstacle relative
to the height of the source of pollution. The change in the flow
trajectory influences the level of concentration of pollutants. The
first and third models have a similar level of concentration of
pollutants. In the second model the level of concentration of pollutants
is lower. It was stated that the concentration level of pollutants
considerably decreased after the collision with a hilly landscape that
exceeds chimney height.

Keywords: modeling, air pollution, point source, impuri-
ties, ANSYS, computational fluid dynamics, finite element meth-
od.
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ÌÀÒÅÌÀÒÈ×ÅÑÊÎÅ ÌÎÄÅËÈÐÎÂÀÍÈÅ ÄÈÍÀÌÈ×ÅÑÊÈÕ ÏÐÎÖÅÑÑÎÂ Â
ÑÈÑÒÅÌÀÕ Ñ ÐÀÑÏÐÅÄÅËÅÍÍÛÌÈ ÏÀÐÀÌÅÒÐÀÌÈ

Àçåðáàéäæàíñêèé Òåõíè÷åñêèé Óíèâåðñèòåò, ã. Áàêó, Àçåðáàéäæàí

Èçâåñòíî, ÷òî äëÿ ðàñ÷åòà è èññëåäîâàíèÿ äèíàìè÷åñêèõ ïðîöåññîâ â ñèñòåìàõ ñ ðàñïðå-

äåëåííûìè ïàðàìåòðàìè âûðàæåíèå äëÿ , ñîäåðæàùåå êîýôôèöèåíò çàòóõàíèÿ, ðàñ-

êëàäûâàåòñÿ â ðÿä Òåéëîðà è áåðåòñÿ äâà ÷ëåíà ðÿäà. Â ñâÿçè ñ ýòèì â äàííîé ðàáîòå

ðàññìàòðèâàåòñÿ îöåíêà ïîãðåøíîñòè, ïîëó÷àåìîé ïðè ýòîì äîïóùåíèè. Îòìåòèì, ÷òî

ïðè ðàçëîæåíèè â ðÿä âûðàæåíèÿ äëÿ , îò ðåàëüíîé ñèñòåìû ñ ðàñïðåäåëåííûìè ïàðà-

ìåòðàìè ïåðåõîäèì ê ñáàëàíñèðîâàííîé ñèñòåìå è êîýôôèöèåíò Ò â çàâèñèìîñòè îò

ñïåöèôèêè êîíêðåòíûõ îáúåêòîâ, ïîëó÷àåò ðàçíûå çíà÷åíèå. Ïðîâåäåííûå èññëåäîâà-

íèÿ ïîêàçûâàþò, ÷òî ÷åì áîëüøå çíà÷åíèå Ò, òåì áîëüøå â óñòàíîâèâøåìñÿ ðåæèìå

çíà÷åíèå ôóíêöèè îòêëîíÿåòñÿ îò çíà÷åíèÿ , ñîîòâåòñòâóþùåãî óñòàíîâèâøåìóñÿ ðå-

æèìó íåñáàëàíñèðîâàííîãî çâåíà. Èñõîäÿ èç âûøåñêàçàííîãî, ìîæíî ñäåëàòü âûâîä î

òîì, ÷òî ðàçëîæåíûå â ðÿä âûðàæåíèÿ äëÿ êîýôôèöèåíòà  ñïðàâåäëèâî òîëüêî ïðè

ìàëûõ çíà÷åíèÿõ Ò. Â ðàáîòå ïðîô. ß.Á. Êàäûìîâà ïîñðåäñòâîì àïïðîêñèìàöèè áåñ-

êîíå÷íîãî ðÿäà Áåññåëåâûõ ðÿäîâ ôóíêöèé ïåðâîãî ðîäà íóëåâîãî ïîðÿäêà, ïðè ïåðåõî-

äå îò èçîáðàæåíèÿ ê îðèãèíàëó (ïðè õ=0), ïîëó÷åíî òàêîå ðåøåíèå òåëåãðàôíîãî óðàâ-

íåíèÿ â âèäå ðåøåò÷àòûõ ôóíêöèé, êîòîðîå ïîçâîëÿåò ðàññ÷èòûâàòü ïåðåõîäíûå ïðî-

öåññû â ýëåêòðîïðèâîäàõ è ñèñòåìàõ àâòîìàòè÷åñêîãî ðåãóëèðîâàíèÿ, âêëþ÷àþùèõ çâå-

íüÿ ñ ðàñïðåäåëåííûìè ïàðàìåòðàìè, ïðè ó÷åòå ïîòåðü ñ ïîãðåøíîñòüþ, íå ïðåâûøà-

þùåé 5%. Îäíàêî â ðÿäå ïðàêòè÷åñêèõ çàäà÷ ïðè ðåøåíèè ïðîáëåìû äèíàìèêè îáúåê-

òîâ ñ ðàñïðåäåëåííûìè ïàðàìåòðàìè âîçíèêàåò íåîáõîäèìîñòü èññëåäîâàòü ïåðåõîäíûå

ïðîöåññû èñõîäíîé ñèñòåìû â ëþáîé òî÷êå â ëþáîé ìîìåíò âðåìåíè. Èñõîäÿ èç âûøå-

èçëîæåííîãî, â äàííîé ðàáîòå ïðåäëàãàåòñÿ ÷èñëåííûé ìåòîä ðàñ÷åòà ïåðåõîäíûõ ïðî-

öåññîâ â ëþáîé òî÷êå ñèñòåì ñ ðàñïðåäåëåííûìè ïàðàìåòðàìè, îïèñûâàåìûõ òåëåãðàô-

íûìè óðàâíåíèÿìè. Ïðåäëîæåííûé ìåòîä âû÷èñëåíèÿ ïåðåõîäíûõ ïðîöåññîâ â ñèñòå-

ìàõ ñ ðàñïðåäåëåííûìè ïàðàìåòðàìè ÿâëÿåòñÿ äèñêðåòíûì.

Êëþ÷åâûå ñëîâà: ðàñïðåäåëåííûé ïàðàìåòð, òåëåãðàôíûå óðàâíåíèÿ, ìàãèñòðàëü-

íûå òðóáîïðîâîäû, ñáàëàíñèðîâàííîå çâåíî.

Ïîñòàíîâêà ïðîáëåìû
Èçâåñòíî, ÷òî äèíàìè÷åñêèå ïðîöåññû â

ñèñòåìàõ ñ ðàñïðåäåëåííûìè ïàðàìåòðàìè, ÿð-
êèìè ïðèìåðàìè êîòîðûõ ÿâëÿþòñÿ ìàãèñòðàëü-
íûå òðóáîïðîâîäû [1,2], äëèííûå ëèíèè ýëåêò-
ðîïåðåäà÷è, øòàíãè ãëóáèííîíàñîñíûõ óñòàíî-
âîê è ò.ä., â îáùåì âèäå îïèñûâàþòñÿ ñèñòåìîé
äèôôåðåíöèàëüíûõ óðàâíåíèé â ÷àñòíûõ ïðî-
èçâîäíûõ [1]:

1 3

2 4

P(x, t) (x, t)
k k (x, t);

x t

(x, t) P(x, t)
k k P(x, t),

x t

      


   
  

  (1)

ãäå k1, k2, k3, k4 – âåùåñòâåííûå êîýôôèöèåíòû,
çàâèñÿùèå îò ñâîéñòâà ñèñòåìû.

Àíàëèç ïîñëåäíèõ èññëåäîâàíèé è ïóáëèêàöèé
Â ðàáîòå [3] ïîñðåäñòâîì àïïðîêñèìàöèè

áåñêîíå÷íîãî ðÿäà Áåññåëåâûõ ðÿäîâ ôóíêöèé
ïåðâîãî ðîäà íóëåâîãî ïîðÿäêà, ïðè ïåðåõîäå
îò èçîáðàæåíèÿ ê îðèãèíàëó (ïðè õ=0), ïîëó÷å-
íî òàêîå ðåøåíèå òåëåãðàôíîãî óðàâíåíèÿ â âèäå
ðåøåò÷àòûõ ôóíêöèé, êîòîðîå ïîçâîëÿåò ðàññ÷è-
òûâàòü ïåðåõîäíûå ïðîöåññû â ýëåêòðîïðèâî-
äàõ è ñèñòåìàõ àâòîìàòè÷åñêîãî ðåãóëèðîâàíèÿ,
âêëþ÷àþùèõ çâåíüÿ ñ ðàñïðåäåëåííûìè ïàðà-
ìåòðàìè, ïðè ó÷åòå ïîòåðü ñ ïîãðåøíîñòüþ, íå
ïðåâûøàþùèé 5%. Îäíàêî â ðÿäå ïðàêòè÷å-
ñêèõ çàäà÷ ïðè ðåøåíèå ïðîáëåìû äèíàìèêè
îáúåêòîâ ñ ðàñïðåäåëåííûìè ïàðàìåòðàìè (òðó-
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áîïðîâîäîâ, äëèííûõ ñòåðæíåé, ëèíèé ýëåê-
òðîïåðåäà÷è è äð.) âîçíèêàåò íåîáõîäèìîñòü èñ-
ñëåäîâàòü ïåðåõîäíûå ïðîöåññû èñõîäíîé ñèñ-
òåìû â ëþáîé òî÷êå â ëþáîé ìîìåíò âðåìåíè.

Ôîðìóëèðîâàíèå öåëåé ñòàòüè (ïîñòàíîâêà
çàäà÷è)

Ïîýòîìó â äàííîé ðàáîòå ðàçâèâàåòñÿ è
îáîáùàåòñÿ ìåòîä [3] äëÿ èññëåäîâàíèÿ ïåðå-
õîäíûõ ïðîöåññîâ â ñèñòåìàõ ñ ðàñïðåäåëåííû-
ìè ïàðàìåòðàìè, îïèñûâàåìûõ òåëåãðàôíûìè
óðàâíåíèÿìè, â ëþáîé òî÷êå â ëþáîé ìîìåíò
âðåìåíè.

Ïðîâåäåííûå èññëåäîâàíèå ïîêàçûâàþò,
÷òî ðåçóëüòàòû ðàñ÷åòà íåñòàöèîíàðíûõ ïðîöåñ-
ñîâ, ïîëó÷åííûå ïóòåì ÷èñëåííîãî ðåøåíèÿ
ìåòîäîì, îñíîâàííûì íà òåîðèè èìïóëüñíûõ
ñèñòåì, ñ ó÷åòîì âëèÿíèÿ ïðèâîäíîãî äâèãàòåëÿ
ïîêàçûâàþò, ÷òî ýòîò ìåòîä ïîçâîëÿåò ïîëó÷èòü
ðåçóëüòàòû, âåñüìà áëèçêèå ê ýêñïåðèìåíòàëü-
íûì, ïðåäëîæåííûé ìåòîä äàåò âîçìîæíîñòü
îïðåäåëèòü èçìåíåíèå äàâëåíèÿ èëè ðàñõîäà â
ëþáîé òî÷êå òðàññû â ëþáîé ìîìåíò âðåìåíè è
íå ïðåäñòàâëÿåò îñîáûõ òðóäíîñòåé êàê ïðè ñî-
ñòàâëåíèè è îòëàäêå ïðîãðàììû, òàê è ïðè ðàñ-
÷åòå.

Èçëîæåíèå îñíîâíîãî ìàòåðèàëà èññëåäîâàíèÿ
Ñëåäóåò îòìåòèòü, ÷òî âûðàæåíèÿ äëÿ ,

ñîäåðæàùåå êîýôôèöèåíò çàòóõàíèÿ (ïîòåðü)
ðàçëàãàåòñÿ â ðÿä Òåéëîðà è áåðåòñÿ äâà ÷ëåíà
ðÿäà. Ïðè ýòîì, âûðàæåíèå äëÿ  ïîñëå ðàçëî-
æåíèÿ ïîëó÷àåòñÿ:

(s ) .


   


  (2)

Îäíàêî âûðàæåíèå äëÿ êîýôôèöèåíòà ðàñ-
ïðîñòðàíåíèÿ è âîëíîâîãî ñîïðîòèâëåíèÿ â îá-
ùåì ñëó÷àå èìååò âèä:

2 2
2 T (s )      , 

sk k1 3
b

sk k
2 4





,                      (3)

ãäå 
3 4

1 2

k k1

2 k k
  

 
 
 

, 
3 4

1 2

k k1

2 k k
  

 
 
 

.              (4)

Â ñâÿçè ñ ýòèì â äàííîé ðàáîòå ðàññìàòðè-
âàåòñÿ îöåíêà ïîãðåøíîñòè, ïîëó÷àåìîé ïðè
ýòîì äîïóùåíèè.

Â çàäà÷àõ äèíàìèêè ìàãèñòðàëüíûõ òðóáî-
ïðîâîäîâ êîýôôèöèåíò, ó÷èòûâàþùèé íà åäè-
íèöó äëèíû k4=0. Ïðè ýòîì, êàê â ÷àñòíîì ñëó-
÷àå, ïîëó÷àåòñÿ îáúåêò ñ ðàñïðåäåëåííûìè ïà-
ðàìåòðàìè, êîãäà =.

Èç òåîðèè èññëåäîâàíèÿ çâåíüåâ ñ ðàñïðå-

äåëåííûìè ïàðàìåòðàìè èçâåñòíî, ÷òî â ñáàëàí-
ñèðîâàííûõ çâåíüÿõ ñ ðàñïðåäåëåííûìè ïàðà-
ìåòðàìè êîýôôèöèåíò =0, ïðè ýòîì èìååò ìå-
ñòî ñëåäóþùåå ñîîòíîøåíèå ïàðàìåòðîâ

3 4

1 2

k k

k k
 .  (5)

Êîýôôèöèåíò b îêàçûâàåòñÿ ðàâíûì òîìó

çíà÷åíèþ, ÷òî è äëÿ çâåíà áåç ïîòåðü 
2

1

k

k
b , à

êîýôôèöèåíò ðàñïðîñòðàíåíèÿ 



 )s( .

Îòìåòèì, ÷òî, êàê ïðè ðàçëîæåíèè â ðÿä
âûðàæåíèÿ äëÿ , îò ðåàëüíîé ñèñòåìû ñ ðàñ-
ïðåäåëåííûìè ïàðàìåòðàìè ïåðåõîäèì ê ñáà-
ëàíñèðîâàííîé ñèñòåìå è êîýôôèöèåíòó Ò â
çàâèñèìîñòè îò ñïåöèôèêè êîíêðåòíûõ îáúåê-
òîâ, â ÷àñòíîñòè, ìàãèñòðàëüíûõ òðóáîïðîâîäîâ,
ïîëó÷àåì ðàçíûå çíà÷åíèÿ, íåîáõîäèìî ïîêà-
çàòü, ïðè êàêèõ ïðåäåëàõ çíà÷åíèÿ êîýôôèöè-
åíòà Ò äîñòîâåðåí ýòîò ïîäõîä.

Êàê èçâåñòíî, ïðè íóëåâûõ íà÷àëüíûõ óñ-
ëîâèÿõ îïåðàòîðíîå âûðàæåíèå äëÿ  â ñáàëàí-
ñèðîâàííîì çâåíå èìååò ñëåäóþùèé âèä [3]:

(s ) x
1

1

(s x) x
2s

2s1

P e e e
(s)

b 1 e e





    

  

 
 





,  (6)

ãäå T
eee 1   , 

1

3

k

k
 .

Ïðè e=–1 ðåøåíèå óðàâíåíèÿ (6) â îáëà-
ñòè îðèãèíàëîâ äëÿ íà÷àëüíîé òî÷êè (x=0) èìå-
åò âèä:

  1 T T(n 1)

T

P 1
n, 1 e 2e cos An

b 1 e

  
    


   . (7)

Çàäàâàÿ çíà÷åíèÿ n=0,1,2,…, (ïðè ýòîì 
ïîëó÷àåò çíà÷åíèå 01), ïðè ðàçëè÷íûõ çíà-
÷åíèÿõ Ò ìîæíî ïîëó÷èòü ãðàôèêè èçìåíåíèÿ
ôóíêöèè (7).

Ïðîâåäåííûå èññëåäîâàíèÿ ïîêàçûâàåò, ÷òî
÷åì áîëüøå çíà÷åíèå Ò, òåì áîëüøå â óñòàíî-
âèâøåìñÿ ðåæèìå çíà÷åíèå ôóíêöèè îòêëîíÿ-
åòñÿ îò çíà÷åíèÿ , ñîîòâåòñòâóþùåãî óñòàíî-
âèâøåìóñÿ ðåæèìó íåñáàëàíñèðîâàííîãî çâåíà.

Èñõîäÿ èç âûøåñêàçàííîãî, ìîæíî ñäåëàòü
âûâîä î òîì, ÷òî ðàçëîæåíûå â ðÿä âûðàæåíèÿ
äëÿ êîýôôèöèåíòà  ñïðàâåäëèâû òîëüêî ïðè
ìàëûõ çíà÷åíèÿõ Ò.

Íåîáõîäèìî îòìåòèòü, ÷òî â äàííîé ðàáî-



Musayev V.H.

56 ISSN 2521-6406, Kompûterne modelûvannâ: analiz, upravlinnâ, optimizaciâ, 2017, No. 2, pp. 54-58

òå ïðè âûáîðå ïåðèîäà ïîâòîðåíèÿ ðåøåò÷àòîé
ôóíêöèè Ò èñïîëüçóåòñÿ ïàðàìåòð , êîòîðûé
ïîëó÷àåò ðàçëè÷íûå çíà÷åíèè îò 1 äî n. Ïðè
ýòîì íîâûé ïåðèîä ïîâòîðåíèÿ âûáèðàåòñÿ èç
óñëîâèÿ T/=T/. Âûáîðîì ïàðàìåòðà /, ìîæíî
ïîëó÷èòü ðàçëè÷íûå ïåðèîäû ïîâòîðåíèÿ ðåøåò-
÷àòîé ôóíêöèè è çíà÷åíèÿ ïàðàìåòðà Ò, íå
ïðåâûøàþùèå äîïóñòèìîãî.

Èñõîäÿ èç âûøåèçëîæåííîãî â äàííîé ðà-
áîòå ïðåäëàãàåòñÿ ÷èñëåííûé ìåòîä ðàñ÷åòà ïå-
ðåõîäíûõ ïðîöåññîâ â ëþáîé òî÷êå ñèñòåì ñ
ðàñïðåäåëåííûìè ïàðàìåòðàìè, îïèñûâàåìûõ
òåëåãðàôíûìè óðàâíåíèÿìè.

Òàê, íàïðèìåð, ðåøåíèå òåëåãðàôíîãî óðàâ-
íåíèÿ ïðè ïðèíÿòûõ íà÷àëüíûõ è ãðàíè÷íûõ
óñëîâèÿõ â îáùåì âèäå (Pconst) â îïåðàòîðíîé
ôîðìå îòíîñèòåëüíî ôóíêöèè w ïðè e’=–1
èìååò âèä:

2 2 (1 )

2

e e P(s)
( ,s)

1 e b(s)

     

 


  



 


,  (8)

ãäå =x/2l.
Âûðàæåíèe (8) ìîæíî ïðåäñòàâèòü â âèäå:

2

2 2 (1 )

1
(1 e ) ( ,s)

s

1 1
e e P(s)

s b(s)

 

     

   

   



  .   (9)

Îáîçíà÷àÿ â âûðàæåíèè (9) 2

1

1
k (s) e

2

   ,

2
2

1
k (s) e

sb(s)

   

, 
2 (1 )

3

1
k (s) e

sb(s)

   

, ïîëó-

÷èì:

   31 2

1
( ,s) k (s) k (s) k (s) P s

s

       
 

.  (10)

Âûðàæåíèå (10) â îáëàñòè îðèãèíàëîâ, ñî-
ãëàñíî òåîðåìû ñâåðòêè [4,5], èìååò âèä:

     

   

     

2

n

3

m (1 )

n n 1

1

m m 0

, k m P n m

k m P n m

k m n m, m,





 



 

     

  

      





  .  (11)

ãäå  
'

Tn m
T

m

2 2 2

1

2 2

0,при n ;

e T e

k n T
I , m ( )

,
m ( )

при n ;


  



 

    



     
 

 



   
T

n 22

2 0

T
k n e I n


      

;

   
T

n 22

3 0

T
k n e I n 1




          
,

ãäå 1I ( , t)  – áåññåëåâûå ôóíêöèè ïåðâîãî ïî-
ðÿäêà îò âåùåñòâåííîãî àðãóìåíòà.

Àíàëîãè÷íûì îáðàçîì ôóíêöèè  P ,s  â
îáùåì âèäå ìîæíî ïðåäñòàâèòü:

2 2 (1 )

2

e e
P( ,s) P(s)

1 e

     

 


 



 


.  (12)

Â îáëàñòè îðèãèíàëîâ:

     

   

     

n
'

2

m

n
'

1

m (1

n n 1
'

1

m m 0

P ,n k m P n m

k m P n m

k m P n m, P m,



 



 

   

  

    





  ,  (13)

 
'

Tn m
T

m

2 2 2

1

2 2

0,при n ;

e T e

k n T
I , m ( )

,
m ( )

при n ;


  



 

    



     
 

 



ãäå
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 
'

Tn m
T

m

2 2 2

1

2 2

0,при n ;

e T e

k n T
I , m ( )

,
m ( )

при n ;


  



 

    



     
 

 



   '

1 1k n k n ;

   

 

T(1 )

22'
T 1n3

22m (1 )

0,при m (1- );

e T(1 )

T
I m 1k n

e ,

m 1

при m (1- ).

 






 

 


  
            
     
  



Èç âûðàæåíèé äëÿ  nk1 ,  nk
'

2 ,  nk
'

3  âèä-
íî, ÷òî ïðè m=, m=, m=(1-) íà ôðîíòå

âîëíû èìååò ñîîòâåòñòâåííî   T
1 enk  ,

   T'
2 enk ,   )1(T'

3 enk  .

Â ÷àñòíîì ñëó÷àå, ïðè P=const âûðàæåíèÿ
(8) è (12) ïðèìóò âèä:

2 2 (1 )

0

2

P1 e e
( ,s)

1 e sb(s)

     

 


  



 


;  (14)

2 2 (1 )

0

2

P e e
P( ,s)

s 1 e

     

 


 



 


.  (15)

Âûðàæåíèÿ (14) è (15) â îáëàñòè îðèãèíà-
ëîâ èìåþò âèä:

     

     

n n

2 3

m m (1 )

n 1 n 1

1

m 0 m

, n k m k m

m, k n m m, ;

  

 

 

    

      

 

 
  

(16)

     

     

n n
' '

2 3

m m (1 )

n n 1
'

1

m m 0

P ,n k m k m

k m P m, 1 n m .

  



 

   

    

 

 
  

(17)

Çàäàâàÿ çíà÷åíèÿ 0x  ñîãëàñíî âûðàæå-
íèÿì (11), (13), (16), (17), ìîæíî ðàññ÷èòàòü
ïåðåõîäíûå ïðîöåññû â ñèñòåìàõ ñ ðàñïðåäåëåí-
íûìè ïàðàìåòðàìè ïðè ïðîèçâîëüíûõ è ñêà÷-
êîîáðàçíûõ âîçìóùàþùèõ âîçäåéñòâèÿõ â ëþ-
áîé òî÷êå ïðè ó÷åòå ïîòåðü.

Âûâîäû
Ïðåäëîæåííûé ìåòîä âû÷èñëåíèÿ ïåðåõîä-

íûõ ïðîöåññîâ â ñèñòåìàõ ñ ðàñïðåäåëåííûìè
ïàðàìåòðàìè ÿâëÿåòñÿ äèñêðåòíûì.

Îïèñàííàÿ ìåòîäèêà, èñêëþ÷àþùàÿ îïåðà-
öèè ïðèâåäåíèÿ ñèñòåì ñ ðàñïðåäåëåííûìè ïà-
ðàìåòðàìè ê çàìêíóòîé èìïóëüñíîé ñèñòåìå,
ñóùåñòâåííî óïðîùàåò ìàòåìàòè÷åñêèå âûêëàä-
êè ïî îïðåäåëåíèþ ïåðåäàòî÷íûõ ôóíêöèé è
ñîêðàùàåò îáúåì âû÷èñëåíèé. Ìåòîäèêà ïîçâî-
ëÿåò ñâåñòè ðåøåíèå ñëîæíîé çàäà÷è ïî ïåðå-
õîäíûì ïðîöåññàì â ñèñòåìå ñ ðàñïðåäåëåííû-
ìè ïàðàìåòðàìè ê äîñòàòî÷íî ïðîñòûì àëãîðèò-
ìàì ëåãêî ðåàëèçóåìûõ íà ñîâðåìåííûõ âû÷èñ-
ëèòåëüíûõ ñèñòåìàõ, ïðè ýòîì èñïîëüçóþòñÿ
ñòàíäàðòíûå ïðîãðàììû.
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ÏÀÐÀÌÅÒÐÀÌÈ

Ìóñàºâ Â.Ã.

Â³äîìî, ùî äëÿ ðîçðàõóíêó ³ äîñë³äæåííÿ äèíàì³÷íèõ ïðî-
öåñ³â â ñèñòåìàõ ç ðîçïîä³ëåíèìè ïàðàìåòðàìè âèðàçó äëÿ ,
ÿêèé ì³ñòèòü êîåô³ö³ºíò çãàñàííÿ, ðîçêëàäàºòüñÿ â ðÿä Òåé-
ëîðà ³ áåðåòüñÿ äâà ÷ëåíà ðÿäó. Ó çâ’ÿçêó ç öèì â äàí³é ðîáîò³
ðîçãëÿäàºòüñÿ îö³íêà ïîõèáêè, îäåðæóâàíî¿ ïðè öüîìó äîïó-
ùåíí³. Â³äçíà÷èìî, ùî ïðè ðîçêëàäàíí³ â ðÿä âèðàçó äëÿ , â³ä
ðåàëüíî¿ ñèñòåìè ç ðîçïîä³ëåíèìè ïàðàìåòðàìè ïåðåõîäèìî äî
çáàëàíñîâàíî¿ ñèñòåìè ³ êîåô³ö³ºíòà Ò â çàëåæíîñò³ â³ä ñïå-
öèô³êè êîíêðåòíèõ îá’ºêò³â, îòðèìóº ð³çí³ çíà÷åííÿ. Çä³éñíå-
í³ äîñë³äæåííÿ ïîêàçóþòü, ùî ÷èì á³ëüøå çíà÷åííÿ Ò, òèì
á³ëüøå â ñòàëîìó ðåæèì³ çíà÷åííÿ ôóíêö³¿ â³äõèëÿºòüñÿ â³ä
çíà÷åííÿ , ùî â³äïîâ³äàº ñòàëîìó ðåæèìó íåçáàëàíñîâàíî¿
ëàíêè. Âèõîäÿ÷è ç âèùåñêàçàíîãî, ìîæíà çðîáèòè âèñíîâîê ïðî
òå, ùî ðîçêëàäàííÿ â ðÿä âèðàçó äëÿ êîåô³ö³ºíòà  ñïðàâåäëèâî
ò³ëüêè ïðè ìàëèõ çíà÷åííÿõ Ò. Â ðîáîò³ ïðîô. ß.Á. Êàäèìîâà
çà äîïîìîãîþ àïðîêñèìàö³¿ íåñê³í÷åííîãî ðÿäó Áåñåëåâèõ ðÿä³â
ôóíêö³é ïåðøîãî ðîäó íóëüîâîãî ïîðÿäêó, ïðè ïåðåõîä³ â³ä çîá-
ðàæåííÿ äî îðèã³íàëó (ïðè õ=0), îòðèìàíî òàêå ð³øåííÿ òå-
ëåãðàôíîãî ð³âíÿííÿ ó âèãëÿä³ ´ðàò÷àñòèõ ôóíêö³é, ÿêå äîçâî-
ëÿº ðîçðàõîâóâàòè ïåðåõ³äí³ ïðîöåñè â åëåêòðîïðèâîäàõ ³ ñèñ-
òåìàõ àâòîìàòè÷íîãî ðåãóëþâàííÿ, ùî âêëþ÷àþòü ëàíêè ç
ðîçïîä³ëåíèìè ïàðàìåòðàìè, ïðè îáë³êó âòðàò ç ïîõèáêîþ, ùî
íå ïåðåâèùóº 5%. Îäíàê â íèçö³ ïðàêòè÷íèõ çàäà÷ ïðè ðîçâ’ÿ-
çàíí³ ïðîáëåìè äèíàì³êè îá’ºêò³â ç ðîçïîä³ëåíèìè ïàðàìåòðà-
ìè âèíèêàº íåîáõ³äí³ñòü äîñë³äèòè ïåðåõ³äí³ ïðîöåñè âèõ³äíî¿
ñèñòåìè â áóäü-ÿê³é òî÷ö³ â áóäü-ÿêèé ìîìåíò ÷àñó. Âèõîäÿ÷è
ç âèùåâèêëàäåíîãî, â äàí³é ðîáîò³ ïðîïîíóºòüñÿ ÷èñåëüíèé ìå-
òîä ðîçðàõóíêó ïåðåõ³äíèõ ïðîöåñ³â â áóäü-ÿê³é òî÷ö³ ñèñòåì ç
ðîçïîä³ëåíèìè ïàðàìåòðàìè, ÿê³ îïèñóþòüñÿ òåëåãðàôíèìè
ð³âíÿííÿìè. Çàïðîïîíîâàíèé ìåòîä îá÷èñëåííÿ ïåðåõ³äíèõ ïðî-
öåñ³â â ñèñòåìàõ ç ðîçïîä³ëåíèìè ïàðàìåòðàìè º äèñêðåòíèì.

Êëþ÷îâ³ ñëîâà: ðîçïîä³ëåíèé ïàðàìåòð, òåëåãðàôí³
ð³âíÿííÿ, ìàã³ñòðàëüí³ òðóáîïðîâîäè, çáàëàíñîâàíà ëàíêà.

MATHEMATICAL MODELING OF DYNAMIC
PROCESSES IN SYSTEMS WITH DISTRIBUTED
PARAMETERS

Musayev V.H.

Azerbaijan Technical University, Baku, Republic of Azerbaijan

In this paper, a discrete method is developed and generalized
for the study of transient processes in systems with distributed
parameters described by telegraph equations, at any point at any
time. In this connection, in this paper, we consider the estimation of
the error obtained with this assumption. We note that when we expand
the expressions for , from a real system with distributed parameters
we pass to a balanced system, and the coefficient Ò, depending on
the specifics of particular objects, in particular, the main pipelines,
gets different values. The conducted research shows that the higher
the value Ò is, the more the function value deviates in the steady
state from the value  corresponding to the steady state of the
unbalanced link. Proceeding from the foregoing, we can conclude
that the expansion in a series of expressions for the coefficient  is
valid only for small values of Ò. In the work of prof. Y.B. Kadimov,
by approximating an infinite series of Bessel series of functions of the
first kind of zero order, when passing from the transform to the
original (at x=0), a solution of the telegraph equation in the form of
lattice functions is obtained. It makes possible to calculate transient
processes in electric drives and automatic control systems, including
links with distributed parameters, with allowance for losses, with an
error not exceeding 5%. However, in a number of practical tasks
when solving the problem of the dynamics of objects with distributed
parameters, it becomes necessary to investigate the transient processes
of the initial system at any point at any time. Proceeding from the
foregoing, in this paper, we propose a numerical method for calculating
transient processes at any point of systems, with distributed parameters
described by telegraph equations. The proposed method for calculating
transient processes in systems with distributed parameters is discrete.

Keywords: distributed parameter, telegraph equations, main
pipelines, balanced link.
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ÄÂÍÇ «Óêðà¿íñüêèé äåðæàâíèé õ³ì³êî-òåõíîëîã³÷íèé óí³âåðñèòåò», ì. Äí³ïðî, Óêðà¿íà

Â äàí³é ðîáîò³ ðîçãëÿíóò³ ïèòàííÿ àâòîìàòèçàö³¿ ïðîöåñó ³äåíòèô³êàö³¿ äèíàì³÷íèõ

îá’ºêò³â. Äîñë³äæåíî âèêîðèñòàííÿ êîìï’þòåðíèõ òåõíîëîã³é äëÿ çàáåçïå÷åííÿ àâ-

òîìàòèçàö³¿ ïðîöåñ³â ³äåíòèô³êàö³¿ îá’ºêò³â óïðàâë³ííÿ. Âèêîíàíèé àíàë³ç ³ñíó-

þ÷èõ ìåòîä³â îö³íêè àäåêâàòíîñò³ ìîäåëåé, ùî îòðèìóþòüñÿ â õîä³ ³äåíòèô³êàö³¿,

â³äì³÷åí³ îáìåæåííÿ çàñòîñóâàííÿ öèõ ìåòîä³â. Îá´ðóíòîâàíî âèêîðèñòàííÿ ³íôîð-

ìàö³éíîãî ï³äõîäó ïðè ðîçâ’ÿçàíí³ çàäà÷ îö³íþâàííÿ àäåêâàòíîñò³ ìàòåìàòè÷íèõ

ìîäåëåé. Çàïðîïîíîâàíî âèêîðèñòàííÿ óí³âåðñàëüíî¿, ïðèäàòíî¿ ïðè áóäü-ÿêîìó

ìåòîä³ ³äåíòèô³êàö³¿ ³íôîðìàö³éíîãî îö³íþâàííÿ àäåêâàòíîñò³ íà îñíîâ³ ïîíÿòòÿ

êîðèñíî¿ ³íôîðìàö³¿ Áîíãàðäà. Íàâåäåí³ ôîðìóëè çðó÷í³ äëÿ ïðàêòè÷íîãî âèêîðè-

ñòàííÿ ïðè ïîð³âíÿëüíîìó îö³íöþâàíí³ òî÷íîñò³ ìîäåëåé îá’ºêò³â óïðàâë³ííÿ ð³çíîãî

òèïó. Îïèñàíèé ïðîöåñ ïðîåêòóâàííÿ ãðàô³÷íîãî ³íòåðôåéñó êîðèñòóâà÷à – Graphical

User Interface (GUI) â ñïåö³àë³çîâàíîìó ñåðåäîâèù³ GUIDE ñèñòåìè MATLAB.

Ñïðîåêòîâàíèé GUI äîçâîëÿº â ³íòåðàêòèâíîìó ðåæèì³ ç ìàêñèìàëüíîþ ì³ðîþ

àâòîìàòèçàö³¿ âèêîíóâàòè ³äåíòèô³êàö³þ äèíàì³÷íèõ îá’ºêò³â. Ïðè öüîìó ñòâîðåí-

íÿ ìîäåë³ ³ îö³íþâàííÿ ¿¿ àäåêâàòíîñò³ çä³éñíþºòüñÿ ç âèêîðèñòàííÿì ð³çíèõ ìå-

òîä³â. Ðîçðîáëåí³ ñöåíàð³¿ ³ ôóíêö³¿ GUI ââîäÿòü äàí³ åêñïåðèìåíòàëüíèõ äîñë³-

äæåíü äèíàì³÷íîãî îá’ºêòà, óñåðåäíþþòü, íîðìàë³çóþòü ³ âèêîíóþòü ¿õ àïðîêñè-

ìàö³þ ïåðåäàòíîþ ôóíêö³ºþ ïåðøîãî, äðóãîãî, òðåòüîãî àáî ÷åòâåðòîãî ïîðÿäêó,

âèêîíóþòü ïîáóäîâó ãðàô³ê³â êðèâèõ ðîçãîíó îá’ºêòà ³ êðèâî¿ â³äãóêó ìîäåë³. Àï-

ðîêñèìàö³ÿ çä³éñíþºòüñÿ âèêîðèñòàííÿì ôóíêö³¿ ì³í³ì³çàö³¿ ç îáìåæåííÿìè fmincon.

Íàâåäåí³ ôðàãìåíòè ôóíêö³é, ùî çä³éñíþþòü àïðîêñèìàö³þ êðèâî¿ ðîçãîíó

îá’ºêòà ³ ðîçðàõóíîê çíà÷åíü ³íôîðìàö³éíîãî êðèòåð³þ àäåêâàòíîñò³. Ïåðåñóâàí-

íÿì ñëàéäåð³â GUI ìîæíà êîðèãóâàòè ìîäåëü, äîìàãàþ÷èñü áàæàíîãî âèäó êðèâî¿

â³äãóêó ³ êîíòðîëþþ÷è ïðè öüîìó çíà÷åííÿ êðèòåð³þ àäåêâàòíîñò³. Âèêîðèñòàííÿ

GUI çàáåçïå÷óº ïîáóäîâó âèñîêîòî÷íèõ ìîäåëåé äèíàì³÷íèõ îá’ºêò³â óïðàâë³ííÿ ç

ì³í³ìàëüíèìè âèòðàòàìè ÷àñó. Âèêîðèñòàííÿ ³íôîðìàö³éíîãî êðèòåð³þ àäåêâàò-

íîñò³ äîçâîëÿº âèáèðàòè íàéá³ëüø àäåêâàòíó ìîäåëü.

Êëþ÷îâ³ ñëîâà: ãðàô³÷íèé ³íòåðôåéñ, ³äåíòèô³êàö³ÿ, àäåêâàòí³ñòü, êîìï’þòåðí³ òåõ-

íîëîã³¿, êðèâà ðîçãîíó, ïåðåäàòíà ôóíêö³ÿ.

Ïîñòàíîâêà ïðîáëåìè
Ïîáóäîâà ÿê³ñíî¿ àâòîìàòèçîâàíî¿ ñèñòåìè

óïðàâë³ííÿ ïî÷èíàºòüñÿ ç ³äåíòèô³êàö³¿ îá’ºêòà
óïðàâë³ííÿ. Â õîä³ åêñïåðèìåíòàëüíîãî äîñë³-
äæåííÿ îá’ºêòà óïðàâë³ííÿ áóäóºòüñÿ êðèâà ðîç-
ãîíó. Äëÿ ¿¿ îòðèìàííÿ òðåáà íà âõ³ä îá’ºêòà
çä³éñíèòè ñòóï³í÷àñòèé âïëèâ. Âèçíà÷àþòü ÷èí-
íèê, ÿêèé âïëèâàº íà ðåãóëüîâàíó âåëè÷èíó, íà-
ïðèêëàä, òåìïåðàòóðó ìîæíà ðåãóëþâàòè çì³íîþ
ïîäà÷³ ãðàþ÷î¿ ïàðè. Ñòðèáêîì çì³íþþòü âõ³äíó
ä³þ íà 10–20 â³äñîòê³â õîäó âèêîíàâ÷îãî ìåõàí³-
çìó ³ ñïîñòåð³ãàþòü çà çì³íîþ ðåãóëüîâàíî¿ âå-

ëè÷èíè. Äàë³ òðåáà ñòâîðèòè ìàòåìàòè÷íó ìî-
äåëü, ïåðåõ³äíèé ïðîöåñ ó ÿê³é ïðè ñòóï³í÷àñò³é
çì³í³ âõ³äíî¿ âåëè÷èíè ÿêíàéêðàùå ñï³âïàäàº ç
åêñïåðèìåíòàëüíîþ êðèâîþ ðîçãîíó. Íàé÷àñò³-
øå âèêîðèñòîâóºòüñÿ ìîäåëü ó âèãëÿä³ ïåðåäàò-
íî¿ ôóíêö³¿ n-ãî ïîðÿäêó:

m m 1

m m 1 1 0

n n 1

n n 1 1 0

b s b s b s b
W(s)

a s a s a s a







      


      





  (1)

àáî ìàòðè÷íà ìîäåëü ó ïðîñòîð³ ñòàí³â íàñòóï-
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íîãî âèãëÿäó:

Õ’=AX+BU;

Y=CX+DU.  (2)

Ïðîöåñ ³äåíòèô³êàö³¿ ñêëàäàºòüñÿ ó âèáîð³
ïîðÿäêó ìîäåë³, à òàêîæ ó âèçíà÷åíí³ çíà÷åíü
êîåô³ö³ºíò³â ai òà bi àáî ìàòðèöü êîåô³ö³ºíò³â A,
B, C ³ D.

Âèíèêàº çàäà÷à, ïî-ïåðøå, ìàêñèìàëüíî
àâòîìàòèçóâàòè öåé ïðîöåñ, ïî-äðóãå, íàäàòè
ìîæëèâ³ñòü êîðåêö³¿ êîåô³ö³ºíò³â äëÿ îòðèìàí-
íÿ áàæàíîãî ïåðåõ³äíîãî ïðîöåñó ìîäåë³, ïî-
òðåòº, çàáåçïå÷èòè ïîð³âíÿëüíå îö³íþâàííÿ
àäåêâàòíîñò³ ìîäåëåé äëÿ âèáîðó êðàùî¿ ç íèõ.

Àíàë³ç îñòàíí³õ äîñë³äæåíü ³ ïóáë³êàö³é
Òåîð³ÿ ³äåíòèô³êàö³¿ äèíàì³÷íèõ îá’ºêò³â

øèðîêî íàäàíà â íàóêîâ³é ë³òåðàòóð³. Çíà÷íèé
âêëàä âíåñëè P. Eykhoff, A. Sage, I. Zadeh,
À.Ì. Äåé÷, Â.Â. Êàôàðîâ, Í.Ñ. Ðàéáìàí, ß.Ç. Öèï-
ê³í òà ³í.

Çàãàëüí³ ïèòàííÿ ô³ëîñîô³¿ òà ìåòîäîëîã³¿
ïðîöåñ³â ³äåíòèô³êàö³¿ ³ àäåêâàòíîñò³ ìàòåìàòè÷-
íèõ ³ êîìï’þòåðíèõ ìîäåëåé ðîçãëÿíóò³ â [1].
Îêðåìà óâàãà ïðèä³ëåíà ïèòàííÿì îö³íþâàííÿ
íåâèçíà÷åíîñò³, ÿêà óñêëàäíþº ïðîöåñ îá´ðóí-
òóâàííÿ ïðàâèëüíîñò³ ìîäåëåé, ñòâîðþþ÷è ñè-
òóàö³þ, â ÿê³é àí³ ìîäåëüîâàíà, àí³ ñïîñòåðåæó-
âàíà ïîâåä³íêà ñèñòåìè íå â³äîìà ç óïåâíåí³-
ñòþ.

Í.Ñ. Ðàéáìàí âèêîíàâ îãëÿä ìåòîä³â ³äåí-
òèô³êàö³¿, ðîçðîáëåíèõ â ²íñòèòóò³ ïðîáëåì óï-
ðàâë³ííÿ [2]. Öå, ïåðåâàæíî, òåîðåòè÷í³ ðîçðîá-
êè. Îñîáëèâó óâàãó â íüîìó ïðèä³ëåíî ÀÑ² –
àäàïòèâíèì ñèñòåìàì óïðàâë³ííÿ ç ³äåíòèô³êà-
òîðîì ó êîë³ çâîðîòíîãî çâ’ÿçêó.

Ïèòàííÿ îö³íþâàííÿ äèíàì³÷íèõ ïàðà-
ìåòð³â ñïåöèô³÷íèõ îá’ºêò³â – àíàëîãî-öèôðî-
âèõ ïåðåòâîðþâà÷³â (ÀÖÏ) – ðîçãëÿäàþòüñÿ â
ðîáîò³ [3]. Îïèñóºòüñÿ àïàðàòíî-ïðîãðàìíà ðå-
àë³çàö³ÿ àâòîìàòèçîâàíî¿ ñèñòåìè îö³íþâàííÿ
äèíàì³÷íèõ ïàðàìåòð³â ÀÖÏ.

Ó ñòàòò³ [4] îòðèìàí³ àíàë³òè÷í³ âèðàçè, ùî
äîçâîëÿþòü âèçíà÷èòè äèíàì³÷í³ õàðàêòåðèñòè-
êè îá’ºêò³â óïðàâë³ííÿ çà ïàðàìåòðàìè ïåðå-
õ³äíèõ ôóíêö³é çàìêíóòèõ ñèñòåì. Ïðîòå àâòî-
ìàòèçàö³ÿ òàêîãî ïðîöåñó âêðàé óñêëàäíåíà.

Ó ðîáîò³ [5] ðîçãëÿíóò³ îñîáëèâîñò³ ³äåíòè-
ô³êàö³ÿ îá’ºêò³â óïðàâë³ííÿ çàñîáàìè Toolbox
PID Tuner ó ñåðåäîâèù³ MATLAB. Òðåáà çàçíà-
÷èòè, ùî òàêèé ï³äõ³ä íàêëàäàº íèçêó îáìåæåíü.
Íàïðèêëàä, îáìåæåíèé âèá³ð ñòðóêòóðè ïåðå-
äàòíî¿ ôóíêö³¿ òàêèìè âàð³àíòàìè:

– îäèí ä³éñíèé êîð³íü (ïåðøèé ïîðÿäîê);

– äâà ä³éñí³ êîðåí³ (äðóãèé ïîðÿäîê);
– äâà êîìïëåêñíî çâ’ÿçàíèõ êîðåíÿ (äðó-

ãèé ïîðÿäîê);
– äâà êîìïëåêñíî çâ’ÿçàíèõ êîðåíÿ ³ îäèí

ä³éñíèé êîð³íü (òðåò³é ïîðÿäîê).
Óêàçóºòüñÿ, ùî àâòîìàòè÷íà ³äåíòèô³êàö³ÿ

íå çàâæäè äàº çàäîâ³ëüí³ ðåçóëüòàòè.
Íèçêà ïóáë³êàö³é ïðèñâÿ÷åíà ïðîáëåìàì

îö³íþâàííÿ àäåêâàòíîñò³ ìîäåëåé äèíàì³÷íèõ
îá’ºêò³â.

Î.Ì. Òðóíîâ [6] äàº îãëÿä ðîá³ò, ïðèñâÿ÷å-
íèõ ïîøóêó çàãàëüíèõ çàêîíîì³ðíîñòåé äîáîðó
êðèòåð³¿â âñòàíîâëåííÿ àäåêâàòíîñò³, â ÿêèõ âè-
êîðèñòîâóþòüñÿ äëÿ öüîãî ð³çí³ ïîíÿòòÿ òà ñïî-
ñîáè ê³ëüê³ñíîãî âèì³ðó, à òàêîæ ð³çí³ ì³ðè
áëèçüêîñò³ ìîäåë³ äî ³äåíòèô³êîâàíîãî îá’ºêòà.
Àâòîð ñïðàâåäëèâî êîíñòàòóº, ùî âèá³ð ïðàê-
òè÷íî¿ ðåàë³çàö³¿ ïðîöåñó àïðîêñèìàö³¿ ñóòòºâî
óñêëàäíþºòüñÿ ó ñèëó â³äñóòíîñò³ ºäèíîãî ñïî-
ñîáó âèì³ðó àäåêâàòíîñò³, ³ ïðîïîíóº âèêîðè-
ñòàííÿ «ºäèíîãî âèðàçó îö³íþâàííÿ àäåêâàò-
íîñò³, ùî äîçâîëÿº âðàõîâóâàòè äåê³ëüêà ôàê-
òîð³â âïëèâó òà çàïðîïîíóâàòè âèðàçè äëÿ ¿õ
ðîçðàõóíêó». Ïðîïîíóºòüñÿ ÿê îö³íþâàííÿ íèæ-
íüî¿ ãðàíèö³ âåëè÷èíè àäåêâàòíîñò³ âèêîðèñòî-
âóâàòè ïîêàçíèê åôåêòèâíîñò³ ïðîöåñó ïîáóäó-
âàííÿ ìîäåë³, çâîðîòíî ïðîïîðö³éíèé äî ñåðåä-
íüî-êâàäðàòè÷íîãî â³äõèëåííÿ (ÑÊÂ) ìîäåë³ â³ä
åêñïåðèìåíòàëüíèõ çíà÷åíü. Òàêèé ï³äõ³ä íå
ìîæíà ââàæàòè çîâñ³ì êîðåêòíèì, îñê³ëüêè ³äåí-
òèô³êàö³ÿ çâè÷àéíî â³äáóâàºòüñÿ ìåòîäîì
íàéìåíøèõ êâàäðàò³â, òîáòî ³ îòðèìàííÿ ìîäåë³
³ ¿¿ îö³íþâàííÿ çä³éñíþþòüñÿ îäíàêîâî – ç âèç-
íà÷åííÿì êâàäðàòó ð³çíèö³ âèõ³äíèõ ñèãíàë³â
îá’ºêòà ³ ìîäåë³. Äî òîãî æ âèá³ð êðèòè÷íîãî
çíà÷åííÿ îö³íêè òî÷íîñò³ ìîäåë³ çà ìåòîäîì
íàéìåíøèõ êâàäðàò³â ïîâ’ÿçàíèé, ÿê ïðàâèëî, ç
ö³ëüîâèì ïðèçíà÷åííÿì ìîäåë³, ïðè öüîìó îä-
íîçíà÷íî íå âèð³øóºòüñÿ.

Äèñïåðñ³éí³ ìåòîäè îö³íþâàííÿ àäåêâàò-
íîñò³ â³äîì³ ç ñåðåäèíè ìèíóëîãî ñòîð³÷÷ÿ. Âîíè
îòðèìóþòü ïîäàëüøèé ðîçâèòîê ³ ó íàø ÷àñ.
Å.Ï. ×åðíîãîðîâ âèçíà÷àº, ùî ìîäåëü ñèñòåìè
äîçâîëÿº íàì ìîäåëþâàòè äåÿêó ãåíåðàëüíó ñó-
êóïí³ñòü. Ìàþ÷è îêðåìèé åêñïåðèìåíò, â³äòâî-
ðþþ÷èé «æèòòÿ» äåÿêî¿ ñèñòåìè, ìè ìîæåìî
ñòâåðäæóâàòè, ùî ìàºìî îêðåìó ðåàë³çàö³þ ö³º¿
ãåíåðàëüíî¿ ñóêóïíîñò³. Íà ìîäåë³, â³äòâîðþ-
þ÷è óìîâè åêñïåðèìåíòó, ìè òàêîæ îòðèìóºìî
ðåàë³çàö³þ ãåíåðàëüíî¿ ñóêóïíîñò³. Ê³ëüê³ñíå
îö³íþâàííÿ àäåêâàòíîñò³ ïîëÿãàº â ïåðåâ³ðö³ ñòà-
òèñòè÷íèõ ã³ïîòåç ïðî ïðèíàëåæí³ñòü öèõ ðåàë³-
çàö³é îäí³º¿ ³ ò³º¿ æ ãåíåðàëüíî¿ ñóêóïíîñò³.

Òðåáà çàóâàæèòè, ùî âèêîðèñòàííÿ äèñïåð-
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ñ³éíèõ êðèòåð³¿â àäåêâàòíîñò³ ñóâîðî ñïðàâåä-
ëèâå ëèøå äëÿ âèïàäêó íîðìàëüíîãî ðîçïîä³ëó
éìîâ³ðíîñòåé çíà÷åíü âèõ³äíèõ çì³ííèõ ìîäåë³.
Íà ïðàêòèö³ çàêîí ðîçïîä³ëó âèõ³äíî¿ çì³ííî¿
ìîæå ³ñòîòíî â³äð³çíÿòèñÿ â³ä íîðìàëüíîãî. Â
öüîìó âèïàäêó âèíèêàº çíà÷íà ïîõ³áêà ïðè ðîç-
ðàõóíêó ì³ðè òî÷íîñò³ ìîäåë³. Êð³ì òîãî, äèñ-
ïåðñ³éí³ îö³íþâàííÿ òèïó êðèòåð³þ Ô³øåðà [7]
íå ìîæóòü áóòè âèêîðèñòàí³ äëÿ ïîð³âíÿëüíîãî
îö³íþâàííÿ òî÷íîñò³ ìîäåëåé, ïîáóäîâàíèõ äëÿ
îá’ºêò³â, ÿê³ ³ñòîòíî â³äð³çíÿþòüñÿ îäèí â³ä îä-
íîãî.

Ôîðìóëþâàííÿ ö³ëåé ñòàòò³
Ìåòîþ ðîáîòè º ñòâîðåííÿ ïðîãðàìíîãî

äîäàòêà, ùî äîçâîëÿº â ³íòåðàêòèâíîìó ðåæèì³
ç ìàêñèìàëüíèì ñòóïåíåì àâòîìàòèçàö³¿ âèêî-
íóâàòè ³äåíòèô³êàö³þ äèíàì³÷íèõ îá’ºêò³â. Ïðè
öüîìó ïðîöåñè ñòâîðåííÿ ìîäåë³ òà îö³íþâàííÿ
¿¿ àäåêâàòíîñò³ ìàþòü â³äáóâàòèñü ç âèêîðèñòàí-
íÿì ð³çíèõ ï³äõîä³â.

²íôîðìàö³éíèé ï³äõ³ä äî îö³íþâàííÿ àäåêâàò-
íîñò³

Óí³âåðñàëüíà ³íôîðìàö³éíà îö³íêà àäåêâàò-
íîñò³ çàñòîñîâóºòüñÿ ïðè áóäü-ÿêîìó ìåòîä³ ³äåí-
òèô³êàö³¿ ³ äîçâîëÿº ïîð³âíþâàòè òî÷í³ñòü ìî-
äåëåé, ÿê³ ³ñòîòíî â³äð³çíÿþòüñÿ îäíà â³ä îäíî¿
ìåòîäîì îòðèìàííÿ (àíàë³òè÷íèì àáî åêñïåðè-
ìåíòàëüíèì), õàðàêòåðîì (äåòåðì³íîâàí³ àáî ñòî-
õàñòè÷í³ ìîäåë³), êîíêðåòíîþ ðåàë³çàö³ºþ
(ô³çè÷í³ àáî ìàòåìàòè÷í³ ìîäåë³) ³ ³íøèìè îç-
íàêàìè, áóëà çàïðîïîíîâàíà â [8].

Çã³äíî ç Ì.Ì. Áîíãàðäó [9], ïîâ³äîìëåííÿ,
ùî çì³íþº äëÿ ñïîñòåð³ãà÷à íåâèçíà÷åí³ñòü N1

íà íåâèçíà÷åí³ñòü N2, íåñå êîðèñíó ³íôîðìàö³þ:

Iï=N1–N2.  (3)

Äëÿ ñïîñòåð³ãà÷à, ùî âèõîäèòü ç ã³ïîòåçè,
ùî äåÿêå çàâäàííÿ õàðàêòåðèçóºòüñÿ ðîçïîä³ëîì
³ìîâ³ðíîñò³ â³äïîâ³ä³ {qj}, òîä³ ÿê ðåàëüíèì º ðîç-
ïîä³ë {pj}, íåâèçíà÷åí³ñòü îö³íþºòüñÿ âèðàçîì:

2 j j

j

N p(x ) logq(y )  .  (4)

Ââàæàòèìåìî, ùî äî ³äåíòèô³êàö³¿ íåâèç-
íà÷åí³ñòü äèíàì³÷íîãî îá’ºêòà îö³íþºòüñÿ ³íôîð-
ìàö³éíîþ åíòðîï³ºþ Øåíîíà:

1 j j

j

N H p log p   .  (5)

Îñê³ëüêè ìîäåëü çàâæäè äàº ëèøå íàáëè-
æåíèé îïèñ îá’ºêòà, ìîæíà ãîâîðèòè ïðî äåç-
³íôîðìàö³þ, ùî âíîñèòüñÿ ìîäåëëþ. ßêùî ðå-

àëüí³é âèõ³äí³é çì³íí³é îá’ºêòà ó â³äïîâ³äàº âè-
õ³äíà çì³ííà ìîäåë³ ¢, à ðåàëüíîìó ðîçïîä³ëó
éìîâ³ðíîñòåé P={p(yi)} çíà÷åíü âåëè÷èíè ó
â³äïîâ³äàº ã³ïîòåòè÷íèé ðîçïîä³ë Q={q(¢i)}, ùî
çàäàºòüñÿ ìîäåëëþ, òî äàíà ìîäåëü íåñå äîñë³ä-
íèêîâ³ äåç³íôîðìàö³þ â ê³ëüêîñò³:

2 1 j j j

j

D N N р(y ) log[p(y ) / q(ў )].     
(6)

Âèðàç (6) º ³íôîðìàö³éíèì êðèòåð³ºì àäåê-
âàòíîñò³.

Ó çàäà÷àõ ñèíòåçó ñèñòåì àâòîìàòè÷íîãî
ðåãóëþâàííÿ çâè÷àéíî âèêîíóºòüñÿ åêñïåðèìåí-
òàëüíå äîñë³äæåííÿ äèíàì³êè îá’ºêòà óïðàâë³í-
íÿ ç ïîáóäîâîþ ðîçãîííî¿ õàðàêòåðèñòèêè.
Ãðàô³ê çì³íè ðåãóëüîâàíî¿ âåëè÷èíè àïðîêñè-
ìóþòü ìîäåëëþ ó âèãëÿä³ ïåðåäàòíî¿ ôóíêö³¿
ïåâíîãî ïîðÿäêó ç ÷èñòèì çàï³çíåííÿì. Îñê³ëü-
êè ïðè öüîìó äîâîäèòüñÿ ìàòè ñïðàâó ç äåòåðì³-
íîâàíèìè ïðîöåñàìè, âèêîðèñòàííÿ êðèòåð³þ (6)
º íåìîæëèâèì.

Â öüîìó âèïàäêó òðåáà âèêîðèñòîâóâàòè
ï³äõ³ä, çàïðîïîíîâàíèé â ðîáîò³ [10] äëÿ îö³íþ-
âàííÿ ê³ëüêîñò³ ³íôîðìàö³¿ â äåòåðì³íîâàíîìó
ïðîöåñ³. Òóò áóëî ïîêàçàíî, ùî ³íôîðìàö³éíà
íàñè÷åí³ñòü äåòåðì³íîâàíîãî ñèãíàëó y(t) çàëå-
æèòü â³ä ³íòåíñèâíîñò³ éîãî çì³íè, âåëè÷èíîþ,
ùî õàðàêòåðèçóºòüñÿ:

у

y

dy
dt

(t) 


,  (7)

äå y – ïîð³ã ðîçð³çíþâàííîñò³ çíà÷åíü y(t). Îñ-
ê³ëüêè â ñèñòåìàõ óïðàâë³ííÿ çàñòîñîâóþòüñÿ,
ÿê ïðàâèëî, öèôðîâ³ ïðèñòðî¿, ÿê ïîð³ã ðîçð³ç-
íþâàííîñò³ äîö³ëüíî âèêîðèñòîâóâàòè êðîê
êâàíòóâàííÿ.

ßê ì³ðà ³íôîðìàö³¿ â äåòåðì³íîâàíîìó ïðî-
öåñ³ âèêîðèñòîâóºòüñÿ ³íòåãðàëüíà õàðàêòåðè-
ñòèêà ì³íëèâîñò³ (²ÕÌ) çì³ííî¿ y(t):

y y t

T
y

y

T

( ) log ( ) d

( )d

       


  





,  (8)

äå =t/T – â³äíîñíèé ÷àñ; T – ³íòåðâàë ÷àñó ñïî-
ñòåðåæåííÿ çì³ííî¿ y(t); t – ïîð³ã ðîçð³çíþâàí-
íîñò³ ÷àñó. ßê ïîð³ã ðîçð³çíþâàíîñò³ ìîæå áóòè
âèêîðèñòàíèé ³íòåðâàë äèñêðåòèçàö³¿ ñèãíàëó y(t).
Âèðàç (8) º àíàëîãîì åíòðîï³¿ Øåíîíà.

ßê àíàëîã íåâèçíà÷åíîñò³ Áîíãàðäà ìîæíà
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âèêîðèñòîâóâàòè íàñòóïíó ôîðìóëó

y ў t

T
Б

x

T

( ) log ( ) d

( )d

       
 

  





.  (9)

Äëÿ îö³íþâàííÿ äåç³íôîðìàö³¿, ùî âíîñèòü-
ñÿ ìîäåëëþ, âèêîðèñòîâóºìî âèðàç:

x
x

ўT

Б y

x

T

( )
( ) log d

( )
D

( )d

 
  

 
  

  


 


.  (10)

Ó ðàç³ ³äåàëüíî¿ ìîäåë³ ñèãíàë ¢(t) òî÷íî
â³äñòåæóº çì³íè y(t), òîáòî âèêîíóºòüñÿ óìîâà

у ў(t) (t)   . Ïðè öüîìó ê³ëüê³ñòü äåç³íôîð-
ìàö³¿ äîð³âíþº íóëþ. ×èì íèæ÷å àäåêâàòí³ñòü
ìîäåë³, òèì á³ëüøå çíà÷åííÿ âåëè÷èíè D, ðîç-
ðàõîâàíå â³äïîâ³äíî äî (10).

Äëÿ ïðàêòè÷íèõ ðîçðàõóíê³â çðó÷íî âèêî-
ðèñòîâóâàòè äèñêðåòíó ôîðìó âèðàçó (10):

yi

yi

i ўi

yi

i

log

D












,  (11)

äå yi  è ўi  – çíà÷åííÿ ³íòåíñèâíîñò³ çì³íè
âèõ³äíèõ âåëè÷èí îá’ºêòà ³ ìîäåë³, âèçíà÷åí³ äëÿ
ìîìåíòó ÷àñó i.

Ïðîåêòóâàííÿ ãðàô³÷íîãî ³íòåðôåéñó êîðè-
ñòóâà÷à

Ó ñåðåäîâèù³ MATLAB ñòâîðåíèé Graphical
User Interface (GUI), ÿêèé ðåàë³çóº ïîñòàâëåíó
çàäà÷ó. Âèãëÿä GUI ïîêàçàíèé íà ðèñ. 1.

Äëÿ ï³äâèùåííÿ òî÷íîñò³ äîñë³äæåííÿ ïðî-
âîäÿòüñÿ ê³ëüêà åêñïåðèìåíòàëüíèõ äîñë³äæåíü
äèíàì³÷íîãî îá’ºêòà. Ðåçóëüòàòè äîñë³äæåíü
çàíîñÿòüñÿ ó òåêñòîâèé ôàéë. Êîæåí ðÿäîê ôàéëó
ì³ñòèòü â³äë³ê ÷àñó ³ ðÿä çíà÷åíü ðåãóëüîâàíî¿
âåëè÷èíè, îòðèìàíèõ ïðè ð³çíèõ çíà÷åííÿõ
âõ³äíèõ òåñòîâèõ ñèãíàë³â. Âñ³ ÷èñëà ó ðÿäêó
ðîçä³ëÿþòüñÿ êîìàìè. Ó ïåðøîìó ðÿäêó äîäàò-
êîâî óêàçóþòüñÿ çíà÷åííÿ âõ³äíèõ ñèãíàë³â.

Ïî íàòèñíåíí³ êíîïêè «Ââåñòè» ç òåêñòî-
âîãî ôàéëó, ³ì’ÿ ÿêîãî âêàçàíå ó â³äïîâ³äíîìó
ïîë³, ââîäÿòüñÿ äàí³ äîñë³äæåíü îá’ºêòà. Ó ïîëå
äëÿ ãðàô³êó «Êðèâà ðîçãîíó» âèâîäÿòüñÿ ñò³ëüêè
êðèâèõ, ñê³ëüêè äîñë³äæåíü ïðîâåäåíî. Íàòèñ-
íåííÿì êíîïêè «Óñåðåäíåííÿ» çä³éñíþºòüñÿ
óñåðåäíåííÿ äàíèõ óñ³õ äîñë³äæåíü. Çà äîïîìî-
ãîþ êíîïêè «Íîðìàë³çàö³ÿ» óñåðåäíåíèé ãðàô³ê
ïåðåíîñèòüñÿ ó ïî÷àòîê êîîðäèíàò ³ íîðìóºòüñÿ
ä³ëåííÿì íà êîåô³ö³ºíò ïåðåäà÷³ îá’ºêòà. Äàë³
ìîæíà âèêîíàòè àïðîêñèìàö³þ êðèâî¿ ðîçãîíó
ïåðåäàòíîþ ôóíêö³ºþ (ÏÔ) ïåðøîãî, äðóãîãî,
òðåòüîãî àáî ÷åòâåðòîãî ïîðÿäêó íàòèñêàííÿì

Ðèñ. 1. Ãðàô³÷íèé ³íòåðôåéñ êîðèñòóâà÷à
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íà â³äïîâ³äíó êíîïêó, ïîçíà÷åíó öèôðîþ 1, 2, 3
àáî 4.

Àïðîêñèìàö³ÿ çä³éñíþºòüñÿ âèêîðèñòàííÿì
ôóíêö³¿ ì³í³ì³çàö³¿ ç îáìåæåííÿìè fmincon. Äëÿ
ïðèêëàäó, àïðîêñèìàö³ÿ ÏÔ òðåòüîãî ïîðÿäêó
çä³éñíþºòüñÿ êîìàíäîþ íàâåäåíîþ íà ðèñ. 2.

fmincon(“err3”,[T3,T2,T1,tau],[],[],[],[],lb,ub,[],options)

Ðèñ. 2. Ïðîãðàìíèé êîä «Êîìàíäà àïðîêñèìàö³¿»

Ì³í³ì³çóºòüñÿ ö³ëüîâà ôóíêö³ÿ err3 (ðèñ. 3).

function error = err3(x)

% Ïîìèëêà àïïðîêñèìàö³¿ äëÿ ÏÔ 3-ãî ïîðÿäêó

global t temp K Wo t1 temp1

Wo=tf(K, [x(1),x(2),x(3),1]); Wo.InputDelay=x(4);

temp1=temp;

for i=2:length(t)

     y= step(Wo,t(i));

     temp1(i)= y(length(y));

end

error=sum((temp-temp1).^2);

end

Ðèñ. 3. Ïðîãðàìíèé êîä «Àïðîêñèìàö³ÿ»

Óñï³õ ðîçâ’ÿçàííÿ çàäà÷³ ì³í³ì³çàö³¿ çàëå-
æèòü â³ä âäàëîãî âèáîðó ïî÷àòêîâèõ çíà÷åíü
øóêàíèõ ïàðàìåòð³â. Ö³ çíà÷åííÿ òðåáà ïîïå-
ðåäíüî ââåñòè ó â³äïîâ³äí³ ïîëÿ ï³ä çàãîëîâêîì
«Start point».

Ðîçðàõóíîê ³íôîðìàö³éíîãî êðèòåð³þ àäåê-
âàòíîñò³ (11) âèêîíóºòüñÿ çà äîïîìîãîþ êîìàíä
(ðèñ. 4).

pio=abs(diff(temp));% ³íòåíñèâí³ñòü çì³íè îá’ºêòà

temp3=temp;

temp3(1)=0;

for i=2:length(t)

     y=step(Wo,t(i));

     temp3(i)= y(length(y));

end

pim=abs(diff(temp3)); % ³íòåíñèâí³ñòü çì³íè ìîäåë³

% Îá÷èñëþºòüñÿ ³íôîðìàö³éíèé êðèòåð³é

A=sum(pio.*log2(pio./pim)); % ÷èñåëüíèê

B=sum(pio);  % çíàìåíèê

adeq=A/B

Ðèñ. 4. Ïðîãðàìíèé êîä «Ðîçðàõóíîê ³íôîðìàö³éíîãî

êðèòåð³þ àäåêâàòíîñò³»

Ðåçóëüòàòàìè ðîçðàõóíêó º ïàðàìåòðè ïå-
ðåäàòíî¿ ôóíêö³¿ Êî (êîåô³ö³ºíò ïåðåäà÷³), Ò1,
Ò2, Ò3, Ò4, ÿê³ âèâîäÿòüñÿ íàä ïîâçóíêàìè â³äïî-

â³äíèõ ñëàéäåð³â. Ïåðåñóâàííÿì ñëàéäåð³â ìîæ-
íà êîðåêòóâàòè ìîäåëü, äîìàãàþ÷èñü áàæàíîãî
âèäó êðèâî¿ â³äãóêó ³ êîíòðîëþþ÷è çíà÷åííÿ
êðèòåð³þ àäåêâàòíîñò³.

Ðåçóëüòóþ÷à ïåðåäàòíà ôóíêö³ÿ âèâîäèòü-
ñÿ äëÿ íàî÷íîñò³ òàêîæ ³ ó ñèìâîëüíîìó âèãëÿä³
(ðèñóíîê).

Âèñíîâêè
Ðîçðîáëåíèé ³íñòðóìåíòàëüíèé êîìï’þòåð-

íèé çàñ³á àâòîìàòèçàö³¿ ðîçâ’ÿçóâàííÿ çàäà÷ ³äåí-
òèô³êàö³¿ äèíàì³÷íèõ îá’ºêò³â óïðàâë³ííÿ ç âè-
êîðèñòàííÿì ³íôîðìàö³éíîãî êðèòåð³þ àäåêâàò-
íîñò³. Âèêîðèñòàííÿ öüîãî çàñîáó çàáåçïå÷óº
ïîáóäîâó âèñîêîòî÷íèõ ìîäåëåé ç ì³í³ìàëüíè-
ìè âèòðàòàìè ÷àñó.
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ÀÂÒÎÌÀÒÈÇÀÖÈß ÏÐÎÖÅÑÑÀ ÈÄÅÍÒÈÔÈÊÀÖÈÈ
ÎÁÚÅÊÒÎÂ ÓÏÐÀÂËÅÍÈß

Ïåòðåíêî Å.Í., Ìàíêî Ã.È.

Â äàííîé ðàáîòå ðàññìîòðåíû âîïðîñû àâòîìàòèçàöèè
ïðîöåññà èäåíòèôèêàöèè äèíàìè÷åñêèõ îáúåêòîâ. Èññëåäîâàíî
èñïîëüçîâàíèå êîìïüþòåðíûõ òåõíîëîãèé äëÿ îáåñïå÷åíèÿ àâ-
òîìàòèçàöèè ïðîöåññîâ èäåíòèôèêàöèè îáúåêòîâ óïðàâëåíèÿ.
Âûïîëíåí àíàëèç ñóùåñòâóþùèõ ìåòîäîâ îöåíêè àäåêâàòíî-
ñòè ìîäåëåé, ïîëó÷àåìûõ â õîäå èäåíòèôèêàöèè, îòìå÷åíû îã-
ðàíè÷åíèÿ ïðèìåíåíèÿ ýòèõ ìåòîäîâ. Îáîñíîâàíî èñïîëüçîâà-
íèå èíôîðìàöèîííîãî ïîäõîäà ïðè ðåøåíèè çàäà÷ îöåíèâàíèÿ
àäåêâàòíîñòè ìàòåìàòè÷åñêèõ ìîäåëåé. Ïðåäëîæåíî èñïîëü-
çîâàíèå óíèâåðñàëüíîé, ïðèìåíèìîé ïðè ëþáîì ìåòîäå èäåí-
òèôèêàöèè èíôîðìàöèîííîé îöåíêè àäåêâàòíîñòè íà îñíîâå
ïîíÿòèÿ ïîëåçíîé èíôîðìàöèè Áîíãàðäà. Ïðèâåäåíû ôîðìóëû,
óäîáíûå äëÿ ïðàêòè÷åñêîãî èñïîëüçîâàíèÿ ïðè ñðàâíèòåëüíîé
îöåíêå òî÷íîñòè ìîäåëåé îáúåêòîâ óïðàâëåíèÿ ðàçëè÷íîãî òèïà.
Îïèñàí ïðîöåññ ïðîåêòèðîâàíèÿ ãðàôè÷åñêîãî èíòåðôåéñà
ïîëüçîâàòåëÿ – Graphical User Interface (GUI) â ñïåöèàëèçèðî-
âàííîé ñðåäå GUIDE ñèñòåìû MATLAB. Ñïðîåêòèðîâàíûé GUI
ïîçâîëÿåò â èíòåðàêòèâíîì ðåæèìå ñ ìàêñèìàëüíîé ñòåïå-
íüþ àâòîìàòèçàöèè âûïîëíÿòü èäåíòèôèêàöèþ äèíàìè÷åñêèõ
îáúåêòîâ. Ïðè ýòîì ñîçäàíèå ìîäåëè è îöåíêà åå àäåêâàòíî-
ñòè ïðîâîäÿòñÿ ñ èñïîëüçîâàíèåì ðàçíûõ ìåòîäîâ. Ðàçðàáî-
òàííûå ñöåíàðèè è ôóíêöèè GUI ââîäÿò äàííûå ýêñïåðèìåí-
òàëüíûõ èññëåäîâàíèé äèíàìè÷åñêîãî îáúåêòà, óñðåäíÿþò, íîð-
ìàëèçóþò è âûïîëíÿþò èõ àïïðîêñèìàöèþ ïåðåäàòî÷íîé ôóí-
êöèåé ïåðâîãî, âòîðîãî, òðåòüåãî èëè ÷åòâåðòîãî ïîðÿäêà, âû-
ïîëíÿþò ïîñòðîåíèå ãðàôèêîâ êðèâûõ ðàçãîíà îáúåêòà è êðè-
âîé îòêëèêà ìîäåëè. Àïïðîêñèìàöèÿ îñóùåñòâëÿåòñÿ ñ èñïîëü-
çîâàíèåì ôóíêöèè ìèíèìèçàöèè ñ îãðàíè÷åíèÿìè fmincon. Ïðè-
âåäåíû ôðàãìåíòû ôóíêöèé, îñóùåñòâëÿþùèõ àïïðîêñèìàöèþ
êðèâîé ðàçãîíà îáúåêòà è ðàñ÷åò çíà÷åíèé èíôîðìàöèîííîãî
êðèòåðèÿ àäåêâàòíîñòè. Ïåðåäâèæåíèåì ñëàéäåðîâ GUI ìîæíî
êîððåêòèðîâàòü ìîäåëü, äîáèâàÿñü æåëàòåëüíîãî âèäà êðèâîé
îòêëèêà è êîíòðîëèðóÿ ïðè ýòîì çíà÷åíèå êðèòåðèÿ àäåêâàò-
íîñòè. Èñïîëüçîâàíèå GUI îáåñïå÷èâàåò ïîñòðîåíèå âûñîêî-
òî÷íûõ ìîäåëåé äèíàìè÷åñêèõ îáúåêòîâ óïðàâëåíèÿ ñ ìèíè-
ìàëüíûìè çàòðàòàìè âðåìåíè. Èñïîëüçîâàíèå èíôîðìàöèîí-
íîãî êðèòåðèÿ àäåêâàòíîñòè ïîçâîëÿåò âûáðàòü íàèáîëåå àäåê-
âàòíóþ ìîäåëü.

Êëþ÷åâûå ñëîâà: ãðàôè÷åñêèé èíòåðôåéñ,
èäåíòèôèêàöèÿ, àäåêâàòíîñòü, êîìïüþòåðíûå òåõíîëîãèè,
êðèâàÿ ðàçãîíà, ïåðåäàòî÷íàÿ ôóíêöèÿ.

AUTOMATION OF THE CONTROL OBJECTS
IDENTIFICATION PROCESS

Petrenko E.N., Manko G.I.

Ukrainian State University of Chemical Technology, Dnipro,
Ukraine

The issues of automation of the dynamic objects identification
process are reviewed in the paper. The use of computer technologies
with the purpose of the automated identification is investigated. The
analysis of existent methods of adequacy estimation for models
obtained during authentication is executed and the limitations of
application of these methods are noted. The application of
informational approach to the mathematical models adequacy
estimation is substantiated. The use of the universal adequacy
informational estimate, applicable for any method of the identification,
is suggested. This estimate is based on the concept of Bongard“s
useful information. The handy for the practical using formulas are
cited for the comparative accuracy estimation of the control object
models of different type. The process of design of the Graphical User
Interface (GUI) in the special-purpose environment GUIDE of

MATLAB system is described. The designed GUI allows to execute
authentication of dynamic objects in the interactive mode with the
maximal degree of automation. At the same time the creation of
model and estimation of its adequacy are performed with the use of
different methods. The GUI’s scripts and functions input the data of
the dynamic object experimental researches, average, normalize and
approximate it by the first, second, third or fourth order transfer
function. Fragments of functions realizing the control object step
response approximation and the calculation of the adequacy
informational criterion values are shown. The approximation is carried
out using the function fmincon for minimization with constraints. It
is possible to correct a model by the movement of GUI’s sliders with
the monitoring of the desirable type of response curve and the
controlling of the adequacy criterion value. The use of GUI provides
the creation of high-precision models with the minimum time charges.
Using the adequacy informational criterion allows to choose the most
appropriate model.

Keywords: GUI, verification and validation, computer tech-
nology, step response, transfer function.
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Â äàííîé ðàáîòå ïðèâåäåíû ðåçóëüòàòû èññëåäîâàíèÿ ïðîöåññà âèíòîâîé ïðîêàòêè

òðóá ñ èñïîëüçîâàíèåì äåôîðìàöèîííî-ãåîìåòðè÷åñêîé ìîäåëè íà îñíîâå áëî-

÷íûõ àëãîðèòìîâ. Àëãîðèòìû ìàòåìàòè÷åñêîé ìîäåëè â âèäå áëî÷íîé ñòðóêòóðû

ïîçâîëÿþò ââîäèòü íîâûå èëè çàìåíÿòü äåéñòâîâàâøèå áëîêè, ó÷èòûâàÿ âëèÿíèå

òîãî èëè èíîãî ôàêòîðà ïà ïðîöåññ ïðîêàòêè òðóá (íàïðèìåð, óãëû ïîäà÷è è ðàñ-

êàòêè). Ìîäåëèðîâàíèå è èññëåäîâàíèå ôîðìû î÷àãà äåôîðìàöèè ïðè ïðîøèâêå

ñïëîøíîé è ðàñêàòêå ïîëîé çàãîòîâêè ïðîâåäåíî ñ ó÷åòîì ôîðìû è ïàðàìåòðîâ

ðàáî÷èõ èíñòðóìåíòîâ, ïðèìåíÿåìûõ íà ñòàíå-ýëîíãàòîðå, ôîðìû è âåëè÷èíû

ïëîùàäè êîíòàêòíîé ïîâåðõíîñòè äåôîðìèðóåìîãî ìåòàëëà è âàëêîâ, ðåæèìîâ

íàñòðîéêè áàçîâîãî îáîðóäîâàíèÿ ñòàíà â óñëîâèÿõ ðàáîòû ïðîìûøëåííîãî òðóáî-

ïðîêàòíîãî àãðåãàòà (ÒÏÀ) 5-12”. Â ðàáîòå ïðåäëîæåí â êà÷åñòâå áàçîâîé ÑÀÏÐ

ãðàôè÷åñêèé ìåòîä, îñíîâàííûé íà îäíîâðåìåííîì òâåðäîòåëüíîì ìîäåëèðîâà-

íèè â ñðåäàõ Êîìïàñ-3D, Autodesk Inventor, SolidWorks, ANSYS èëè DEFORM-3D.

Ïðåäëîæåííûå ìåòîäû, ó÷èòûâàÿ ïðîñòîòó è âûñîêóþ òî÷íîñòü ïîñòðîåíèé, ïî-

çâîëÿþò ïðîâîäèòü èññëåäîâàíèÿ îñíîâíûõ ïàðàìåòðîâ ïðîöåññà âèçóàëèçèðîâàíî

è ýôôåêòèâíî, ÷òî îáóñëàâëèâàåò ïîëó÷åíèå íåîáõîäèìûõ äàííûõ. Êðîìå òîãî,

äàííûå ïðîäóêòû ñîäåðæàò ðàçâèòûå ñðåäñòâà ñîçäàíèÿ ïîëüçîâàòåëüñêèõ áèáëè-

îòåê íà âñåõ îñíîâíûõ ÿçûêàõ ïðîãðàììèðîâàíèÿ. Ïðîâåäåíà îöåíêà òî÷íîñòè ðàñ-

÷åòà ýíåðãîñèëîâûõ ïàðàìåòðîâ ïðîöåññà, ãåîìåòðè÷åñêèõ ïàðàìåòðîâ ãèëüç è êî-

ëåáàíèé èõ çíà÷åíèé ïðè ìîäåëèðîâàíèè è â ïðîèçâîäñòâåííîì ýêñïåðèìåíòå.

Ìîäåëèðîâàíèå ïðîöåññà ïðîêàòêè ïîçâîëèëî îáúÿñíèòü âëèÿíèå òåõíîëîãè÷åñêèõ

ïàðàìåòðîâ ïðîöåññà ïðîêàòêè íà êà÷åñòâî è òî÷íîñòü ïîëó÷àåìûõ ãèëüç è ðàçðà-

áîòàòü ìåòîäèêó îïðåäåëåíèÿ òî÷íûõ ïàðàìåòðîâ ïðîöåññà è ðàöèîíàëüíîé êàëèá-

ðîâêè èíñòðóìåíòà. Ìîäåëèðîâàíèå ïðîöåññà ïðîêàòêè äàþò âîçìîæíîñòü ïðîèç-

âîäèòü àíàëèç ïðîöåññà è ðàçðàáàòûâàòü êîððåêòèðóþùèå âîçäåéñòâèÿ.

Êëþ÷åâûå ñëîâà: êîìïüþòåðíîå ìîäåëèðîâàíèå, êîíå÷íûå ýëåìåíòû, ïðîøèâíûå

ñòàíû, òðóáû.

Ââåäåíèå

Â óñëîâèÿõ æåñòêîé êîíêóðåíöèè ñîâðå-
ìåííîãî ðûíêà ïåðåä òåõíîëîãè÷åñêèìè ñëóæ-
áàìè ïðåäïðèÿòèé âñòàþò îïðåäåëåííûå çàäà÷è
â ñæàòûå ñðîêè ïðîâåäåíèÿ àíàëèçà òåõíîëîãè-
÷åñêîãî ïðîöåññà è ðàáî÷åãî èíñòðóìåíòà ñëîæ-
íîé ôîðìû ïðè æåñòêèõ äîïóñêàõ íà ðàçìåðû
êîíå÷íîãî èçäåëèÿ ñ öåëüþ ñíèæåíèÿ åãî ñåáå-
ñòîèìîñòè.

Ïîñòàíîâêà çàäà÷è

Îäíèì èç îñíîâíûõ ôàêòîðîâ, îïðåäåëÿþ-

ùèì àäåêâàòíîñòü ìîäåëèðîâàíèÿ âèíòîâîé ïðî-
êàòêè, ÿâëÿåòñÿ ñïîñîá îïèñàíèÿ ãåîìåòðè÷å-
ñêèõ ïàðàìåòðîâ î÷àãà äåôîðìàöèè è ïðîöåññà
ôîðìîèçìåíåíèÿ ìåòàëëà. Èç-çà ñëîæíîñòè ïðî-
öåññà âèíòîâîé ïðîêàòêè (ïðîøèâêè) çàãîòîâ-
êè â âàëêàõ, ïîâåðíóòûõ íà óãëû ïîäà÷è è ðàñ-
êàòêè, ñ èñïîëüçîâàíèåì îïðàâêè è íàïðàâëÿ-
þùåãî èíñòðóìåíòà íå âñåãäà óäàñòñÿ ïðîâåñòè
èññëåäîâàíèå âëèÿíèÿ ðàçíûõ ôàêòîðîâ (ñîðòà-
ìåíòíûõ, íàñòðîå÷íûõ, êàëèáðîâêè èíñòðóìåí-
òà è äð.) íà èòîãîâûå ïàðàìåòðû (êà÷åñòâî ãèëüç,
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êîëè÷åñòâî äåôåêòîâ, ïðîðàáîòêó ñòðóêòóðû
îáðàáàòûâàåìîãî èçäåëèÿ è äð.) (ðèñ. 1).

Ðèñ. 1. Î÷àã äåôîðìàöèè ïðè âèíòîâîé ïðîêàòêå òðóá

(ñå÷åíèå ïî âàëêó è ëèíåéêå)

Ýòî îáóñëîâëåíî íå âñåãäà âîçìîæíîé áû-
ñòðîé ïåðåíàñòðîéêîé ñòàíà èëè çàìåíû èí-
ñòðóìåíòà. Íå óäàñòñÿ íàäîëãî îñòàíîâèòü ðà-
áîòàþùèé ñòàí ïî ýêîíîìè÷åñêèì ñîîáðàæåíè-
ÿì. Â òàêîé ñèòóàöèè òðåáóåòñÿ òùàòåëüíûé
ïîäõîä ê ïëàíèðîâàíèþ ñåðèè ýêñïåðèìåíòîâ
è ïîñëåäóþùåé îáðàáîòêå ïîëó÷åííûõ äàííûõ.
Ïðè ïðîâåäåíèè íàòóðíîãî ýêñïåðèìåíòà íà
äåéñòâóþùåì îáîðóäîâàíèè, êàê ïðàâèëî, â ïîë-
íîé ìåðå íå ó÷èòûâàåòñÿ ôàêòè÷åñêàÿ êàëèá-
ðîâêà èíñòðóìåíòà. Åñëè ñòàí îñòàíàâëèâàåòñÿ
íà êîðîòêîå âðåìÿ, íàïðèìåð äëÿ ïëàíîâîãî
ðåìîíòà, òî íà íåì ïîïóòíî ïðîâîäÿò ýêñïåðè-
ìåíò, ïðè ýòîì, íàïðèìåð, ôàêòè÷åñêèé èçíîñ
ðàáî÷åé ïîâåðõíîñòè èíñòðóìåíòà ÷àñòî íå ó÷è-
òûâàåòñÿ, ÷òî òàêæå âëèÿåò íà ðåçóëüòàòû àíà-
ëèçà.

Àíàëèç ïîñëåäíèõ èññëåäîâàíèé

Äëÿ íàõîæäåíèÿ ïàðàìåòðîâ íàñòðîéêè
ïðîøèâíîãî ñòàíà íåîáõîäèìî òî÷íî îïèñàòü
ãåîìåòðè÷åñêèå õàðàêòåðèñòèêè î÷àãà äåôîðìà-
öèè â ëþáîì ïîïåðå÷íîì ñå÷åíèè. Äàííàÿ çà-
äà÷à ëåãêî ðåøàåòñÿ áåç ó÷åòà ðàçâîðîòà âàëêîâ
íà óãîë ïîäà÷è [1] è ïðèìåíèòåëüíî äëÿ ðàáîòû
ïðîøèâíûõ ñòàíîâ íà íåáîëüøèõ óãëàõ ïîäà÷è
(äî 60) è â ñîñòàâå ìàëûõ ÒÏÀ [2].

Ñóùåñòâóåò äîñòàòî÷íî ìíîãî ðàáîò ïî îï-
ðåäåëåíèþ ãåîìåòðè÷åñêèõ ïàðàìåòðîâ î÷àãà
äåôîðìàöèè ïðè ïðîøèâêå [2–9], íî ñóùåñòâó-
þùèå ìàòåìàòè÷åñêèå ìîäåëè ïî ãåîìåòðè÷å-
ñêèì çàâèñèìîñòÿì î÷àãà äåôîðìàöèè ïðè òî÷-
íîé ïîñòàíîâêå çàäà÷è ïðèâîäÿò ê ñëîæíûì ãðî-
ìîçäêèì âûðàæåíèÿì è óðàâíåíèÿì 4-ãî ïîðÿä-
êà, ðåøåíèå êîòîðûõ äîñòèãàåòñÿ ðàçëè÷íûìè

èòåðàöèîííûìè ñïîñîáàìè, èëè âîäÿòñÿ äîïó-
ùåíèÿ, ñïîñîáñòâóþùèå ñíèæåíèþ òî÷íîñòè
ðàñ÷åòà. Â ðåçóëüòàòå ñîçäàíèÿ CAD-ïðîãðàìì,
íàïðèìåð, ÊÎÌÏÀÑ-3D è SolidWorks, îñíîâ-
íûå ãåîìåòðè÷åñêèå çàâèñèìîñòè â î÷àãå äåôîð-
ìàöèè íàõîäÿòñÿ ïðè ïîìîùè òâåðäîòåëüíîãî
ìîäåëèðîâàíèÿ, îñíîâàííîãî íà ïîâåðõíîñòíîì
ìîäåëèðîâàíèè ñ ãðàíè÷íûì ïðåäñòàâëåíèåì
òâåðäûõ òåë. Äàííûé ïîäõîä ÿâëÿåòñÿ íàèáîëåå
òî÷íûì, íî äëÿ åãî ðåàëèçàöèè íåîáõîäèìû íà-
âûêè ðàáîòû â CAD-ïðîãðàììàõ.

Ðåøåíèå çàäà÷è

Íà ðÿäå îïûòíûõ ïðåäïðèÿòèé èíñòèòóòîâ
è çàâîäîâ èñïîëüçóþòñÿ ïîëóïðîìûøëåííûå
ëàáîðàòîðíûå ñòàíû, íà êîòîðûõ ìîæíî ïðîâî-
äèòü øèðîêèå èññëåäîâàíèÿ, íî îíè ïî ñâîåé
ñóòè òðóäîåìêè [7–9] è ñîïðÿæåíû ñ íåîáõîäè-
ìîñòüþ ó÷åòà ìàñøòàáíîãî ôàêòîðà ïðè ðàçðà-
áîòêå ðåêîìåíäàöèé äëÿ ïðîìûøëåííûõ ñòàíîâ.

Â äàííîé ðàáîòå ïðèâåäåíû ðåçóëüòàòû
èññëåäîâàíèÿ ïðîöåññà  âèíòîâîé ïðîêàòêè òðóá
ñ èñïîëüçîâàíèåì äåôîðìàöèîííî-ãåîìåòðè÷å-
ñêîé ìîäåëè íà îñíîâå áëî÷íûõ àëãîðèòìîâ. Àë-
ãîðèòìû ìàòåìàòè÷åñêîé ìîäåëè â âèäå áëî÷-
íîé ñòðóêòóðû ïîçâîëÿþò ââîäèòü íîâûå èëè
çàìåíÿòü äåéñòâîâàâøèå áëîêè, ó÷èòûâàÿ âëè-
ÿíèå òîãî èëè èíîãî ôàêòîðà íà ïðîöåññ ïðî-
êàòêè òðóá (íàïðèìåð, óãëû ïîäà÷è è ðàñêàòêè).
Ìîäåëèðîâàíèå è èññëåäîâàíèå ôîðìû î÷àãà
äåôîðìàöèè ïðè ïðîøèâêå ñïëîøíîé è ðàñêàò-
êå ïîëîé çàãîòîâêè ïðîâåäåíî ñ ó÷åòîì ôîðìû
è ïàðàìåòðîâ ðàáî÷èõ èíñòðóìåíòîâ, ïðèìåíÿ-
åìûõ íà ñòàíå-ýëîíãàòîðå, ôîðìû è âåëè÷èíû
ïëîùàäè êîíòàêòíîé ïîâåðõíîñòè äåôîðìèðó-
åìîãî ìåòàëëà è âàëêîâ, ðåæèìîâ íàñòðîéêè áà-
çîâîãî îáîðóäîâàíèÿ ñòàíà â óñëîâèÿõ ðàáîòû
ïðîìûøëåííîãî ÒÏÀ 5-12”.

Â ðàáîòå ïðåäëîæåí â êà÷åñòâå áàçîâîé ÑÀÏÐ
ãðàôè÷åñêèé ìåòîä, îñíîâàííûé íà îäíîâðåìåí-
íîì òâåðäîòåëüíîì ìîäåëèðîâàíèè â ñðåäàõ
Êîìïàñ-3D, Autodesk Inventor, SolidWorks,
ANSYS èëè DEFORM-3D. Ïðåäëîæåííûå ìå-
òîäû, ó÷èòûâàÿ ïðîñòîòó è âûñîêóþ òî÷íîñòü
ïîñòðîåíèé, ïîçâîëÿåò ïðîâîäèòü èññëåäîâàíèÿ
îñíîâíûõ ïàðàìåòðîâ ïðîöåññà âèçóàëèçèðîâà-
íî è ýôôåêòèâíî, ÷òî îáóñëàâëèâàåò ïîëó÷åíèå
íåîáõîäèìûõ äàííûõ. Êðîìå òîãî, äàííûå ïðî-
äóêòû ñîäåðæàò ðàçâèòûå ñðåäñòâà ñîçäàíèÿ
ïîëüçîâàòåëüñêèõ áèáëèîòåê íà âñåõ îñíîâíûõ
ÿçûêàõ ïðîãðàììèðîâàíèÿ [7].

Â íàñòîÿùåé ìîäåëè (ÑÀÏÐ) ðåàëèçîâàíû
çàäà÷è ìîäåëèðîâàíèÿ äëÿ ñëó÷àåâ ïðîøèâêè è
ðàñêàòêè íà îñíîâå ìåòîäà êîíå÷íûõ ýëåìåí-
òîâ. Ïëàíèðóåòñÿ òàêæå ðàçðàáîòêà îáùåãî ìî-
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äóëÿ òðåõìåðíîãî ìîäåëèðîâàíèÿ ïëàñòè÷åñêèõ
äåôîðìàöèé. Îáúåäèíåíèå â åäèíîå öåëîå
ñðåäñòâ òðåõìåðíîãî ãåîìåòðè÷åñêîãî ìîäåëè-
ðîâàíèÿ, ðàçðàáîòêè òåõíîëîãèè è èññëåäîâàíèÿ
ïðîöåññà êîñîâàëêîâîé ïðîêàòêè ïîçâîëÿåò âûé-
òè íà ðåøåíèå çàäà÷è îïòèìèçàöèè òåõíîëîãèè
ïóòåì ïîäáîðà óñëîâèé íàèáîëåå ñîîòâåòñòâó-
þùåãî êîíå÷íîìó èçäåëèþ, âèäó ïðîêàòíîãî
îáîðóäîâàíèÿ è ïàðàìåòðîâ òåõíîëîãè÷åñêîãî
ïðîöåññà.

Îáùàÿ ñòðóêòóðà êîìïëåêñà ïðîãðàììíûõ
ñðåäñòâ àâòîìàòèçèðîâàííîé ðàçðàáîòêè òåõíî-
ëîãèè ãîðÿ÷åé âèíòîâîé ïðîêàòêè ïðèîáðåòàåò
âèä, ïðèâåäåííûé íà ðèñ. 2. Çäåñü äëÿ îáúåäè-
íåíèÿ ñðåäñòâ àâòîìàòèçàöèè èñïîëüçóåòñÿ ãðà-
ôè÷åñêèé èíòåðôåéñ, çàïóñêàåìûé êàê áèáëèî-
òåêà, çàðåãèñòðèðîâàííàÿ â ÑÀÏÐ – ÊÎÌÏÀÑ-
3D. Îí ïîçâîëÿåò ñîçäàâàòü ïðîåêòû ïðîöåññà
ïðîøèâêè òðóáíîé çàãîòîâêè è ðàñêàòêè òðóá.
Èñõîäíûìè äàííûìè ÿâëÿþòñÿ òðåõìåðíûå ìî-
äåëè èíñòðóìåíòà è î÷àãà äåôîðìàöèè, ñîçäà-
âàåìûå ïîëüçîâàòåëåì òîæå ÊÎÌÏÀÑ-3D èëè
Autodesk Inventor, SolidWorks è, èìïîðòèðóåìûå
â òåõíîëîãè÷åñêóþ ïîäñèñòåìó íàïðÿìóþ èëè
æå èç ñîçäàííûõ ôàéëîâ. Äëÿ óñêîðåíèÿ ïðî-
öåññà ïîñòðîåíèÿ ìîäåëè ìîæåò èñïîëüçîâàòü-
ñÿ áèáëèîòåêà, â êîòîðîé â ïàðàìåòðè÷åñêîì
âèäå õðàíÿòñÿ ÷àñòî âñòðå÷àþùèåñÿ ýëåìåíòû
èíñòðóìåíòà (ñòåðæíè, îïðàâêè, âàëêè è äð.)
ðàçíûõ òèïîâ.

Ïðîåêòèðîâàíèå òåõíîëîãè÷åñêîãî èíñòðó-
ìåíòà è ôîðìû äåôîðìèðóåìîãî òåëà îñóùåñòâ-

ëÿþò â ïàêåòå ïðîãðàììû ÊÎÌÏÀÑ-3D íà îñ-
íîâàíèè ðàñ÷åòíûõ èñõîäíûõ äàííûõ.

Ìîäåëèðîâàíèå ïëàñòè÷åñêîé äåôîðìàöèè
òðóáíîé çàãîòîâêè â ïðîöåññàõ ïðîøèâêè è ðàñ-
êàòêè â êîñîâàëêîâîì ñòàíå-ýëîíãàòîðå ïðîâî-
äÿòñÿ â ïðîãðàììàõ ANSYS èëè DEFORM-3D.
Ïðîöåññ ìîäåëèðîâàíèÿ îñóùåñòâëÿåòñÿ ïî ñëå-
äóþùåé ñõåìå.

Ãåîìåòðè÷åñêèå ïàðàìåòðû î÷àãà äåôîðìà-
öèè îïðåäåëÿþòñÿ â çàâèñèìîñòè îò ïîëîæåíèÿ
ocè âàëêà îòíîñèòåëüíî îñè çàãîòîâêè, êàëèá-
ðîâêè âàëêîâ è ëèíååê, à òàêæå ðàçìåðîâ çàãî-
òîâêè è ãèëüçû. Èñõîäíûìè äàííûìè äëÿ ðàñ-
÷åòà ñëóæàò ðàññ÷èòûâàåìûå ïàðàìåòðû ïðîãðàì-
ìû àâòîìàòè÷åñêîãî ðàñ÷åòà ðåæèìîâ ïðîêàòêè
(òàáëèöû ïðîêàòêè) ÒÏÀ ñ ïèëèãðèìîâûìè ñòà-
íàìè (ðèñ. 3), êîòîðûå âûïîëíÿþòñÿ â Microsoft
Excel [7-9]. Ðåçóëüòàòû ðàñ÷åòà çàíîñÿòñÿ â òàá-
ëèöó èñõîäíîãî ôàéëà èíòåãðèðîâàííîãî â
Microsoft Excel.

Îòîáðàæåííûå â òàáëèöå ïàðàìåòðû  ðàñ-
÷åòà ÿâëÿþòñÿ áàçîâûìè äëÿ ïîñòðîåíèÿ (âèçó-
àëèçàöèè) î÷àãà äåôîðìàöèè ñòàíà-ýëîíãàòîðà.
Ðàñ÷åòíàÿ ïàðàìåòðèçàöèÿ «êîíñòðóêöèé» èí-
ñòðóìåíòîâ î÷àãà èç 3D-ãåîìåòðè÷åñêèõ ïðîòî-
òèïîâ ðåàëèçîâàíà ñ ïîìîùüþ ÿçûêà Visual Basic
6.0 (âñòðîåííîãî â Microsoft Excel, ðèñ. 4), ïî-
çâîëÿþùåãî îñóùåñòâëÿòü ïðîãðàììíóþ èíòåã-
ðàöèþ ñ ñèñòåìàìè Autodesk Inventor, SolidWorks
è ÊÎÌÏÀÑ-3D (ðèñ. 5 è ðèñ. 6).

Äàëåå ñîçäàåòñÿ êîíå÷íî-ýëåìåíòíàÿ (ÊÝ)
ìîäåëü â 3D-âèäå (ðèñ. 5 è 6) ñ ïîìîùüþ ïðî-

Ðèñ. 2. Ñòðóêòóðà ÑÀÏÐ òåõíîëîãèè ãîðÿ÷åé âèíòîâîé ïðîêàòêè òðóá
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ãðàììû òâåðäîòåëüíîãî ìîäåëèðîâàíèÿ (ÊÎÌ-
ÏÀÑ-3D). Ïîñëå ïîñòðîåíèÿ (èçìåíåíèÿ ïàðà-
ìåòðîâ) î÷àãà äåôîðìàöèè ñòàíà-ýëîíãàòîðà â
àâòîìàòè÷åñêîì ðåæèìå îòîáðàæàþòñÿ ðàíåå
ðàññ÷èòàííûå óçëîâûå òî÷êè ïðîöåññà. Ïàðàìåò-
ðû òî÷åê äàëåå çàíîñÿòñÿ â ãåîìåòðè÷åñêóþ ìî-

äåëü ðàñ÷åòà ôîðìû î÷àãà äåôîðìàöèè è ïîâåðõ-
íîñòè êîíòàêòà ìåòàëëà ñ òåõíîëîãè÷åñêèìè
èíñòðóìåíòàìè. Ïîëó÷åííûå â ðåçóëüòàòå ðå-
àëèçàöèè ìîäåëè ïàðàìåòðû â âèäå óðàâíåíèé
ïîâåðõíîñòåé îòîáðàæàþòñÿ â îáúåìíîì âèäå ñ
ïîìîùüþ ïðîãðàììû ÊÎÌÏÀÑ-3D è äàëåå ïå-

Ðèñ. 3. Ïðîãðàììà àâòîìàòè÷åñêîãî ðàñ÷åòà ðåæèìîâ ïðîêàòêè (òàáëèöà ïðîêàòêè) – áëîê ðàñ÷åòà êîîðäèíàò ïðîñòðàí-

ñòâåííîãî ïîëîæåíèÿ ýëåìåíòîâ î÷àãà äåôîðìàöèè ñòàíà-ýëîíãàòîðà

Ðèñ. 4. Ïðîãðàììà ïàðàìåòðèçàöèè «êîíñòðóêöèé» èíñòðóìåíòîâ î÷àãà äåôîðìàöèè ñòàíà-ýëîíãàòîðà
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ðåäàþòñÿ â Autodesk Inventor.
Ãåîìåòðè÷åñêèå õàðàêòåðèñòèêè î÷àãà äå-

ôîðìàöèè ìîãóò â äàëüíåéøåì â àâòîìàòè÷å-
ñêîì ðåæèìå ïåðåíîñèòüñÿ è â ïðîãðàììó
SolidWorks, ãäå îñóùåñòâëÿåòñÿ íàíåñåíèå êî-
íå÷íî-ýëåìåíòíîé ñåòêè ñ èñïîëüçîâàíèåì ñîá-
ñòâåííîãî ïðåïðîöåññîðà LS-PREPOST èëè
ëþáîãî äðóãîãî ïîäõîäÿùåãî ïðåïðîöåññîðà. Òàì
æå îïðåäåëÿþòñÿ ñèëîâûå ïàðàìåòðû, íàíîñÿò-
ñÿ îãðàíè÷åíèÿ è ò.ï.

Ðèñ. 5. Òðåõìåðíàÿ ìîäåëü ïðîöåññà ïðîøèâêè

Ðèñ. 6. ÊÝ ìîäåëü ïðîöåññà ïðîøèâêè

Ïîñëå ÷åãî îñóùåñòâëÿåòñÿ ðåøåíèå â ðå-
øàòåëå ñðåäû ANSYS èëè DEFORM-3D.

Ñëåäóþùèì, çàêëþ÷èòåëüíûì, ýòàïîì ÿâ-
ëÿåòñÿ àíàëèç âûïîëíåííîãî ðåøåíèÿ (ïîñòïðî-

öåññîðíàÿ îáðàáîòêà ìàòåðèàëîâ).
Ïîñëå àíàëèçà ïðîâåäåííîãî ìîäåëèðîâà-

íèÿ òåõíîëîãè ìîãóò îòêîððåêòèðîâàòü òåõíî-
ëîãè÷åñêèé ïðîöåññ, à êîíñòðóêòîðû ðàññ÷èòàí-
íóþ îñíàñòêó. Ðåçóëüòàòû ðàñ÷åòà ïåðåäàþòñÿ â
âèäå èëëþñòðàöèé  (ðèñ. 7) è â ôîðìå òàáëèöû
ôîðìàòà Microsoft Excel  (ðèñ. 8).

Ðèñ. 7. Âèçóàëèçàöèÿ ñõåìû ïðîêàòêè, ïîëó÷åííàÿ ïî

ðàçðàáîòàííîé ïðîãðàììå è ÑÀÏÐ ÊÎÌÏÀÑ-3D

Äàííûå ïîëó÷åííîãî ôàéëà â àâòîìàòè÷å-
ñêîì ðåæèìå ïåðåäàþòñÿ â ñîîòâåòñòâóþùèé
ôàéë ÑÀÏÐ Autodesk Inventor, ãäå íà îñíîâà-
íèè ââåäåííûõ äàííûõ ñîçäàåòñÿ òðåõìåðíàÿ ïà-
ðàìåòðè÷åñêàÿ ìîäåëü î÷àãà äåôîðìàöèè,
èíñòðóìåíòà ðàññ÷èòàííîãî ïðîôèëÿ (ðèñ. 6) è
îñóùåñòâëÿåòñÿ «îòðàáîòêà» î÷àãà (ïðîêðóòêà,
ïðèâåäåíèå â äåéñòâèå âñåõ ýëåìåíòîâ).

Ïàðàìåòðè÷åñêàÿ ìîäåëü ôîðìèðóåòñÿ íà
îñíîâå ýñêèçà, ñîçäàííîãî â ïëîñêîñòè, ïàðàë-
ëåëüíîé âåðòèêàëüíîé ïëîñêîñòè è ñìåùåííîé
îòíîñèòåëüíî ýòîé ïëîñêîñòè íà âåëè÷èíó óãëà
ñìåùåíèÿ îñåé âàëêîâ îòíîñèòåëüíî îñè ïðî-
êàòêè. Ãðàôè÷åñêîå èññëåäîâàíèå ñå÷åíèé òà-
êîé ìîäåëè íà äâóõìåðíîì ÷åðòåæå ïîçâîëÿåò
ëåãêî îïðåäåëèòü äèàìåòð ïðîêàòûâàåìîé çàãî-

Ðèñ. 8. Ðåçóëüòàòû ðàñ÷åòà ïàðàìåòðîâ ïðîêàòêè íà ÒÏÀ 5-12”
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òîâêè D â çàâèñèìîñòè îò êîîðäèíàòû åãî ñå÷å-
íèÿ õ è y, âåëè÷èíó çàçîðà r ìåæäó âàëêàìè â
ðàññìàòðèâàåìîì ñå÷åíèè ïóòåì ïðÿìîãî èçìå-
ðåíèÿ.

Íåòðóäíî óáåäèòüñÿ â òîì, ÷òî ïðåäëàãà-
åìàÿ ìåòîäèêà óíèâåðñàëüíà è ìîæåò óñïåøíî
èñïîëüçîâàòüñÿ äëÿ àíàëèçà ðàçëè÷íûõ ïðîöåñ-
ñîâ âèíòîâîé ïðîêàòêè. Íà ðèñ. 8 ïðèâåäåíû
ðåçóëüòàòû âèçóàëèçàöèè ðàñ÷åòà ïðîöåññà âèí-
òîâîé ïðîøèâêè çàãîòîâêè.

Ïðîâåäåííûå èññëåäîâàíèÿ ïîêàçàëè óäîâ-
ëåòâîðèòåëüíóþ ñõîäèìîñòü ðåçóëüòàòîâ, ïîëó-
÷åííûõ ïî äàííîé ìîäåëè ñ ðåçóëüòàòàìè, ïî-
ëó÷åííûìè íà ïðàêòèêå è ïðîâåðåííûìè ïî
äðóãèì ìåòîäèêàì, ðàçðàáîòàííûìè ðàíåå [1–9].

Âûâîäû

Ïîëó÷åííûå ðåçóëüòàòû ìîäåëèðîâàíèÿ
ñîîòâåòñòâóþò îñíîâíûì ïîëîæåíèÿì òåîðèè
îáðàáîòêè ìåòàëëîâ äàâëåíèåì.

Ìîäåëèðîâàíèå ïðîöåññà ïðîêàòêè (ïðî-
øèâêè) ïîçâîëèëî îáúÿñíèòü õàðàêòåð èçìåíå-
íèÿ íàïðÿæåííî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ
ìåòàëëà ïðè âèíòîâîé ïðîêàòêå, îöåíèòü âëè-
ÿíèå òåõíîëîãè÷åñêèõ ïàðàìåòðîâ ïðîöåññà (óãîë
ïîäà÷è, óãîë ðàñêàòêè, îâàëèçàöèÿ, êàëèáðîâêà
èíñòðóìåíòà è ò.ï.) íà êà÷åñòâî è òî÷íîñòü ïî-
ëó÷àåìûõ ãèëüç.

Íà îñíîâå ïîøàãîâîãî ìîäåëèðîâàíèÿ ïðî-
öåññà ïðîøèâêè ðàçðàáîòàíà ìåòîäèêà ïî îïðå-
äåëåíèþ íàñòðîå÷íûõ ïàðàìåòðîâ ïðîöåññà: ðàñ-
ñòîÿíèå ìåæäó âàëêàìè â ïåðåæèìå, îáæàòèå
ïåðåä íîñêîì îïðàâêè, ðàññòîÿíèå îò çàõâàòà
çàãîòîâêè âàëêàìè äî íîñêà îïðàâêè è ò.ä.

Ðàçðàáîòàííàÿ ìåòîäèêà ïîçâîëÿåò ñ âûñî-
êîé äîñòîâåðíîñòüþ ïðîèçâîäèòü êîððåêòèðîâ-
êó ïàðàìåòðîâ ïðîêàòíîãî èíñòðóìåíòà è ðàç-
ðàáàòûâàòü íîâûé.
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Ó äàí³é ðîáîò³ íàâåäåí³ ðåçóëüòàòè äîñë³äæåííÿ ïðîöå-
ñó ãâèíòîâî¿ ïðîêàòêè òðóá ç âèêîðèñòàííÿì äåôîðìàö³éíî-
ãåîìåòðè÷íî¿ ìîäåë³ íà îñíîâ³ áëîêîâèõ àëãîðèòì³â. Àëãîðèò-
ìè ìàòåìàòè÷íî¿ ìîäåë³ ó âèãëÿä³ áëîêîâî¿ ñòðóêòóðè äîçâî-
ëÿþòü ââîäèòè íîâ³ àáî çàì³íþâàòè äåÿê³ áëîêè, ç îãëÿäó íà
âïëèâ òîãî ÷è ³íøîãî ôàêòîðà íà ïðîöåñ ïðîêàòêè òðóá (íà-
ïðèêëàä, êóòè ïîäà÷³ ³ ðîçêàòêè). Ìîäåëþâàííÿ òà äîñë³-
äæåííÿ ôîðìè îñåðåäêó äåôîðìàö³¿ ïðè ïðîøèâö³ ñóö³ëüíèé òà
ðîçêàòêà ïîðîæíèñòî¿ çàãîòîâêè âèêîíàíî ç óðàõóâàííÿì ôîð-
ìè é ïàðàìåòð³â ðîáî÷èõ ³íñòðóìåíò³â, ùî çàñòîñîâóþòüñÿ íà
ñòàí³-åëîíãàòîð³, ôîðìè òà âåëè÷èíè ïëîù³ êîíòàêòíî¿ ïî-
âåðõí³, ùî äåôîðìóºòüñÿ, ðåæèì³â íàëàãîäæåííÿ áàçîâîãî óñ-
òàòêóâàííÿ ñòàíó â óìîâàõ ðîáîòè ïðîìèñëîâîãî ÒÏÀ 5-12'’.
Â ðîáîò³ çàïðîïîíîâàíî ó ÿêîñò³ áàçîâî¿ ÑÀÏÐ ãðàô³÷íèé ìå-
òîä, çàñíîâàíèé íà îäíî÷àñíîìó òâåðäîò³ëüíîìó ìîäåëþâàíí³
â ñåðåäîâèùàõ Êîìïàñ-3D, Autodesk Inventor, SolidWorks, ANSYS
àáî DEFORM-3D. Çàïðîïîíîâàí³ ìåòîäè, âðàõîâóþ÷è ïðîñòî-
òó ³ âèñîêó òî÷í³ñòü ïîáóäîâ, äîçâîëÿþòü ïðîâîäèòè äîñë³-
äæåííÿ îñíîâíèõ ïàðàìåòð³â ïðîöåñó â³çóàë³çîâàíî òà åôåê-
òèâíî, ùî îáóìîâëþº îòðèìàííÿ íåîáõ³äíèõ äàíèõ. Êð³ì òîãî,
äàí³ ïðîäóêòè ì³ñòÿòü ðîçâèíåí³ çàñîáè ñòâîðåííÿ êîðèñòó-
âàöüêèõ á³áë³îòåê íà âñ³õ îñíîâíèõ ìîâàõ ïðîãðàìóâàííÿ.
Çä³éñíåíî îö³íþâàííÿ òî÷íîñò³ ðîçðàõóíêó åíåðãîñèëîâèõ ïà-
ðàìåòð³â ïðîöåñó, ãåîìåòðè÷íèõ ïàðàìåòð³â ã³ëüç é êîëèâàíü
¿õ çíà÷åíü ïðè ìîäåëþâàíí³  â âèðîáíè÷îìó åêñïåðèìåíò³. Ìî-
äåëþâàííÿ ïðîöåñó ïðîêàòêè äîçâîëèëî ïîÿñíèòè âïëèâ òåõíî-
ëîã³÷íèõ ïàðàìåòð³â ïðîöåñó ïðîêàòêè íà ÿê³ñòü òà òî÷í³ñòü
îäåðæóâàíèõ ã³ëüç é ðîçðîáèòè ìåòîäèêó âèçíà÷åííÿ òî÷íèõ
ïàðàìåòð³â ïðîöåñó ³ ðàö³îíàëüíî¿ êàë³áðîâêè ³íñòðóìåíòó.
Ìîäåëþâàííÿ ïðîöåñó ïðîêàòêè äîçâîëÿº ïðîâîäèòè àíàë³ç ïðî-
öåñó ³ ðîçðîáëþâàòè êîðèãóâàëüí³ ä³¿.
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In this paper, we present the results of a study of the process
of helical rolling of pipes using a deformation-geometric model based
on block algorithms. The algorithms of the mathematical model in
the form of a block structure allow the introduction of new or
replacement of existing blocks, taking into account the influence of
one or another factor on the pipe rolling process (for example, the
feeding and rolling angles). Simulation and study of the deformation
focus shape  during continuous flashing and rolling of the hollow
billet was carried out taking into account the shape and parameters
of the working tools used in the elongator, the shape and size of the
contact surface area of the deformable metal and rolls, in working
conditions of industrial injection molding machine 5-12'’. The paper
suggests CAD system based on simultaneous solid modeling in
Compass-3D, Autodesk Inventor, SolidWorks, ANSYS or DEFORM-
3D environments. The proposed methods, taking into account the
simplicity and high accuracy of the constructions, allow to conduct
studies of the main parameters of the process efficiently and with
visualization, which leads to the obtaining of necessary data. In
addition, these products contain advanced tools for creating user
libraries in all major programming languages. The accuracy of
calculation of the energy-force parameters of the process, the geometric
parameters of the shells and the oscillations of their values during
simulation and in the production experiment are estimated. The
modeling of the rolling process made it possible to explain the influence
of the technological parameters of the rolling process on the quality
and accuracy of the obtained shells and to develop a method for
determining the exact process parameters and rational calibration of
the tool. Modeling of the rolling process allows the analysis of the
process and the development of corrective actions.

Keywords: computer modeling, finite elements, piercing
mills, tubes.
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ÀËÃÎÐÈÒÌ ÐÎÇÐÀÕÓÍÊÓ ÎÁ’ªÌÓ ÀÄÑÎÐÁÖ²ÉÍÎÃÎ ÒÅÏËÎÂÎÃÎ
ÀÊÓÌÓËßÒÎÐÀ ÄËß ÑÈÑÒÅÌÈ ÄÅÖÅÍÒÐÀË²ÇÎÂÀÍÎÃÎ ÎÏÀËÞÂÀÍÍß

à ÄÂÍÇ «Óêðà¿íñüêèé äåðæàâíèé õ³ì³êî-òåõíîëîã³÷íèé óí³âåðñèòåò», ì. Äí³ïðî, Óêðà¿íà
á Íàö³îíàëüíà ìåòàëóðã³éíà àêàäåì³ÿ Óêðà¿íè, ì. Äí³ïðî, Óêðà¿íà

Ðîáîòà ïðèñâÿ÷åíà ðîçðîáö³ åôåêòèâíîãî àëãîðèòìó äëÿ ðîçðàõóíêó îáñÿãó àäñîð-

áö³éíîãî ïðèñòðîþ äëÿ àêóìóëþâàííÿ òåïëîâî¿ åíåðã³¿ äëÿ äåöåíòðàë³çîâàíî¿ ñèñ-

òåìè îïàëåííÿ â ïðèâàòíîìó áóäèíêó. Ïðîïîíóºòüñÿ íàñòóïíà ìåòîäèêà ðîçðàõóí-

êó: îá÷èñëåííÿ òåïëîâîãî íàâàíòàæåííÿ äëÿ îïàëåííÿ, ùî âêëþ÷àº ðîçðàõóíîê

òåïëîâèõ âòðàò ÷åðåç çîâí³øí³ îãîðîæ³, ³ øëÿõîì ³íô³ëüòðàö³¿, à òàêîæ âíóòð³øí³õ

òåïëîâèä³ëåíü, ðîçðàõóíîê ìàêñèìàëüíî¿ àäñîðáö³¿, òåïëîòè àäñîðáö³¿, âèçíà÷åííÿ

ìàñè ³ îá’ºìó àäñîðáåíòó. Ìàêñèìàëüíå çíà÷åííÿ àäñîðáö³¿ çàïðîïîíîâàíî ðîçðà-

õîâóâàòè çà õàðàêòåðèñòèêàìè ñîðáåíòó àáî ïðè â³äñóòíîñò³ äàíèõ äëÿ êîìïîçèòíî-

ãî àäñîðáåíòó ÿê ë³í³éíó ñóïåðïîçèö³þ äëÿ ìåõàí³÷íî¿ ñóì³ø³. Ìàñó àäñîðáåíòó

çàïðîïîíîâàíî îá÷èñëþâàòè ÿê â³äíîøåííÿ òåïëîâîãî íàâàíòàæåííÿ íà îïàëåííÿ

òà òåïëîòè àäñîðáö³¿, à îáñÿã àäñîðáåíòó – ìàñè òà ãóñòèíè àäñîðáåíòó. Îö³íþâàëü-

íèé ðîçðàõóíîê òåïëîâîãî íàâàíòàæåííÿ äëÿ ïðèâàòíîãî áóäèíêó áóâ âèêîíàíèé

çã³äíî çàïðîïîíîâàíîãî àëãîðèòìó, à îïòèìàëüíèé ñêëàä êîìïîçèò³â «ñèë³êàãåëü–

íàòð³é ñóëüôàò» ³ «ñèë³êàãåëü–íàòð³é àöåòàò» âèçíà÷àâñÿ â³äïîâ³äíî äî ì³í³ìàëüíî-

ãî îáñÿãó òåïëîàêóìóëþþ÷îãî ìàòåð³àëó. ßê íàéíèæ÷³ çíà÷åííÿ îá’ºì³â, òàê ³ ìàê-

ñèìàëüíà åôåêòèâí³ñòü êîìïîçèòíèõ àäñîðáåíò³â ç ìàñîâèì ñï³ââ³äíîøåííÿì ñèë-

³êàãåëÿ ³ Na2SO4 àáî CH3COONa 20:80 ïîÿñíþþòüñÿ ìàêñèìàëüíèì çíà÷åííÿì òåï-

ëîòè àäñîðáö³¿. Îïòèìàëüí³ êîíñòðóêòèâí³ ³ åêñïëóàòàö³éí³ õàðàêòåðèñòèêè àäñîð-

áö³éíîãî òåïëîâîãî àêóìóëÿòîðà áóëè âèçíà÷åí³ çà äîïîìîãîþ çàïðîïîíîâàíîãî

àëãîðèòìó. Ïåðåäáà÷àºòüñÿ, ùî â³äíîñíà âîëîã³ñòü ïàðîïîâ³òðÿíîãî ïîòîêó ñòàíî-

âèòü 50–60%. Áåðó÷è äî óâàãè îïòèìàëüí³ çíà÷åííÿ øâèäêîñò³ ïàðîïîâ³òðÿíîãî

ïîòîêó w<0,6 ì/ñ, ðåêîìåíäóºòüñÿ çàñòîñîâóâàòè âèñîòó àäñîðáóþ÷îãî øàðó â

ä³àïàçîí³ â³ä 0,25 äî 0,5 ì.

Êëþ÷îâ³ ñëîâà: àäñîðáö³éíèé àêóìóëÿòîð òåïëîâî¿ åíåðã³¿, òåïëîâå íàâàíòàæåííÿ

íà îïàëåííÿ, òåïëîòà àäñîðáö³¿, êîìïîçèòíèé ñîðáåíò.

Ïîñòàíîâêà ïðîáëåìè
Ìàñøòàáè ñïîæèâàííÿ ïàëèâà íà òåïëîïî-

ñòà÷àííÿ æèòëîâèõ ïðèì³ùåíü â Óêðà¿í³ äîñèòü
âåëèê³. Òàê, âèòðàòà òåïëîòè íà îïàëåííÿ îá’ºêò³â
îäíàêîâî¿ ïëîù³ â Óêðà¿í³ áëèçüêî â 2–3 ðàçè
âèùå, í³æ â Çàõ³äí³é ªâðîï³ [1]. Öå º íàñë³äêîì
íå ëèøå íèçüêèõ êîåô³ö³ºíò³â êîðèñíî¿ ä³¿ êî-
òåëåíü, àëå é çàãàëüíîãî çíîøóâàííÿ ä³þ÷èõ òåï-
ëîâèõ ìåðåæ. Â öèõ óìîâàõ ñòàþòü àêòóàëüíèìè
á³ëüø øèðîêå âïðîâàäæåííÿ äåöåíòðàë³çîâàíèõ
ñèñòåì òåïëîïîñòà÷àííÿ äëÿ ñïîæèâà÷³â, ÿê³
ðîçòàøîâàí³ íà âåëèêèõ â³äñòàíÿõ â³ä ÒÅÑ òà
êîòåëåíü. Ïðè öüîìó ¿õ åêñïëóàòàö³ÿ çã³äíî ç
ðåêîìåíäàö³ÿìè êîíôåðåíö³¿ ç êë³ìàòó â Ïàðèæ³
â 2015 ðîö³ (ÑÎÐ21) íå ïîâèííî ïðèçâîäèòè äî

çðîñòàííÿ âèêèä³â ïàðíèêîâèõ ãàç³â, à îòæå ïå-
ðåäáà÷àº âèêîðèñòàííÿ íåòðàäèö³éíèõ äæåðåë
òåïëîâî¿ åíåðã³¿. Âèêîðèñòàííÿ àêóìóëÿòîð³â
òåïëîâî¿ åíåðã³¿ äîçâîëÿº ³ñòîòíî ï³äâèùèòè
åôåêòèâí³ñòü âèêîðèñòàííÿ â³äíîâëþâàíèõ äæå-
ðåë òåïëîïîñòà÷àííÿ.

Àíàë³ç îñòàíí³õ äîñë³äæåíü òà ïóáë³êàö³é
Àäñîðáåíòè äåñÿòèð³÷÷ÿìè ðîçãëÿäàëèñÿ ÿê

ïåðñïåêòèâí³ äëÿ ïîãëèíàííÿ, àêóìóëþâàííÿ òà
òðàíñôîðìàö³¿ òåïëîâî¿ åíåðã³¿ [2]. Íàéá³ëüø
ðîçïîâñþäæåíèìè â ñó÷àñíèõ ñèñòåìàõ òåïëî-
ïîñòà÷àííÿ º òåïëîàêóìóëþþ÷³ ìîäóë³ íà îñíîâ³
ºìí³ñíèõ ìàòåð³àë³â. Â òîé æå ÷àñ ïðèñòðî¿ íà
îñíîâ³ ïîä³áíèõ ñåðåäîâèù ³ñòîòíî îáìåæåí³ çà
òåìïåðàòóðíèì ³íòåðâàëîì ðîáîòè òà ãóñòèíîþ
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çàïàñàííÿ åíåðã³¿. Á³ëüø ïåðñïåêòèâíèìè º ôà-
çîâî-ïåðåõ³äí³ òåïëîâ³ àêóìóëÿòîðè. Øèðîêîìó
âïðîâàäæåííþ ñòî¿òü íà çàâàä³ âèñîêà êîðîç³é-
íà àêòèâí³ñòü çàñòîñîâóâàíèõ ìàòåð³àë³â òà
æîðñòê³ âèìîãè äî äæåðåëà òåïëîâî¿ åíåðã³¿ ïðè
ðåãåíåðàö³¿. Íàéá³ëüø ïåðñïåêòèâíèìè òà åêî-
ëîã³÷íî áåçïå÷íèìè º àäñîðáö³éí³ òåïëîâ³ àêó-
ìóëÿòîðè, ÿê³ ñóì³ùóþòü àêóìóëþâàííÿ òåïëî-
âî¿ åíåðã³¿ íà îñíîâ³ îáîðîòíèõ ïðîöåñ³â àä-
ñîðáö³¿ – äåñîðáö³¿ ç ºìí³ñíèì òà ôàçîâî-ïåðå-
õ³äíèì ìåõàí³çìîì.

Àäñîðáö³éí³ ñèñòåìè îïàëåííÿ íà îñíîâ³
ðîáî÷èõ ïàð «ñèë³êàãåëü–âîäà» àáî «öåîë³ò13Õ–
âîäà» ðîçðîáëÿëè â Àâñòð³¿ òà Ãåðìàí³¿ [3,4].

Âîäíî÷àñ àëãîðèòìè ðîçðàõóíê³â ñèñòåì
òåïëîïîñòà÷àííÿ ç òåïëîâèìè àêóìóëÿòîðàìè
ïåðåâàæíî áàçóþòüñÿ íà ºìí³ñíèõ ïðèñòðîÿõ [5].
Òîìó çàäà÷à ðîçðîáêè àëãîðèòìó ðîçðàõóíêó àä-
ñîðáö³éíèõ òåïëîàêóìóëþþ÷èõ ïðèñòðî¿â íàáó-
âàº ïåðøî÷åðãîâîãî çíà÷åííÿ.

Ôîðìóëþâàííÿ ìåòè äîñë³äæåííÿ
Õàé â³äîì³ çîâí³øí³é îá’ºì áóä³âë³, ïëîùà

îïàëþâàíèõ ïðèì³ùåíü òà ìàòåð³àë çîâí³øí³õ
îãîðîäæåíü, à òàêîæ ñõåìà ñèñòåìè äåöåíòðàë³-
çîâàíîãî îïàëåííÿ. Òîä³, òåïëîâå íàâàíòàæåííÿ
îïàëåííÿ Q’î, Âò âî÷åâèäü ðîçðàõîâóºòüñÿ, ÿê
[6]:

Q’î=Q’ò+Q’è–Q òâ,  (1)

äå Q’ò – òåïëîâ³ âòðàòè ÷åðåç çîâí³øí³ îãîðîä-
æåííÿ, Âò, Q’è – òåïëîâ³ âòðàòè âíàñë³äîê
³íô³ëüòðàö³¿, Âò, Qòâ – âíóòð³øí³ òåïëîâèä³ëåí-
íÿ, Âò.

Íåîáõ³äíî âèçíà÷èòè ìàñó àäñîðáåíòó, ÿêà
â³äïîâ³äàº òåïëîâîìó íàâàíòàæåííþ íà îïàëåí-
íÿ. Äëÿ äîñÿãíåííÿ ö³º¿ ìåòè ñë³ä âèçíà÷èòè
òåïëîòó àäñîðáö³¿

адс

1000
H h a

M
     ,  (2)

äå h – òåïëîòà àäñîðáö³¿ ðå÷îâèíè (âîäà), ÿêà
ñîðáóºòüñÿ, êÄæ/ìîëü, à – ãðàíè÷íà àäñîðáö³ÿ,
ã/ã, Ì – ìîëÿðíà ìàñà àäñîðáîâàíî¿ ðå÷îâèíè,
ã/ìîëü.

Ãðàíè÷íó àäñîðáö³þ ìîæíà âèçíà÷àòè çà
õàðàêòåðèñòèêàìè ñîðáåíòó, àáî ïðè â³äñóòíîñò³
äàíèõ äëÿ êîìïîçèòíîãî àäñîðáåíòó, ÿê ë³í³éíó
ñóïåðïîçèö³þ äëÿ ìåõàí³÷íî¿ ñóì³ø³:

N

i i

i 1

a a x


  ,  (3)

äå à³ – ãðàíè÷í³é àäñîðáö³¿ ³-ãî êîìïîíåíòà, õ³ –
éîãî ìàñîâà äîëÿ â àäñîðáåíò³.

Òîä³ ìàñó àäñîðáåíòó âèçíà÷àþòü çà â³äíî-
øåííÿì:

o

адс

Q '
M

H



,   (4)

à îá’ºì, ì3 çã³äíî ç:

M
V 


,  (5)

äå  – ãóñòèíà àäñîðáåíòó, êã/ì3.
Òàêèì ÷èíîì, çàïðîïîíîâàíèé àëãîðèòì

ïåðåäáà÷àº òåïëîâå íàâàíòàæåííÿ íà îïàëåííÿ,
ÿêå âêëþ÷àº ðîçðàõóíîê òåïëîâèõ âòðàò ÷åðåç
çîâí³øí³ îãîðîäæåííÿ òà âíàñë³äîê ³íô³ëüòðàö³¿
âíóòð³øí³õ òåïëîâèä³ëåíü, ãðàíè÷íî¿ àäñîðáö³¿,
òåïëîòè àäñîðáö³¿, âèçíà÷åííÿ ìàñè àäñîðáåíòó
òà îá’ºìó àäñîðáåíòó (ðèñ. 1).

Ìåòà äîñë³äæåííÿ – âèçíà÷åííÿ îïòèìàëü-
íîãî ñêëàäó ñîðáåíòó, ÿêèé â³äïîâ³äàº òåïëîâî-
ìó íàâàíòàæåííþ íà îïàëåííÿ ïðè ì³í³ìàëüíèõ
ãàáàðèòíèõ ðîçì³ðàõ òåïëîàêóìóëþþ÷îãî ïðè-
ñòðîþ.

Âèêëàäåííÿ îñíîâíîãî ìàòåð³àëó äîñë³äæåííÿ
Ñõåìà äåöåíòðàë³çîâàíî¿ ñèñòåìè îïàëåí-

íÿ íàâåäåíà íà ðèñ. 2. Äëÿ äàíèõ óìîâ ïðîïî-
íóºòüñÿ âèêîðèñòîâóâàòè ñèñòåìó îïàëåííÿ ç³
øòó÷íîþ öèðêóëÿö³ºþ. Îñíîâíèì êëþ÷îâèì
ìîìåíòîì òàêî¿ ñèñòåì º öèðêóëÿö³éíèé íàñîñ.
Ï³ä éîãî âïëèâîì òåïëîíîñ³é éäå äî áàòàðåé, à
ïîò³ì äî íàãð³âàëüíîãî ïðèëàäó. Ïðè ìîíòàæ³

Ðèñ. 1. Áëîê-ñõåìà àëãîðèòìó ðîçðàõóíêó ìàñè ñîðáåíòó òà

îá’ºìó àäñîðáö³éíîãî òåïëîàêóìóëþþ÷îãî ïðèñòðîþ
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òàêî¿ ñèñòåìè íåìàº íåîáõ³äíîñò³ â ïîñò³éíîìó
óõèë³ òðóá. Çîâí³øí³é îá’ºì áóäèíêó ïðîïîíóºòü-
ñÿ ïðèéíÿòè 289,8 ì3. Êîåô³ö³ºíò ñêë³ííÿ (â³äíî-
øåííÿ ïîâåðõí³ â³êîí äî çàãàëüíî¿ ïîâåðõí³ âåð-
òèêàëüíèõ çîâí³øí³õ îãîðîäæåíü) =0,25. Êî-
åô³ö³ºíòè òåïëîïåðåäà÷³ ñò³í, â³êîí, ñòåë³ òà
ï³äëîãè: kñò=0,49 Âò/(ì20C); kîê=1,48 Âò/(ì20C);
kïò=0,31 Âò/(ì20C); kïë=0,42 Âò/(ì20C) .

Êîåô³ö³ºíòè çíèæåííÿ ðîçðàõóíêîâî¿
ð³çíèö³ òåìïåðàòóð äëÿ ñò³í, â³êîí, ñòåë³ òà ï³äëî-
ãè: ò=îê=1; ïò=0,8; ïë=0,6. Òåìïåðàòóðà
âíóòð³øíüîãî ïîâ³òðÿ tâ.ð.=180C, à ðîçðàõóíêîâà
äëÿ îïàëåííÿ òåìïåðàòóðà çîâí³øíüîãî ïîâ³òðÿ
tí.î.=–230C. Îá’ºìíèé êîåô³ö³ºíòè áóä³âë³ ïðèé-
íÿòî Kîá=5 ì3/ì2, à ïèòîì³ òåïëîâèä³ëåííÿ (íà
1 ì2 æèòëîâî¿ ïëîù³) – qò.â.=20 Âò/ì2.

Îö³íî÷íèé ðîçðàõóíîê òåïëîâòðàò ÷åðåç
îãîðîäæóâàëüí³ êîíñòðóêö³¿ òà òåïëîâå íàâàíòà-
æåííÿ íà îïàëåííÿ ðîçðàõîâàí³ çã³äíî ç [6,7].
Òåïëîâå íàâàíòàæåííÿ íà îïàëåííÿ 3929,3 Âò,
ùî â³äïîâ³äàº áëèçüêî 339,5 ÌÄæ çà äîáó.

Â ÿêîñò³ àäñîðáåíòó çàïðîïîíîâàíî âèêî-
ðèñòîâóâàòè êîìïîçèò «ñèë³êàãåëü–íàòð³é ñóëü-
ôàò» àáî «ñèë³êàãåëü–íàòð³é àöåòàò». Ðåçóëüòà-
òè ðîçðàõóíêó òåïëîòè àäñîðáö³¿ ³ ìàñè ñîðáåí-

òó ïðè òåïëîâîìó íàâàíòàæåíí³ íà îïàëåííÿ
339,5 ÌÄæ/äîáó ³ ìàñîâîìó ñï³ââ³äíîøåííÿ ñè-
ë³êàãåëþ òà Na2SO4 àáî CH3COONa 20:80, 40:60,
60:40 òà 80:20, ÿê³ ïðåäñòàâëåíî â òàáë. 1 òà 2.
Âî÷åâèäü, ç³ çðîñòàííÿì âì³ñòó íàòð³é ñóëüôàòó
îá’ºì øàðó àäñîðáåíòó ìàº çìåíøóâàòèñü.
Íàéá³ëüø åôåêòèâíèì º âî÷åâèäü êîìïîçèòíèé
àäñîðáåíò ç ìàñîâèì ñï³ââ³äíîøåííÿì ñèë³êà-
ãåëþ òà Na2SO4 àáî CH3COONa 20:80. Êð³ì òîãî,
ìàñà òà îá’ºì øàðó àäñîðáåíòó âèçíà÷àþòüñÿ
òåïëîòîþ àäñîðáö³¿.

Òàáëèöÿ 1

Ðåçóëüòàòè ðîçðàõóíêó òåïëîòè àäñîðáö³¿ ³ ìàñè
ñîðáåíòó «ñèë³êàãåëü–Na2SO4» ïðè òåïëîâîìó
íàâàíòàæåíí³ íà îïàëåííÿ 339,5 ÌÄæ/äîáó

Вміст 

силікагелю, 

% 

Вміст 

Na2SO4, 

% 

Величина 

адсорбції, 

а, кг/кг 

Hадс, 

кДж/кг 

М,  

кг 

V, 

м3 

20 80 1,046 3486,67 97,368 0,135 

40 60 0,822 2740,00 123,9 0,172 

60 40 0,598 1993,33 170,31 0,237 

80 20 0,374 1246,70 272,31 0,378 

 
Á³ëüø âèñîê³ çíà÷åííÿ òåïëîòè àäñîðáö³¿ ³,

Ðèñ. 2. Ñõåìà äåöåíòðàë³çîâàíî¿ ñèñòåìè îïàëåííÿ ïðèâàòíîãî áóäèíêó: 1 – òåïëîâèé àêóìóëÿòîð; 2 – íàñîñ;

3 – ðîçøèðþâàëüíèé áàê; 4 – ïîë³ïðîï³ëåíîâ³ òðóáè; 5 – àëþì³í³ºâà áàòàðåÿ

Òàáëèöÿ 2

Òåïëîòà àäñîðáö³¿ ³ ìàñà ñîðáåíòó «ñèë³êàãåëü–CH3COONa» ïðè òåïëîâîìó íàâàíòàæåíí³
íà îïàëåííÿ 339,5 ÌÄæ/äîáó

Вміст силікагелю, %  Вміст CH3COONa, % Величина адсорбції, а, кг/кг Hадс, кДж/кг М, кг V, м3 

20 80 0,557 1856,10 182,91 0,277 

40 60 0,455 1517,07 223,79 0,339 

60 40 0,353 1178,05 288,19 0,437 

80 20 0,252 839,02 404,64 0,613 
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îòæå, ìåíø³ ìàñè òà îá’ºìè ñîðáåíò³â âñòàíîâ-
ëåí³ äëÿ êîìïîçèòó «ñèë³êàãåëü–íàòð³é ñóëüôàò»,
ÿêèé º á³ëüø åôåêòèâíèì â ïîð³âíÿíí³ ç êîì-
ïîçèòîì «ñèë³êàãåëü–íàòð³é àöåòàò». Â òîé æå
÷àñ òåìïåðàòóðà ðåãåíåðàö³¿ êîìïîçèòó «ñèë³-
êàãåëü–íàòð³é ñóëüôàò» äîð³âíþº 900Ñ, à «ñèë³-
êàãåëü–íàòð³é àöåòàò» 600Ñ.

Êð³ì òîãî, äîö³ëüíî îö³íèòè âïëèâ êîíñò-
ðóêòèâíèõ õàðàêòåðèñòèê òåïëîàêóìóëþþ÷îãî
ïðèñòðîþ, çîêðåìà, âèñîòè øàðó àäñîðáåíòó, íà
âåëè÷èíó àäñîðáö³¿. Ðîçðàõóíîê áóâ âèêîíàíèé
çà äîïîìîãîþ àëãîðèòìó, çàïðîïîíîâàíîãî â [8].

Â ðåçóëüòàò³ ìîäåëþâàííÿ áóëà âèçíà÷åíà
çàëåæí³ñòü âåëè÷èíè àäñîðáö³¿ â³ä øâèäêîñò³
ïàðîïîâ³òðÿíîãî ïîòîêó ïðè òåìïåðàòóð³ 600Ñ
ïðè â³äíîñí³é âîëîãîñò³ ïîâ³òðÿ 40, 50 òà 60%
(ðèñ. 3).

Ìàêñèìàëüí³ çíà÷åííÿ àäñîðáö³¿ ïðîòÿãîì
8 ãîä ñïîñòåð³ãàþòüñÿ ïðè â³äíîñí³é âîëîãîñò³
60% òà øâèäêîñòÿõ ïàðîïîâ³òðÿíîãî ïîòîêó
w=0,2–0,35 ì/ñ (âèñîòà øàðó êîìïîçèòó Í=0,25 ì),
0,6–0,85 ì/ñ (Í=0,5 ì) òà 1,1–1,7 ì/ñ (Í=1,0 ì).
Òàêèì ÷èíîì, îñê³ëüêè äîö³ëüíî âèêîðèñòîâó-
âàòè w<0,6 ì/ñ, ìîæíà ðåêîìåíäóâàòè âèñîòó
øàðó êîìïîçèòó 0,25–0,5 ì.

Âèñíîâêè
Çàïðîïîíîâàíî àëãîðèòì ðîçðàõóíêó ìàñè

òà îá’ºìó àäñîðáåíòó äëÿ òåïëîâîãî àêóìóëÿòî-
ðà â ñèñòåìàõ äåöåíòðàë³çîâàíîãî îïàëåííÿ. Çàï-
ðîïîíîâàíèé àëãîðèòì äîçâîëÿº âèçíà÷èòè îï-
òèìàëüíèé ñêëàä àäñîðáåíòó äëÿ âèêîðèñòàííÿ
â òåïëîàêóìóëþþ÷èõ ïðèñòðîÿõ ñèñòåì îïàëåí-
íÿ â ïðèâàòíèõ áóäèíêàõ.

Ðîáîòà âèêîíàíà çà ï³äòðèìêè Äåðæàâíîãî
ôîíäó ôóíäàìåíòàëüíèõ äîñë³äæåíü (íîìåð äåð-
æàâíî¿ ðåºñòðàö³¿ 0116U001489).
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Ðèñ. 3. Çàëåæí³ñòü âåëè÷èíè ñîðáö³¿ â³ä øâèäêîñò³ ïàðîãà-

çîâîãî ïîòîêó òà âèñîò³ øàðó êîìïîçèòó òà â³äíîñí³é

âîëîãîñò³ ïîâ³òðÿ: à – H=0,25 ì; á – H=0,5 ì; â – H=1 ì

à

á
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ÀËÃÎÐÈÒÌ ÐÀÑ×ÅÒÀ ÎÁÚÅÌÀ ÀÄÑÎÐÁÖÈÎÍÍÎÃÎ
ÒÅÏËÎÂÎÃÎ ÀÊÓÌÓËßÒÎÐÀ ÄËß ÑÈÑÒÅÌÛ
ÄÅÖÅÍÒÐÀËÈÇÎÂÀÍÍÎÃÎ ÎÒÎÏËÅÍÈß

Ñóõîé Ê.Ì., Êîëîìèåö Å.Â., Ïðîêîïåíêî Å.Ì., Ãàâðèëêî
À.Â., Áåëÿíîâñêàÿ Å.À.

Ðàáîòà ïîñâÿùåíà ðàçðàáîòêå ýôôåêòèâíîãî àëãîðèò-
ìà äëÿ ðàñ÷åòà îáúåìà àäñîðáöèîííîãî óñòðîéñòâà äëÿ àêêó-
ìóëèðîâàíèÿ òåïëîâîé ýíåðãèè äëÿ äåöåíòðàëèçîâàííîé ñèñòå-
ìû îòîïëåíèÿ â ÷àñòíîì äîìå. Ïðåäëàãàåòñÿ ñëåäóþùàÿ ìå-
òîäèêà ðàñ÷åòà: âû÷èñëåíèå òåïëîâîé íàãðóçêè äëÿ îòîïëå-
íèå, âêëþ÷àþùåé ðàñ÷åò òåïëîâûõ ïîòåðü ÷åðåç âíåøíèå îã-
ðàæäåíèÿ, è ïóòåì èíôèëüòðàöèè, à òàêæå âíóòðåííèõ òåï-
ëîâûäåëåíèé, ðàñ÷åò ìàêñèìàëüíîé àäñîðáöèè, òåïëîòû àä-
ñîðáöèè, îïðåäåëåíèå ìàññû è îáúåìà àäñîðáåíòà. Ìàêñèìàëü-
íîå çíà÷åíèå àäñîðáöèè ïðåäëîæåíî ðàññ÷èòûâàòü ïî õàðàê-
òåðèñòèêàì ñîðáåíòà èëè ïðè îòñóòñòâèè äàííûõ äëÿ êîìïî-
çèòíîãî àäñîðáåíòà êàê ëèíåéíóþ ñóïåðïîçèöèþ äëÿ ìåõàíè-
÷åñêîé ñìåñè. Ìàññó àäñîðáåíòà ïðåäëîæåíî âû÷èñëÿòü êàê
îòíîøåíèå òåïëîâîé íàãðóçêè íà îòîïëåíèå è òåïëîòû àäñîð-
áöèè, à îáúåì àäñîðáåíòà – êàê ÷àñòíîå ìàññû è ïëîòíîñòè
àäñîðáåíòà. Îöåíî÷íûé ðàñ÷åò òåïëîâîé íàãðóçêè äëÿ ÷àñòíî-
ãî äîìà áûë âûïîëíåí ïî ïðåäëàãàåìîìó àëãîðèòìó, à îïòè-
ìàëüíûé ñîñòàâ êîìïîçèòîâ «ñèëèêàãåëü–ñóëüôàò íàòðèÿ» è
«ñèëèêàãåëü–àöåòàò íàòðèÿ» îïðåäåëÿëñÿ â ñîîòâåòñòâèè ñ
ìèíèìàëüíûì îáúåìîì òåïëîàêêóìóëèðóþùåãî ìàòåðèàëà. Êàê
ñàìûå íèçêèå çíà÷åíèÿ îáúåìîâ, òàê è ìàêñèìàëüíàÿ ýôôåê-
òèâíîñòü êîìïîçèòíûõ àäñîðáåíòîâ ñ ìàññîâûì ñîîòíîøåíè-
åì ñèëèêàãåëÿ è Na2SO4 èëè CH3COONa 20: 80 îáúÿñíÿþòñÿ
ìàêñèìàëüíûì çíà÷åíèåì òåïëîòû àäñîðáöèè. Îïòèìàëüíûå
êîíñòðóêòèâíûå è ýêñïëóàòàöèîííûå õàðàêòåðèñòèêè àäñîðá-
öèîííîãî òåïëîâîãî àêêóìóëÿòîðà áûëè îïðåäåëåíû ñ ïîìîùüþ
ïðåäëîæåííîãî àëãîðèòìà. Ïðåäïîëàãàåòñÿ, ÷òî îòíîñèòåëü-
íàÿ âëàæíîñòü ïàðîâîçäóøíîãî ïîòîêà ñîñòàâëÿåò 50–60%.
Ïðèíèìàÿ âî âíèìàíèå îïòèìàëüíûå çíà÷åíèÿ ñêîðîñòè ïàðî-
âîçäóøíîãî ïîòîêà w<0,6 ì/ñ, ðåêîìåíäóåòñÿ ïðèìåíÿòü âû-
ñîòó àäñîðáèðóþùåãî ñëîÿ â äèàïàçîíå îò 0,25 äî 0,5 ì.

Êëþ÷åâûå ñëîâà: àäñîðáöèîííûé àêêóìóëÿòîð òåïëîâîé
ýíåðãèè, òåïëîâàÿ íàãðóçêà íà îòîïëåíèå, êîìïîçèòíûé
ñîðáåíò, òåïëîòà àäñîðáöèè, êîíñòðóêòèâíûå õàðàêòåðèñòèêè
êîìïîçèòíûé ñîðáåíò.

CALCULATION ALGORITHM OF VOLUME OF
ADSORPTIVE HEAT STORAGE DEVICE FOR
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The work is devoted to the development of an efficient algorithm
for calculating the volume of the adsorptive thermal energy storage
device for a decentralized heating system in a private house. The
following computation procedure is proposed to include: calculation
of thermal load for heating involving the determination of thermal
losses through external fences, thermal losses due to infiltration and
internal heat dissipation, the reckoning of maximal adsorption,
adsorption heat, determination of adsorbent mass and adsorbent
volume. The maximal adsorption value is suggested to be calculated
by the characteristics of the sorbent, or in the absence of data for a
composite adsorbent, as a linear superposition for a mechanical
mixture. The adsorbent mass is estimated as a ratio of a thermal
load for heating and adsorption heat. The adsorbent volume is
calculated as quotient of mass and density of adsorbent. An evaluative
calculation of the heat load for a private house was carried out by
the proposed algorithm, and the optimal composition of the composite
adsorbents ‘silica gel–sodium sulfate’ and ‘silica gel–sodium acetate’
being determined according to the minimal volume of the layer of
heat storage material. Both the lowest volume values and the highest
efficiency of a composite adsorbents with a mass ratio of silica gel
and Na2SO4 or CH3COONa 20: 80 are explained by the maximum
value of adsorption heat. Optimal construction and operating
characteristics of adsorptive heat storage device were determined by
the proposed algorithm. The relative degree of humidity of vapor-air
flow is suggested to be 50–60%. Having taken into account optimal
values of vapor-air flow rate w<0.6 m/s, it is advisable to apply
heights of adsorbent layer in the range from 0.25 m to 0.5 m.

Keywords: adsorptive heat storage device, heat load, com-
posite sorbent, heat of adsorption, construction characteristics.
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ÄÂÍÇ «Óêðà¿íñüêèé äåðæàâíèé õ³ì³êî-òåõíîëîã³÷íèé óí³âåðñèòåò», ì. Äí³ïðî,Óêðà¿íà

Â äàí³é ðîáîò³ ïðèä³ëåíî óâàãó ïðîáëåì³ ïàðàìåòðè÷íî¿ ³äåíòèô³êàö³¿ ìîäåëåé äè-

íàì³êè òðèºìí³ñíèõ îá’ºêò³â. Ïðè íàÿâíîñò³ ìàòåìàòè÷íèõ ìîäåëåé äèíàì³êè îá’ºêò³â

ìîæíà äîñòàòíüî òî÷íî âèêîíàòè ðîçðàõóíêè îïòèìàëüíèõ íàëàãîäæåíü ðåãóëÿ-

òîð³â ç îòðèìàííÿì áàæàíîãî âèäó ïåðåõ³äíîãî ïðîöåñó ðåãóëþâàííÿ, çä³éñíèòè

ìîäåëþâàííÿ àâòîìàòè÷íèõ ñèñòåì ðåãóëþâàííÿ ùå íà ñòàä³¿ ¿õ ïðîåêòóâàííÿ, âè-

êîðèñòàâøè ÏÅÎÌ. Â³äîì³ ìåòîäè ïàðàìåòðè÷íî¿ ³äåíòèô³êàö³¿ ìàþòü íåâèñîêó

òî÷í³ñòü ³ çàçâè÷àé ïîòðåáóþòü ïåðåòâîðåííÿ îòðèìàíèõ ð³âíÿíü â ïåðåäàòí³ ôóíêö³¿

àáî â ñèñòåìè äèôåðåíö³àëüíèõ ð³âíÿíü ïåðøîãî ïîðÿäêó äëÿ á³ëüøî¿ çðó÷íîñò³ ¿õ

âèêîðèñòàííÿ. Ìåòîþ ðîáîòè áóëî âèçíà÷åííÿ çà ãðàô³÷íèì çîáðàæåííÿì êðèâî¿

ðîçãîíó òðèºìí³ñíîãî îá’ºêòà âñ³õ ïàðàìåòð³â ìîäåë³ äèíàì³êè ç ìàêñèìàëüíîþ

òî÷í³ñòþ. Â ñòàòò³ íàâåäåíî ïîðÿäîê ãðàô³÷íîãî îïðàöþâàííÿ êðèâî¿ ðîçãîíó ç

ïîçíà÷åííÿì õàðàêòåðíèõ ïàðàìåòð³â ³ íàäàíî àëãîðèòì ïàðàìåòðè÷íî¿ ³äåíòèô³-

êàö³¿ ìàòåìàòè÷íèõ ìîäåëåé äèíàì³êè òðèºìí³ñíèõ îá’ºêò³â. Çàïðîïîíîâàíèé ðîç-

ðàõóíêîâèé ìåòîä âèçíà÷åííÿ ñòàëèõ ÷àñó Ò1, Ò2 òà Ò3 òðèºìí³ñíèõ îá’ºêò³â ç âèêî-

ðèñòàííÿì ³äåàëüíèõ êðèâèõ ðîçãîíó, ÿê³ çãóðòîâàí³ çà ñóìîþ âåëè÷èí îðäèíàò

õàðàêòåðíèõ òî÷îê â òðè îêðåì³ ãðóïè, ùî òåæ äàëî ìîæëèâ³ñòü ñóòòºâî ï³äâèùèòè

òî÷í³ñòü ïàðàìåòðè÷íî¿ ³äåíòèô³êàö³¿. Çàïðîïîíîâàíèé ìåòîä ³äåíòèô³êàö³¿ ïàðà-

ìåòð³â ìîäåëåé äèíàì³êè òðèºìí³ñíèõ îá’ºêò³â äàº ìîæëèâ³ñòü íàéá³ëüø òî÷íî

âèçíà÷èòè ñóìó S âñ³õ ñòàëèõ ÷àñó ³äåàëüíèõ êðèâèõ ðîçãîíó. Ïðè ³äåíòèô³êàö³¿

ïàðàìåòð³â ìîäåëåé äèíàì³êè ðåàëüíèõ îá’ºêò³â çàïðîïîíîâàíî çä³éñíþâàòè ïî-

øóê òî÷êè ïåðåãèíó çà âåëè÷èíîþ òà çíàêîì ð³çíèö³ Ò2 øëÿõîì êîðåêòóâàííÿ

âõ³äíèõ äàíèõ ³ âèêîíàííÿ äåê³ëüêîõ ïîâòîðíèõ ðîçðàõóíê³â, äîêè ð³çíèöÿ Ò2 íå

äîñÿãíå âñòàíîâëåíîãî ì³í³ìàëüíîãî çíà÷åííÿ.

Êëþ÷îâ³ ñëîâà: ïàðàìåòðè÷íà ³äåíòèô³êàö³ÿ, òðèºìí³ñíèé îá’ºêò, êðèâà ðîçãîíó,

ñòàë³ ÷àñó, äèíàì³÷íà õàðàêòåðèñòèêà, îá’ºêò ðåãóëþâàííÿ.

Ïîñòàíîâêà ïðîáëåìè òà àíàë³ç îñòàíí³õ
äîñë³äæåíü òà ïóáë³êàö³é

Òî÷í³ â³äîìîñò³ ïðî äèíàì³÷í³ õàðàêòåðè-
ñòèêè îá’ºêò³â ðåãóëþâàííÿ º âàæëèâîþ îñíî-
âîþ ñèíòåçó ÿê³ñíèõ àâòîìàòè÷íèõ ñèñòåì ðåãó-
ëþâàííÿ (ÀÑÐ) [1,2]. Ïðè íàÿâíîñò³ ìàòåìàòè-
÷íèõ ìîäåëåé äèíàì³êè îá’ºêò³â ìîæíà äîñòàò-
íüî òî÷íî âèêîíàòè ðîçðàõóíêè îïòèìàëüíèõ
íàëàãîäæåíü ðåãóëÿòîð³â ç îòðèìàííÿì áàæàíî-
ãî âèäó ïåðåõ³äíîãî ïðîöåñó ðåãóëþâàííÿ, âè-
êîíàòè ìîäåëþâàííÿ ÀÑÐ ùå íà ñòàä³¿ ¿õ ïðîåê-
òóâàííÿ, âèêîðèñòàâøè ÏÅÎÌ [3].

Ðàí³øå íàìè áóëè âèêîíàí³ ðîáîòè ç ïàðà-
ìåòðè÷íî¿ ³äåíòèô³êàö³¿ ìîäåëåé äèíàì³êè äâîº-
ìí³ñíèõ îá’ºêò³â [4], àëå ïåðåâàæíó á³ëüø³ñòü
îá’ºêò³â ðåãóëþâàííÿ ìîæíà ðîçãëÿäàòè ÿê

òðèºìí³ñí³, àäæå äî ñêëàäó ðåãóëüîâàíî¿ ÷àñòè-
íè ÀÑÐ â³äíîñÿòüñÿ òðè îñíîâí³ ¿¿ åëåìåíòè:
âèêîíàâ÷èé ïðèñòð³é, áåçïîñåðåäíüî îá’ºêò ðå-
ãóëþâàííÿ òà âèì³ðþâàëüíèé ïðèëàä ðåãóëüî-
âàíîãî ïàðàìåòðà. ßêùî îá’ºêò ðåãóëþâàííÿ
íàäàòè ó âèãëÿä³ òðüîõ ïîñë³äîâíî ç’ºäíàíèõ àïå-
ð³îäè÷íèõ ëàíîê ïåðøîãî ïîðÿäêó, ÿê öå ïîêà-
çàíî íà ðèñ. 1, òî îñíîâíèìè ïàðàìåòðàìè ìî-
äåë³ äèíàì³êè òàêîãî îá’ºêòà áóäóòü òðè ñòàë³
÷àñó: Ò1, Ò2 òà Ò3, âèçíà÷åííÿ ÿêèõ ³ º îñíîâíîþ
çàäà÷åþ ïàðàìåòðè÷íî¿ ³äåíòèô³êàö³¿ ìîäåëåé.

Â³äîìèé ìåòîä àñèìïòîò [5] ïðè ïàðàìåò-
ðè÷í³é ³äåíòèô³êàö³¿ ìîäåëåé äèíàì³êè òðèºì-
í³ñíèõ îá’ºêò³â äîçâîëÿº îòðèìóâàòè êîåô³ö³ºí-
òè ð³âíÿííÿ ÷àñîâî¿ õàðàêòåðèñòèêè, íàäàíî¿ ó
âèãëÿä³ ñóìè åêñïîíåíò. ßêùî íåîáõ³äíî îòðè-



Titova O.V., Minakova N.O., Shut O.F., Gnatko O.M.

78 ISSN 2521-6406, Kompûterne modelûvannâ: analiz, upravlinnâ, optimizaciâ, 2017, No. 2, pp. 77-82

ìàòè ìàòåìàòè÷íó ìîäåëü îá’ºêòà ó âèãëÿä³ äè-
ôåðåíö³àëüíîãî ð³âíÿííÿ òðåòüîãî òà á³ëüø âè-
ñîêèõ ñòóïåí³â, òî âèêîðèñòîâóþòü ìåòîä ïëî-
ùèí [6,7]. Ö³ ìåòîäè ìàþòü íåâèñîêó òî÷í³ñòü
ïàðàìåòðè÷íî¿ ³äåíòèô³êàö³¿ ³ çàçâè÷àé ïîòðå-
áóþòü ïåðåòâîðåííÿ îòðèìàíèõ ð³âíÿíü â ïåðå-
äàòí³ ôóíêö³¿ àáî â ñèñòåìè äèôåðåíö³àëüíèõ
ð³âíÿíü ïåðøîãî ïîðÿäêó äëÿ á³ëüøî¿ çðó÷íîñò³
¿õ âèêîðèñòàííÿ.

Ðèñ. 1. Ñòðóêòóðà òðèºìí³ñíîãî îá’ºêòà ç çàï³çíþâàííÿì

Ôîðìóëþâàííÿ ö³ëåé ñòàòò³
Â ö³é ðîáîò³ çà ìåòó ïîñòàâëåíî âèçíà÷èòè

çà ãðàô³÷íèì çîáðàæåííÿì êðèâî¿ ðîçãîíó òðè-
ºìí³ñíîãî îá’ºêòà âñ³ ïàðàìåòðè ìîäåë³ äèíàì³-
êè ç ìàêñèìàëüíî ìîæëèâîþ òî÷í³ñòþ.

Âèêëàä îñíîâíîãî ìàòåð³àëó äîñë³äæåííÿ
Çàëåæíîñò³ ñòàëèõ ÷àñó ìîäåëåé äèíàì³êè

âèâ÷àëè íà ³äåàëüíèõ êðèâèõ ðîçãîíó îá’ºêò³â,
ÿê³ áóäóâàëè çà äîïîìîãîþ êîìï’þòåðíî¿ òåõí³-
êè çà çàçäàëåã³äü âèáðàíèìè ìîäåëÿìè. Íà ðèñ. 2
çîáðàæåíî, ÿê ïðèêëàä, ïîðÿäîê ãðàô³÷íîãî îï-
ðàöþâàííÿ êðèâî¿ ðîçãîíó ç ïîçíà÷åííÿì õàðàê-
òåðíèõ ïàðàìåòð³â, ÿê³ ëåãêî âèçíà÷àþòüñÿ ç
âðàõóâàííÿì ìàñøòàáó ðèñóíêà. Îòæå ç êðèâî¿
ðîçãîíó âèçíà÷àëè òàê³ õàðàêòåðí³ ïàðàìåòðè:

– Ò0 – çàãàëüíà ñòàëà ÷àñó, õâ;
– Ò2 – ³íòåðâàë ÷àñó â³ä òî÷êè ïåðåãèíó

êðèâî¿ äî òî÷êè ïåðåòèíó äîòè÷íî¿ ç óñòàëåíèì
çíà÷åííÿì âèõ³äíîãî ïàðàìåòðó, õâ;

– ô0 – çàãàëüíèé ÷àñ çàï³çíþâàííÿ, õâ;
– ôï – ÷àñ ïåðåõ³äíîãî (ºìí³ñíîãî) çàï³ç-

íþâàííÿ, õâ;
– Yí – âåëè÷èíà îðäèíàòè äî òî÷êè ïåðå-

òèíó êðèâî¿ ðîçãîíó ïåðïåíäèêóëÿðîì, âñòàíîâ-
ëåíèì ç ïî÷àòêîâî¿ òî÷êè äîòè÷íî¿, %;

– Yï – âåëè÷èíà îðäèíàòè òî÷êè ïåðåãèíó
êðèâî¿ ðîçãîíó, %;

– Yê – âåëè÷èíà îðäèíàòè òî÷êè ïåðåòèíó
êðèâî¿ ïåðïåíäèêóëÿðîì, âñòàíîâëåíèì ç ê³íöå-
âî¿ òî÷êè äîòè÷íî¿, %.

Ç êðèâî¿ ðîçãîíó òàêîæ âèçíà÷àþòü êî-
åô³ö³ºíò ïåðåäà÷³ îá’ºêòà Ê0 çà ôîðìóëîþ

уст 0

0

Y Y
K

X





,  (1)

äå Yóñò ³ Y0 – â³äïîâ³äíî íîâå óñòàëåíå òà ïî÷àò-
êîâå çíà÷åííÿ âèõ³äíîãî ïàðàìåòðà, %; Õ –
âåëè÷èíà ñòóïåíåâîãî çáóðþâàííÿ íà âõîä³

îá’ºêòà, %.
Íåîáõ³äíî çâåðíóòè óâàãó íà â³äîìèé ôàêò,

ùî â³ä ïåðåì³íè ì³ñöÿìè ëàíîê â ñòðóêòóðí³é
ñõåì³ îá’ºêòà (ðèñ. 1) âèãëÿä êðèâî¿ ðîçãîíó âè-
õ³äíîãî ïàðàìåòðà íå çì³íþºòüñÿ. Òîìó ïðè ìî-
äåëþâàíí³ òðèºìí³ñíèõ îá’ºêò³â ëàíêè ¿õ áóäå-
ìî ðîçòàøîâóâàòè â ïîñë³äîâíîñò³ çá³ëüøåííÿ
¿õ ñòàëèõ ÷àñó, òîáòî Ò1<Ò2<Ò3. Â ðåàëüíèõ ñèòó-
àö³ÿõ ëàíêè ìîäåë³ ïîâèíí³ ðîçòàøîâóâàòèñü ó
â³äïîâ³äíîñò³ ç ðîçòàøóâàííÿì ¿õ åëåìåíò³â.

Â³äíîñíî âåëè÷èíè îðäèíàò òðüîõ õàðàê-
òåðíèõ òî÷îê, ÿê³ ïîêàçàí³ íà êðèâ³é ðîçãîíó,
ìîæíà â³äì³òèòè, ùî ö³ âåëè÷èíè çàëåæàòü íå
ò³ëüêè â³ä çíà÷åíü Ò1, Ò2 òà Ò3, à òàêîæ â³ä çíà-
÷åííÿ êîåô³ö³ºíòà ïåðåäà÷³ îá’ºêòà Ê0 ³ âåëè÷è-
íè íàíåñåíîãî íà îá’ºêò ñòóïåíåâîãî çáóðþâàí-
íÿ ÄÕ. Òîìó âåëè÷èíè îðäèíàò íåîáõ³äíî ñêî-
ðåãóâàòè ³ ïðèâåñòè ¿õ äî ïðèéíÿòíèõ íàì áàçî-
âèõ çíà÷åíü Ê0=1 ³ Õ=10%, âèêîðèñòàâøè äëÿ
öüîãî ôîðìóëó

/

H
H

O

Y 10
Y ;

k X






/

П
П

O

Y 10
Y ;

k X






/

К
К

O

Y 10
Y

k X





. (2)

Ñïðîáè îòðèìàòè çàëåæíîñò³ ñòàëèõ ÷àñó
Ò1, Ò2 òà Ò3 â³ä õàðàêòåðíèõ ïàðàìåòð³â êðèâî¿
ðîçãîíó ó âèãëÿä³ ë³í³éíèõ ð³âíÿíü ðåãðåñ³¿ äëÿ
âñüîãî ä³àïàçîíó çì³íè ¿õ íå äàëè áàæàíèõ ðå-
çóëüòàò³â, àäæå ö³ çàëåæíîñò³ ñóòòºâî íåë³í³éí³.
Ùîá íå óñêëàäíþâàòè ðîçðàõóíêè ïðè ñòâîðåíí³
ìàòåìàòè÷íî¿ ìîäåë³ âèêîðèñòàëè ìåòîä êóñî-
÷íî-ë³í³éíî¿ àïðîêñèìàö³¿. Öå îçíà÷àº, ùî âåñü
ä³àïàçîí çì³íè ñòàëèõ ÷àñó äîñë³äæóâàíèõ êðè-
âèõ ðîçãîíó íåîáõ³äíî áóëî ðîçä³ëèòè íà äåê³ëü-
êà ï³ää³àïàçîí³â ³ äëÿ êîæíîãî ³ç íèõ ñòâîðèòè

Ðèñ. 2. Ãðàô³÷íå îïðàöþâàííÿ êðèâî¿ ðîçãîíó ç

ïîçíà÷åííÿì õàðàêòåðíèõ ïàðàìåòð³â



Parametric identification of dynamics models of regulated objects

79ISSN 2521-6406, Kompûterne modelûvannâ: analiz, upravlinnâ, optimizaciâ, 2017, No. 2, pp. 77-82

ñâîþ ìàòåìàòè÷íó ìîäåëü. ßêùî â îá’ºêò³ ñòàë³
÷àñó äâîõ ëàíîê, íàïðèêëàä, Ò2 òà Ò3 çà âåëè÷è-
íîþ áëèçüê³ ì³æ ñîáîþ ³ êîæíà ³ç íèõ çíà÷íî
á³ëüøà â³ä ñòàëî¿ ÷àñó Ò1, òî òàêèé îá’ºêò ìîæíà
ââàæàòè ïðèáëèæåíèì äî äâîºìí³ñíîãî. Ìîæ-
ëèâèé ³ òàêèé õàðàêòåðíèé âàð³àíò, êîëè ñòàë³
÷àñó Ò1 òà Ò2 çà âåëè÷èíîþ çîâñ³ì íåçíà÷í³ â
ïîð³âíÿíí³ ç³ ñòàëîþ ÷àñó Ò3 ³ òàêèé îá’ºêò ìîæíà
ââàæàòè îäíîºìí³ñíèì ç çàï³çíþâàííÿì.

Âèêîíàíèé àíàë³ç äîñë³äæóâàíèõ êðèâèõ
ðîçãîíó òðèºìí³ñíèõ îá’ºêò³â ïîêàçàâ, ùî ÷èì
áëèæ÷å íàáëèæàþòüñÿ ì³æ ñîáîþ ñòàë³ ÷àñó Ò1,
Ò2 òà Ò3, òèì á³ëüøèìè çà âåëè÷èíîþ ñòàþòü âñ³
òðè ¿õ îðäèíàòè õàðàêòåðíèõ òî÷îê ³ âåëè÷èíè
öèõ îðäèíàò äîñÿãàþòü ìàêñèìàëüíîãî çíà÷åí-
íÿ ó âèïàäêó, êîëè âñ³ ñòàë³ ÷àñó çà âåëè÷èíîþ º
îäíàêîâèìè, òîáòî Ò1=Ò2=Ò3.

Âðàõîâóþ÷è òå, ùî íà ôîðìó êðèâî¿ ðîçãî-
íó ðåàëüíîãî îá’ºêòó ìàþòü ñóòòºâèé âïëèâ çì³íè
ñòîðîíí³õ ôàêòîð³â òà ³íø³ âàäè, òî â íàøèõ
ðîçðàõóíêàõ äëÿ ðîçïîä³ëó äîñë³äæóâàíèõ êðèâèõ
ðîçãîíó ó â³äïîâ³äí³ ãðóïè âèêîðèñòîâóºòüñÿ ñó-
ìàðíå çíà÷åííÿ âåëè÷èíè îðäèíàò:

S H П KY Y Y Y   .  (3)

Íà ðèñ. 3 íàäàíî ñêëàäåíèé íàìè àëãîðèòì
ïàðàìåòðè÷íî¿ ³äåíòèô³êàö³¿ ìàòåìàòè÷íèõ ìî-
äåëåé äèíàì³êè òðèºìí³ñíèõ îá’ºêò³â.

Ðîçðàõóíîê ñòàëèõ ÷àñó òðèºìí³ñíîãî
îá’ºêòà ðîçïî÷èíàºòüñÿ ðîçðàõóíêîì ³íòåðâàëó
÷àñó Ò2pç âèêîðèñòàííÿì ð³âíÿííÿ ðåãðåñ³¿:

/

2p 0 П

H П K

T 16,9424 0,9257 T 1,1628

5,4803 Y 0,6342 Y 2,6431 Y .

     

     
  

(4)

Ï³ñëÿ öüîãî ðîçðàõîâóþòü ð³çíèöþ ì³æ Ò2,
âèçíà÷åíèì ç ãðàô³êà êðèâî¿ ðîçãîíó òà éîãî
ðîçðàõóíêîâèì çíà÷åííÿì Ò2p:

/ /

2 2p/

2 /

2p

T T
T 100

T


   .  (5)

Âåëè÷èíà ö³º¿ â³äíîñíî¿ ð³çíèö³ Ò2 õàðàê-
òåðèçóº òî÷í³ñòü âèçíà÷åííÿ íà ãðàô³êó êðèâî¿
ðîçãîíó òî÷êè ïåðåãèíó ³, â³äïîâ³äíî, âåëè÷èíè
¿¿ îðäèíàòè Y, à òàêîæ òî÷í³ñòü âñòàíîâëåííÿ
äîòè÷íî¿ â òî÷ö³ ïåðåãèíó êðèâî¿. Â á³ëüøîñò³
âèïàäê³â ïðè îïðàöþâàíí³ êðèâî¿ ðîçãîíó T0 ìàº
çíà÷åííÿ á³ëüøå òîãî, ÿêå º â ä³éñíîñò³, à â³ä
öüîãî ñóòòºâî çàëåæèòü òî÷í³ñòü ðîçðàõóíêó ïà-

ðàìåòð³â ìîäåë³ äèíàì³êè. Îòæå ç ìåòîþ ï³äâè-
ùåííÿ òî÷íîñò³ âèçíà÷åííÿ ñòàëèõ ÷àñó Ò1, Ò2 òà
Ò3 ðåêîìåíäóºòüñÿ âèêîíóâàòè ðîçðàõóíîê
â³äíîñíîãî çíà÷åííÿ ð³çíèö³ Ò2 äåê³ëüêà ðàç³â,
çì³íþþ÷è êîæåí ðàç çíà÷åííÿ YÏ òà Ò2, à òà-
êîæ T0 òà ÒÊ. ßêùî Ò2 ìàº â³ä’ºìíå çíà÷åííÿ
³ âîíî ñêëàäàº ìåíøå –1%, òî òðåáà çá³ëüøóâà-
òè Ò2, òîáòî òî÷êó ïåðåãèíó ïåðåì³ñòèòè ïî
êðèâ³é âíèç, ³ íàâïàêè, òî÷êó ïåðåãèíó ïåðå-
ì³ñòèòè ââåðõ, ÿêùî Ò2 ìàº çíà÷åííÿ á³ëüøå
1%, à òàêîæ çìåíøèòè T0 ³ â³äïîâ³äíî YÊ. Òàêó
ïðîöåäóðó ðîçðàõóíê³â çàâåðøóþòü, ÿêùî çíà-
÷åííÿ Ò2 çíàõîäèòüñÿ â ³íòåðâàë³ (1%1%).

ßêùî àïð³îð³ â³äîìî, ùî îá’ºêò ñêëàäàºòü-
ñÿ ç òðüîõ îäíàêîâèõ ïîñë³äîâíî ç’ºäíàíèõ åëå-
ìåíò³â, òî âñ³ ñòàë³ ÷àñó éîãî òåæ îäíàêîâ³ ³ âèç-
íà÷àòè ¿õ ñë³ä çà ôîðìóëàìè:

0S 0,8113 T  ;  (6)

1 2 3

S
T T T

3
   .  (7)

Ñóìàðíà âåëè÷èíà îðäèíàò õàðàêòåðíèõ
òî÷îê êðèâî¿ ðîçãîíó â öüîìó âèïàäêó ñòàíî-
âèòü YS>11,9%, ùî ³ ñë³ä ââàæàòè ïåðøîþ ãðó-
ïîþ êðèâèõ ðîçãîíó ç áëèçüêèìè çà çíà÷åííÿìè
ñòàëèìè ÷àñó.

Ó âñ³õ ³íøèõ âèïàäêàõ ïðîöåäóðó âèçíà÷åí-
íÿ çíà÷åíü ñòàëèõ ÷àñó Ò1, Ò2 òà Ò3 âèêîíóþòü çà
òàêèì àëãîðèòìîì. Ñïî÷àòêó âèçíà÷àþòü çà-
ëåæí³ñòü ñóìè S=Ò1+Ò2+Ò3 â³ä çíà÷åííÿ
íàéá³ëüø âïëèâîâèõ âêàçàíèõ âèùå õàðàêòåð-
íèõ ïàðàìåòð³â êðèâî¿ ðîçãîíó. Ïîò³ì òàêó æ
çàëåæí³ñòü âèçíà÷àþòü äëÿ ñóìè S23=Ò2+Ò3 ³ íà-
ðåøò³ âèçíà÷àþòü çàëåæí³ñòü ñòàëî¿ ÷àñó Ò3 â³ä
òèõ æå ïàðàìåòð³â êðèâî¿ ðîçãîíó. Äàë³ âèçíà÷à-
þòü ñòàë³ ÷àñó çà ð³çíèöåþ:

1 23Т S S  ;  (8)

2 23 3Т S Т  .  (9)

Äîñë³äæóâàí³ êðèâ³ ðîçãîíó çà âåëè÷èíàìè
ñóìè îðäèíàò õàðàêòåðíèõ òî÷îê YS ðîçä³ëèòè
ùå íà äâ³ ãðóïè ³ äëÿ êîæíî¿ ³ç öèõ ãðóï âèçíà-
÷èëè ð³âíÿííÿ ðåãðåñ³¿ äëÿ ðîçðàõóíêó S – ñóìè
âñ³õ òðüîõ ñòàëèõ ÷àñó, S23 – ñóìè ñòàëèõ ÷àñó Ò2

òà Ò3 ³ îêðåìî ñòàëî¿ ÷àñó Ò3.
Äðóãà ãðóïà: YS=11,011,9:

0 П

H П K

S 21,0175 0,685 T 0,6157

1,3585 Y 0,2573 Y 2,7417 Y

      

      ;  (10)
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Ðèñ. 3. Àëãîðèòì ïàðàìåòðè÷íî¿ ³äåíòèô³êàö³¿ ìàòåìàòè÷íèõ ìîäåëåé äèíàì³êè òðèºìí³ñíèõ îá’ºêò³â
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23 0 П

H П K

S 11,856 0,0159 T 3,5961

9,4673 Y 0,0472 Y 0,9003 Y

1,7028 S;

      

      

 
  

 (11)

12 0 П

H П K

23

S 75,7718 1,2188 T 0,9266

4.0083 Y 0,3755 Y 9,5919 Y

0,9061 S ;

       

      

 
  
(12)

3 0 П

H П K

23 12

T 28,826 0,1154 T 1,7096

0,007 Y 0,1299 Y 3,5605 Y

0,6974 (S S ).

      

      

  
   

(13)

Òðåòÿ ãðóïà: YS<11,0:

0 П

H П K

S 22,005 0,9952 T 1,0748

18,0468 Y 0,4619 Y 3,8199 Y

      

      ;  (14)

23 0 П

H П K

S 3,009 0,97 T 1,4444

9,6443 Y 1,0793 Y 0,2432 Y

       

      ;  (15)

3 0 П

H П K

23

T 81,205 1,0676 T 3,0982

38,0184 Y 1,274 Y 11,2811 Y

S
11,9666 .

S

      

      

 
  

 

  
(16)

Íà îñíîâ³ íàäàíîãî àëãîðèòìó ïàðàìåòðè÷-
íî¿ ³äåíòèô³êàö³¿ ðîçðîáëåíî ïðîãðàìó ðîçðàõóí-
êó, ÿêà âèêîðèñòîâóºòüñÿ â íàâ÷àëüíîìó ïðî-
öåñ³ êàôåäðè êîìï’þòåðíî-³íòåãðîâàíèõ òåõíî-
ëîã³é ³ ìåòðîëîã³¿.

Âèñíîâêè
1. Çàïðîïîíîâàíèé ìåòîä ³äåíòèô³êàö³¿ ïà-

ðàìåòð³â ìîäåëåé äèíàì³êè òðèºìí³ñíèõ îá’ºêò³â
äàº ìîæëèâ³ñòü íàéá³ëüø òî÷íî âèçíà÷èòè ñóìó
S âñ³õ ñòàëèõ ÷àñó ³äåàëüíèõ êðèâèõ ðîçãîíó (êî-
åô³ö³ºíò êîðåëÿö³¿ R=0,999, çàëèøêîâà äèñïåð-
ñ³ÿ S2

çàë=0,1 ïðè ñåðåäíüîìó çíà÷åíí³ ñóìè
S=22 õâ) Ìåíø òî÷íî âèçíà÷àþòüñÿ ñóìè äâîõ
ñòàëèõ ÷àñó òà êîæíà ç íèõ îêðåìî.

2. Â ðîáîò³ â³äïðàöüîâàíî àëãîðèòì ðîçðà-
õóíêó ñòàëèõ ÷àñó îá’ºêò³â çà ³äåàëüíèìè êðèâè-
ìè ðîçãîíó, ÿê³ çãóðòîâàí³ çà ñóìîþ âåëè÷èí
îðäèíàò õàðàêòåðíèõ òî÷îê â òðè îêðåì³ ãðóïè,
ùî òåæ äàëî ìîæëèâ³ñòü ñóòòºâî ï³äâèùèòè

òî÷í³ñòü ïàðàìåòðè÷íî¿ ³äåíòèô³êàö³¿.
3. Ïðè ³äåíòèô³êàö³¿ ïàðàìåòð³â ìîäåëåé

äèíàì³êè ðåàëüíèõ îá’ºêò³â çàïðîïîíîâàíî
çä³éñíþâàòè ïîøóê òî÷êè ïåðåãèíó çà âåëè÷è-
íîþ òà çíàêîì ð³çíèö³ Ò2 øëÿõîì êîðåêòóâàí-
íÿ âõ³äíèõ äàíèõ ³ âèêîíàííÿ äåê³ëüêîõ ïîâòîð-
íèõ ðîçðàõóíê³â, äîêè ð³çíèöÿ Ò2 íå äîñÿãíå
âñòàíîâëåíîãî ì³í³ìàëüíîãî çíà÷åííÿ. Öÿ ïðî-
öåäóðà òåæ ñïðèÿº ï³äâèùåííþ òî÷íîñò³ âèçíà-
÷åííÿ ñòàëèõ ÷àñó ðåàëüíèõ îá’ºêò³â.
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ÏÀÐÀÌÅÒÐÈ×ÅÑÊÀß ÈÄÅÍÒÈÔÈÊÀÖÈß ÌÎÄÅËÅÉ
ÄÈÍÀÌÈÊÈ ÎÁÚÅÊÒÎÂ ÐÅÃÓËÈÐÎÂÀÍÈß

Òèòîâà Å.Â., Ìèíàêîâà Í.À., Øóòü À.Ô., Ãíàòêî Å.Í.

Â äàííîé ðàáîòå óäåëåíî âíèìàíèå ïðîáëåìå ïàðàìåò-
ðè÷åñêîé èäåíòèôèêàöèè ìîäåëåé äèíàìèêè òðåõåìêîñòíûõ
îáúåêòîâ. Èçâåñòíû ìåòîäû ïàðàìåòðè÷åñêîé èäåíòèôèêà-
öèè èìåþò íåâûñîêóþ òî÷íîñòü è îáû÷íî òðåáóþò ïðåîáðàçî-
âàíèÿ ïîëó÷åííûõ óðàâíåíèé â ïåðåäàòî÷íûå ôóíêöèè èëè â
ñèñòåìû äèôôåðåíöèàëüíûõ óðàâíåíèé ïåðâîãî ïîðÿäêà äëÿ
áîëüøåãî óäîáñòâà èõ èñïîëüçîâàíèÿ. Öåëüþ ðàáîòû áûëî îï-
ðåäåëåíèå ïî ãðàôè÷åñêèì èçîáðàæåíèåì êðèâîé ðàçãîíà òðå-
õåìêîñòíîãî îáúåêòà âñå ïàðàìåòðû ìîäåëè äèíàìèêè ñ ìàê-
ñèìàëüíîé òî÷íîñòüþ. Â ñòàòüå ïðèâåäåí ïîðÿäîê ãðàôè÷å-
ñêîé îáðàáîòêè êðèâîé ðàçãîíà ñ îáîçíà÷åíèåì õàðàêòåðíûõ
ïàðàìåòðîâ è ïðåäñòàâëåíû àëãîðèòì ïàðàìåòðè÷åñêîé èäåí-
òèôèêàöèè ìàòåìàòè÷åñêèõ ìîäåëåé äèíàìèêè òðåõåìêîñò-
íûõ îáúåêòîâ. Ïðåäëîæåííûé ðàñ÷åòíûé ìåòîä îïðåäåëåíèÿ
ïîñòîÿííûõ âðåìåíè Ò1, Ò2 è Ò3 òðåõåìêîñòíûõ îáúåêòîâ ñ
èñïîëüçîâàíèåì èäåàëüíûõ êðèâûõ ðàçãîíà, êîòîðûå ñãðóïïè-
ðîâàíû ïî ñóììå âåëè÷èí îðäèíàò õàðàêòåðíûõ òî÷åê â òðè
îòäåëüíûå ãðóïïû, òîæå ïîçâîëèëî ñóùåñòâåííî ïîâûñèòü
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òî÷íîñòü ïàðàìåòðè÷åñêîé èäåíòèôèêàöèè. Ïðåäëîæåííûé
ìåòîä èäåíòèôèêàöèè ïàðàìåòðîâ ìîäåëåé äèíàìèêè òðåõåì-
êîñòíèõ îáúåêòîâ äàåò âîçìîæíîñòü íàèáîëåå òî÷íî îïðåäå-
ëèòü ñóììó S âñåõ ïîñòîÿííûõ âðåìåíè èäåàëüíûõ êðèâûõ ðàç-
ãîíà. Ïðè èäåíòèôèêàöèè ïàðàìåòðîâ ìîäåëåé äèíàìèêè ðå-
àëüíûõ îáúåêòîâ ïðåäëîæåíî ïðîâîäèòü ïîèñê òî÷êè ïåðåãèáà
ïî âåëè÷èíå è çíàêó ðàçíèöû Ò2 ïóòåì êîððåêòèðîâêè âõîä-
íûõ äàííûõ è ïðîâåäåíèå íåñêîëüêèõ ïîâòîðíûõ ðàñ÷åòîâ, ïîêà
ðàçíèöà Ò2 íå äîñòèãíåò óñòàíîâëåííîãî ìèíèìàëüíîãî çíà-
÷åíèÿ.

Êëþ÷åâûå ñëîâà: ïàðàìåòðè÷åñêàÿ èäåíòèôèêàöèÿ,
òðåõåìêîñòíîé îáúåêò, êðèâàÿ ðàçãîíà, ïîñòîÿííûå âðåìåíè,
äèíàìè÷åñêàÿ õàðàêòåðèñòèêà, îáúåêò ðåãóëèðîâàíèÿ.

PARAMETRIC IDENTIFICATION OF DYNAMICS
MODELS OF REGULATED OBJECTS

Titova O.V., Minakova N.O., Shut O.F., Gnatko O.M.

Ukrainian State Chemical Technology University, Dnipro,
Ukraine

In this work attention is paid to the problem of parametric
identification of dynamics models of three-capacity objects. When
mathematical models of the objects dynamics exist, it is possible to
accurately perform calculations of the optimal settings of regulators
with the desired type of transition control process, to carry out the
modeling of the automatic control systems at the stage of their design,
using PC. The known methods of parametric identification have low
accuracy and usually require transformation of the obtained equations
into transfer functions or into systems of differential equations of the
first order for greater convenience of their use. The purpose of the
work was to determine, by graphic representation of the acceleration
curve of a three-capacity object, all parameters of the dynamical
model with maximum accuracy. The article describes the order of
graphic processing of the acceleration curve with the designation of
characteristic parameters and presents the algorithm for parametric
identification of mathematical models of dynamics of three-capacity
objects. The proposed calculation method is the determination of the
stable time T1, T2 and T3 of three-capacity objects using ideal
acceleration curves, which are united by the sum of the ordinates of
characteristic points in three separate groups, which also made it
possible to significantly increase the accuracy of parametric
identification. The proposed method for identifying the parameters
of dynamics models of three-capacity objects gives the opportunity to
accurately determine the sum S of all constant time of ideal
acceleration curves. When identifying the parameters of real-time
object dynamics models, it is suggested to search for the point of
overlap by the magnitude and sign of the Ò’2 difference, adjusting
the input data and conducting several repeated calculations until the
difference Ò’2 reaches the established minimum value.

Keywords: parametric identification, three-capacity object,
acceleration curve, time constant, dynamic characteristic, object
of regulation.
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a ÄÂÍÇ «Íàö³îíàëüíèé ã³ðíè÷èé óí³âåðñèòåò», ì. Äí³ïðî, Óêðà¿íà
á ÄÂÍÇ «Óêðà¿íñüêèé äåðæàâíèé õ³ì³êî-òåõíîëîã³÷íèé óí³âåðñèòåò», ì. Äí³ïðî, Óêðà¿íà

Çàäà÷³ ðîçì³ùåííÿ âèðîáíèöòâà àêòèâíî äîñë³äæóþòüñÿ ïðîòÿãîì á³ëüøå í³æ ñòà
ðîê³â, àëå äî öüîãî ÷àñó âîíè íå âòðàòèëè ñâîº¿ àêòóàëüíîñò³. Íàïðèêëàä, õî÷à
çàïðîïîíîâàíà âåëèêà ê³ëüê³ñòü ìîäåëåé ³ ìåòîä³â ðîçâ’ÿçóâàííÿ äèñêðåòíèõ çàäà÷
ðîçì³ùåííÿ, ïðàêòè÷íî íå ìàº äîñë³äæåíü êîíòèíóàëüíèõ çàäà÷. Â òîé æå ÷àñ ðîç-
âèòîê âèðîáíèöòâà ïîòðåáóº âèð³øåííÿ ö³ëî¿ íèçêè ïðîáëåì, ÿê³ îïèñóþòüñÿ ñàìå
òàêèìè ìîäåëÿìè. Ñåðåä íèõ çàäà÷³ ðîçì³ùåííÿ áàãàòîåòàïíîãî âèðîáíèöòâà ç ìå-
òîþ ì³í³ì³çàö³¿ ñóìàðíî¿ âàðòîñò³ äîñòàâêè ïðîäóêö³¿ òà ñèðîâèíè ³ çàáåçïå÷åííÿ
ïîêðèòòÿ ïåâíî¿ çîíè îáñëóãîâóâàííÿ. Òóò âèõ³äíà ìíîæèíà íåïåðåðâíà çà ñâîºþ
ïðèðîäîþ, à ³ñíóþ÷³ äèñêðåòí³ ìîäåë³ ïîòðåáóþòü âåëèêî¿ ê³ëüêîñò³ ñïðîùåíü, ÿê³
íåãàòèâíî âïëèâàþòü íà ê³íöåâèé ðåçóëüòàò. Â ñòàòò³ ðîçãëÿíóòî çàäà÷ó îïòèìàëü-
íîãî ðîçáèòòÿ ìíîæèí ³ç äîäàòêîâèìè çâ’ÿçêàìè òà ðîçì³ùåííÿì öåíòð³â ï³äìíî-
æèí, ÿêà º ìàòåìàòè÷íîþ ìîäåëëþ äâîõåòàïíî¿ êîíòèíóàëüíî¿ çàäà÷³ ðîçì³ùåííÿ-
ðîçïîä³ëó. Ñêëàäí³ñòü äîñë³äæåííÿ  ïîëÿãàº â òîìó, ùî ìàòåìàòè÷íà ìîäåëü âêëþ-
÷àº â ñåáå ÿê äèñêðåòíó òàê ³ íåïåðåðâíó ÷àñòèíè, à òîìó âèìàãàº êîìá³íîâàíèõ
ìåòîä³â ðîçâ’ÿçêó. Íåîáõ³äí³ñòü ðîçðîáêè òàêèõ àëãîðèòì³â áåçïåðå÷íà, îñê³ëüêè çà
ïîä³áíèìè ìîäåëÿìè îïèñóþòü ö³ëó íèçêó ïðàêòè÷íî âàæëèâèõ çàäà÷, çîêðåìà çà-
äà÷³ ðîçì³ùåííÿ ïóíêò³â çáîðó òà ïåðåðîáêè ïðèðîäíî¿ ñèðîâèíè. Êð³ì òîãî, ðîç-
ãëÿíóòà çàäà÷à º ðîçâèòêîì òåîð³¿ îïòèìàëüíîãî ðîçáèòòÿ ìíîæèí, ³ òîìó ìàº òà-
êîæ òåîðåòè÷íå çíà÷åííÿ. Îñîáëèâà óâàãà áóëà çâåðíóòà äî ï³äõîäó äî ðîçâ’ÿçêó
ö³º¿ çàäà÷³. Â³í ïîëÿãàº â ïåðåòâîðåíí³ âèõ³äíî¿ çàäà÷³ â çàäà÷ó íåñê³í÷åííîâèì³ð-
íîãî ìàòåìàòè÷íîãî ïðîãðàìóâàííÿ ÷åðåç ââåäåííÿ õàðàêòåðèñòè÷íèõ ôóíêö³é, à
ïîò³ì â çàäà÷ó ñê³í÷åííîâèì³ðíî¿ îïòèì³çàö³¿ çà äîïîìîãîþ ôóíêö³¿ Ëàãðàíæà.
Íàäàíî àëãîðèòì ðîçâ’ÿçóâàííÿ çàäà÷³ îïòèìàëüíîãî ðîçáèòòÿ ìíîæèí ç äîäàòêî-
âèìè çâ’ÿçêàìè. Â³í ìîæå ìàòè ö³íí³ñòü ÿê ç òî÷êè çîðó ïðàêòè÷íîãî çàñòîñóâàííÿ
äëÿ ðîçâ’ÿçóâàííÿ ïðèêëàäíèõ çàäà÷, òàê ³ ç òî÷êè çîðó ïîäàëüøîãî ðîçâèòêó òåîð³¿
îïòèìàëüíîãî ðîçáèòòÿ ìíîæèí.

Êëþ÷îâ³ ñëîâà: çàäà÷³ ðîçì³ùåííÿ-ðîçïîä³ëó, îïòèì³çàö³ÿ, çàäà÷³ îïòèìàëüíîãî ðîç-
áèòòÿ ìíîæèí, áàãàòîåòàïí³ çàäà÷³, ìàòåìàòè÷í³ ìîäåë³.

Ïîñòàíîâêà ïðîáëåìè
Çàäà÷à îïòèìàëüíîãî ðîçì³ùåííÿ îá’ºêò³â

â çàäàí³é îáëàñò³ – îäíà ç íàéá³ëüø àêòóàëüíèõ
³ àêòèâíî äîñë³äæóâàíèõ ïðîáëåì â îáëàñò³ äîñ-
ë³äæåííÿ îïåðàö³é. ¯¿ âèâ÷åííþ ïðèñâÿ÷åíà âå-
ëèêà ê³ëüê³ñòü ðîá³ò ³ íàðàç³ ñôîðìóëüîâàí³ ð³çí³
êëàñè ³ òèïè òàêèõ çàäà÷. Îäíàê, â á³ëüøîñò³
ñâî¿é âîíè ïðèñâÿ÷åí³ äîñë³äæåííþ äèñêðåòíèõ
çàäà÷, àáî çâåäåííþ äî íèõ. Â òîé æå ÷àñ äîñë³-
äæåííÿ çàäà÷ ðîçì³ùåííÿ-ðîçïîä³ëó ó ÿêèõ ìíî-
æèíà ìîæëèâèõ ì³ñöü ðîçì³ùåííÿ îá’ºêò³â ³
ñïîæèâà÷³â º êîíòèíóàëüíèìè ìàéæå íå ïðîâî-
äèëèñÿ.

Â äàí³é ðîáîò³ äîñë³äæóºòüñÿ áàãàòîåòàïíà
çàäà÷à ðîçì³ùåííÿ ï³äïðèºìñòâ, â ÿê³é ìíîæè-
íà ìîæëèâèõ ì³ñöü ðîçì³ùåííÿ ï³äïðèºìñòâ îä-
íîãî ç åòàï³â êîíòèíóàëüíà, à ìíîæèíà ìîæëè-
âèõ ì³ñöü ðîçì³ùåííÿ ï³äïðèºìñòâ ³íøîãî åòà-
ïó – äèñêðåòíà.

Àíàë³ç îñòàíí³õ äîñë³äæåíü òà ïóáë³êàö³é
Âåëèêó ê³ëüê³ñòü â³ò÷èçíÿíèõ ³ çàðóá³æíèõ

ïóáë³êàö³é áóëî ïðèñâÿ÷åíî âèâ÷åííþ äèñêðåò-
íèõ ³ íåïåðåðâíèõ çàäà÷ ðîçì³ùåííÿ. Îãëÿä ìà-
òåìàòè÷íèõ ìîäåëåé ³ ï³äõîä³â äî ðîçâ’ÿçàííÿ
òàêèõ çàäà÷, ìîæíà ïîáà÷èòè â L. Cooper,
Z. Drezner [1,2]. Òàêîæ, òàê³ çàäà÷³ äîñë³äæóâà-
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ëèñÿ ó ðîáîòàõ Â.À. Òðóá³íà [3].
Ñë³ä çàóâàæèòè, ùî îêðåì³ äèñêðåòí³ çà-

äà÷³ ðîçì³ùåííÿ íà ñüîãîäí³øí³é äåíü âæå äî-
ñèòü äîáðå âèâ÷åí³, â òîé ÷àñ ÿê íåïåðåðâí³ çà-
äà÷³ ðîçì³ùåííÿ âèìàãàþòü ïîäàëüøîãî âèâ÷åí-
íÿ ³ ðîçøèðåííÿ, îñê³ëüêè êð³ì ïðàêòè÷íî¿ êî-
ðèñò³, òàêîæ äîçâîëÿþòü îòðèìàòè òåîðåòè÷íî
îá´ðóíòîâàíèé ðîçâ’ÿçîê äåÿêèõ êëàñ³â ïðèêëà-
äíèõ çàäà÷.

Íà ñüîãîäí³øí³é äåíü ó çâ’ÿçêó ç ðîçâèò-
êîì åëåêòðîííî-îá÷èñëþâàëüíî¿ òåõí³êè ³ ïî-
ÿâè íîâèõ äæåðåë ñòàòèñòè÷íèõ äàíèõ, à òàêîæ
ñèñòåì ¿õ â³çóàë³çàö³¿, ç’ÿâëÿºòüñÿ ìîæëèâ³ñòü
ïîáóäóâàòè á³ëüø ñêëàäí³ ìîäåë³ çàäà÷ ðîçì³-
ùåííÿ-ðîçïîä³ëó, ÿê³ îõîïëþþòü øèðîêå êîëî
ðåàëüíèõ çàäà÷. ² öÿ ñèòóàö³ÿ âèìàãàº ïîäàëü-
øîãî ðîçâèòêó òåîð³¿ çàäà÷ ðîçì³ùåííÿ-ðîçïî-
ä³ëó.

Â äàíèé ÷àñ îäíèì ç íàïðÿìê³â äîñë³äæåíü,
ÿê³ àêòèâíî ðîçâèâàþòüñÿ, º íåïåðåðâí³ çàäà÷³
îïòèìàëüíîãî ðîçáèòòÿ ìíîæèí (ÎÐÌ). Âïåð-
øå, âîíè áóëè ñôîðìóëüîâàí³ ó 60-õ ðîêàõ ÕÕ
ñòîð³÷÷ÿ â ðîáîòàõ H.W. Corley òà S.D. Roberts,
Å.Ì. Êèñåëüîâî¿ òà ².Â. Áåéêî. Çàðàç äîñë³äæåí-
íÿ â äàíîìó íàïðÿì³ àêòèâíî âåäóòüñÿ íàóêî-
âîþ øêîëîþ Î.Ì. Ê³ñåëüîâî¿ [4,5]. Ö³ äîñë³-
äæåííÿ ñòîñóþòüñÿ ïîäàëüøîãî óçàãàëüíåííÿ
òåîð³¿ ÎÐÌ òà ðîçïîâñþäæåííÿ ¿¿ íà íîâ³ êëàñè
çàäà÷. Îäíèì ³ç òàêèõ íàïðÿì³â º íåïåðåðâí³
çàäà÷³ ÎÐÌ ïðè íàÿâíîñò³ äîäàòêîâèõ çâ’ÿçê³â
òà ïîïåðåäíüî íåâ³äîìîãî ðîçì³ùåííÿ öåíòðó
ï³äìíîæèí.

Îêðåìî íåîáõ³äíî â³äçíà÷èòè ïåðñïåê-
òèâí³ñòü ðîçãëÿäó áàãàòîåòàïíèõ çàäà÷ ðîçì³ùåí-
íÿ ï³äïðèºìñòâ ç íåïåðåðâíî-ðîçïîä³ëåíèì ðå-
ñóðñîì, ÿê ð³çíîâèä íåïåðåðâíèõ çàäà÷ ÎÐÌ.
Ñåðåä àâòîð³â, ùî çàéìàëèñü äèñêðåòíèìè áà-
ãàòîåòàïíèìè çàäà÷àìè, ñë³ä â³äçíà÷èòè
Â.Ë. Áåðåñíåâà, Å.Õ. Ã³ìàä³, Þ.À. Êî÷åòîâà,
Â.À. Òðóá³íà, Ä.Á. Þä³íà [3,6] òà ³íøèõ.

Ôîðìóëþâàííÿ ö³ëåé äîñë³äæåííÿ
Ìåòîþ äàíî¿ ðîáîòè º ñòâîðåííÿ àëãîðèò-

ìó ðîçâ’ÿçàííÿ çàäà÷³ îïòèìàëüíîãî ðîçáèòòÿ
ìíîæèí ç äîäàòêîâèìè çâ’ÿçêàìè, ÿê ð³çíîâèäó
íåñê³í÷åííîì³ðíî¿ áàãàòîåòàïíî¿ çàäà÷³ ðîçì³-
ùåííÿ.

Âèêëàäåííÿ îñíîâíîãî ìàòåð³àëó äîñë³äæåííÿ
Çì³ñòîâíó ïîñòàíîâêó çàäà÷³ îïòèìàëüíîãî

ðîçáèòòÿ ìíîæèí ç äîäàòêîâèìè çâ’ÿçêàìè
(ÎÐÌÄÇ) ìîæíà ñôîðìóëþâàòè ó òàêèé ñïîñ³á.
Ïðèïóñòèìî ìàºìî äåÿêå âèðîáíèöòâî, ùî ïî-
â’ÿçàíå ç ñóá’ºêòàìè, ÿê³ îòðèìóþòü ñèðîâèíó
â³ä ïîñòà÷àëüíèê³â íåïåðåðâíî ðîçïîä³ëåíèõ â
îáëàñò³, ïåðåðîáëÿþòü éîãî ³ â³äïðàâëÿþòü äëÿ
ðåàë³çàö³¿ (àáî ïîäàëüøî¿ ïåðåðîáêè) â ïóíêòè,

ðîçòàøóâàííÿ ÿêèõ çàçäàëåã³äü â³äîìî. Ïóíêòè,
ùî ïåðåðîáëÿþòü ñèðîâèíó, áóäåìî íàçèâàòè
ïóíêòàìè ïåðâèííîãî ïåðåðîáëåííÿ àáî ï³äïðè-
ºìñòâàìè ïåðøîãî åòàïó, à ïóíêòè ïîäàëüøîãî
ïåðåðîáëåííÿ – ïîäàëüøîãî ïåðåðîáëåííÿ àáî
ï³äïðèºìñòâàìè äðóãîãî åòàïó. Ïðèïóñòèìî òà-
êîæ, ùî â³äîìî: ïîïèò II

jb  íà ïðîäóêö³þ äëÿ
ï³äïðèºìñòâàìè äðóãîãî åòàïó, j=1,2,…,M; çàïàñ
ñ(x) ðåñóðñó â êîæí³é òî÷ö³ îáëàñò³ ; âàðò³ñòü
äîñòàâêè îäèíèö³ ðåñóðñó , i=1,2,…,N  – ç òî÷-
êè õ â ïóíêò ïåðâèííîãî ïåðåðîáëåííÿ I

i ;

âàðò³ñòü ïåðåâåçåííÿ îäèíèö³ ïðîäóêòó  II I II

ij i jc , 

ç ïóíêòó ïåðâèííîãî ïåðåðîáëåííÿ I
i  â ïóíêò II

j
 .

Â³äçíà÷èìî, ùî êîæåí ïîñòà÷àëüíèê ñèðî-
âèíè x ïîâ’ÿçàíèé ò³ëüêè ç îäíèì ï³äïðèºì-
ñòâîì ïåðøîãî åòàïó, i=1,2,...,N, ÿêèé â ñâîþ
÷åðãó ìîæå áóòè ïîâ’ÿçàíèé ç îäíèì àáî äåê³ëü-
êîìà ï³äïðèºìñòâàìè äðóãîãî åòàïó, j=1,2,...,M.

Íåîáõ³äíî ðîçì³ñòèòè ï³äïðèºìñòâà ïåðøî-
ãî åòàïó, âèçíà÷èòè çîíè îáñëóãîâóâàííÿ äëÿ
êîæíîãî ç íèõ òà îáñÿãè ïåðåâåçåíü ì³æ ï³äïðè-
ºìñòâàìè ïåðøîãî òà äðóãîãî åòàï³â òàêèì ÷è-
íîì, ùîá çàáåçïå÷èòè ì³í³ìàëüíó ñóìàðíó
âàðò³ñòü äîñòàâêè ñèðîâèíè ³ ê³íöåâî¿ ïðîäóêö³¿.

Äëÿ ôîðìóâàííÿ ìàòåìàòè÷íèõ ïîñòàíîâîê
íàçâàíî¿ òà íàñòóïíèõ äâîåòàïíèõ çàäà÷ ÎÐÌÄÇ
ââåäåìî òàê³ ïîçíà÷åííÿ:  – îáëàñòü, â ÿê³é
ðîçì³ùóºòüñÿ ï³äïðèºìñòâà; N – íåîáõ³äíà
ê³ëüê³ñòü ï³äïðèºìñòâ ² åòàïó; M – ê³ëüê³ñòü
ï³äïðèºìñòâ II-ãî åòàïó; II

j
b – ïîòóæí³ñòü j-ãî

ï³äïðèºìñòâà II-ãî åòàïó;  I I

i ic x, – âàðò³ñòü

äîñòàâêè îäèíèö³ ñèðîâèíè ç òî÷êè  x äî i-ãî

ï³äïðèºìñòâà ² åòàïó;  II I II

ij i j
c ,  – âàðò³ñòü äîñ-

òàâêè îäèíèö³ ñèðîâèíè â³ä i-ãî ï³äïðèºìñòâà
² åòàïó äî j-ãî ï³äïðèºìñòâà ²² åòàïó; (x) –
ê³ëüê³ñòü ðåñóðñó â òî÷ö³ x îáëàñò³ ;

 r r r

i i1 i2,    – êîîðäèíàòè i-ãî ï³äïðèºìñòâà

r-ãî åòàïó; vij – îáñÿã ïðîäóêö³¿, ùî ïîñòà÷àºòü-
ñÿ â³ä i-ãî ï³äïðèºìñòâà ² åòàïó äî j-ìó ï³äïðè-
ºìñòâó ²² åòàïó.

Íåõàé  – çàìêíóòà, îáìåæåíà, îïóêëà,
âèì³ðíà çà Ëåáåãîì ìíîæèíà åâêë³äîâîãî ïðî-
ñòîðó E

n
. Ââåäåìî äî ðîçãëÿäó ìíîæèíó âñ³õ

ìîæëèâèõ ðîçáèòò³â ìíîæèíè  íà N ï³äìíî-
æèí, ùî íå ïåðåòèíàþòüñÿ:

   
N

N 1 N i i j

i 1

,..., : , ,

i j, i, j 1,..., N



 
         

 
   

  .
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Òîä³ ìàòåìàòè÷íà ìîäåëü çàäà÷³ ÎÐÌÄÇ
ìîæå áóòè çàïèñàíà ó òàêèé ñïîñ³á:

Çàäà÷à À. Ïîòð³áíî çíàéòè òàêå ðîçáèòòÿ
ìíîæèíè  íà N âèì³ðíèõ ïî Ëåáåãó ï³äìíî-
æèí 1,2,…,N (ñåðåä ÿêèõ ìîæóòü áóòè é ïî-
ðîæí³), âèçíà÷èòè êîîðäèíàòè I

N
I
i ,,    öåíòð³â

öèõ ï³äìíîæèí òà òàê³ îáñÿãè ïåðåâåçåíü v11,…,
vNM, ÿê³ çàáåçïå÷óþòü ì³í³ìóì ôóíêö³îíàëó:

      

i

I I

1 N 1 N 11 NM

N N M
I I II I II

i i ij i j ij

i 1 i 1 j 1

F ,..., , ,..., , v ,..., v

c (x, ) (x)dx c ( , )v
  

    

       ,   (1)

ïðè îáìåæåííÿõ:

i

M

ij

j 1

(x)dx v


  , i=1,2,...,N,                  (2)

N
II

ij j

i 1

v b


 , j=1,2,...,M,                    (3)

  N

1 N,...,


   ,

ij

I I I I I N

1 2 N

v 0, i 1,2,..., N, j 1,2,...,M,

( , ,..., ), .

  

      
  

(4)

Òóò  )x,...,x(x )n()1( ; II
j

b , j=1,2,...,M  –
çàäàí³ ä³éñí³ íåâ³ä’ºìí³ ÷èñëà.

Ôóíêö³¿ ),x(c I
i

I
i  , i=1,2,...,N – ä³éñí³, îá-

ìåæåí³, âèì³ðí³ ç àðãóìåíòó õ íà , òà îïóêë³ ç 
íà  äëÿ âñ³õ; (x) – ä³éñíà ôóíêö³ÿ, ùî ³íòåã-
ðóºòüñÿ ³ âèçíà÷åíà íà ìíîæèí³ ; II

j
 , j=1,2,...,M

– çàäàí³ òî÷êè îáëàñò³ , ),(c II
j

I
i

II
ij  , i=1,2,...,N,

j=1,2,...,M – çàäàí³ ä³éñí³, îáìåæåí³ íåâ³ä’ºìí³
ôóíêö³¿.

Òóò îáìåæåííÿ (2)–(3) îïèñóþòü áàëàíñ ì³æ
ïîòóæíîñòÿìè ï³äïðèºìñòâ ïåðøîãî òà äðóãîãî
åòàï³â, îòæå ìàþòü áóòè âèêîíàí³ óìîâè ðîç-
â’ÿçíîñò³ çàäà÷³, à ñàìå:

M
II

j

j 1

b (x)dx
 

   .

Îïèøåìî àëãîðèòì ðîçâ’ÿçêó çàäà÷³ À, çà-
ñíîâàíèé íà ºäèíîìó ï³äõîä³ äî âèð³øåííÿ ïîä³á-
íèõ çàäà÷. Â³í ïîëÿãàº â ïåðåòâîðåíí³ âèõ³äíèõ
çàäà÷ â çàäà÷³ íåñê³í÷åííîâèì³ðíîãî ìàòåìàòè-
÷íîãî ïðîãðàìóâàííÿ, çà äîïîìîãîþ õàðàêòåðèñ-

òè÷íèõ ôóíêö³é, à ïîò³ì â ñê³í÷åííîì³ðíó çàäà÷ó
îïòèì³çàö³¿ çà äîïîìîãîþ ôóíêö³îíàëó Ëàãðàíæà.

Äëÿ öüîãî ðîçãëÿíåìî òàêó ðîçøèðåíó ôóí-
êö³þ:

   

 

 

 

I I

i i i
k 1,N

N M M
II I II II

ij i j j i ij j j

i 1 j 1 j 1

N M
2

ij

i 1 j 1

N M
2 II I II

i j ij i j

i 1 j 1

G , v, , min c (x, ) (x)dx

c ( , ) v b

D max 0; v

D max 0; c ( , ) ,




  

 

 

       

       

  

     



 





äå D – äîñèòü âåëèêå äîäàòíå ÷èñëî.

Êðîê 0.
1. Îáëàñòü  çàêëþ÷àºìî â ïàðàëåëåï³ïåä

Ï, ñòîðîíè ÿêîãî ïàðàëåëüí³ îñÿì äåêàðòîâî¿
ñèñòåìè êîîðäèíàò, ââàæàºìî (x)=0, ïðè
xÏ\. Ïàðàëåëåï³ïåä Ï ïîêðèâàºìî ïðÿìîêóò-
íî¿ ñ³òêîþ ³ çàäàºìî ïî÷àòêîâå íàáëèæåííÿ

   )0()0(II ,,   òà (v,)=(v0,0).

2. Îá÷èñëþºìî çíà÷åííÿ )x()0(  â âóçëàõ
ñ³òêè íàñòóïíèì ÷èíîì:

 

I I

i i i

I I

i k k i
k

1, якщо с (x, )

(x) min c (x, ) ,

0, в iнших випадках,

   


    



  
(5)

ïðè =(0)=(0).
3. Îá÷èñëþºìî çíà÷åííÿ ãðàä³ºíò³â â âóç-

ëàõ ñ³òêè çà ôîðìóëàìè:

 

i i
I II

N M

i ijc c
i 1 j 1

N M
II I II

i j ij i j

i 1 j 1

g (x)g (x)dx g v

2D max 0; c ( , )

 

 

 

    

     



 ,  (6)

 

M

i ij

j 1

N M
II I II

i j ij i j

i 1 j 1

g (x) (x)dx v

2D max 0; c ( , )





 

    

     



 ,  (7)
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äå 
Ø

g – i-à êîìïîíåíòà N-ì³ðíîãî âåêòîðà óçà-
ãàëüíåíîãî ãðàä³ºíòà 

i
g  ôóíêö³¿ I

ic  â òî÷ö³ I,

i
Ø

g  – i-à êîìïîíåíòà N-ì³ðíîãî âåêòîðà óçà-

ãàëüíåíîãî ãðàä³ºíòà i
IIc

g


 ôóíêö³¿ II
ij

c  â òî÷ö³ I .

 
N M

II

ij j i j

i 1 j 1

g v b 2D max 0;

 

      ,  (8)

 
N M

v I II

ij i j j i ij

i 1 j 1

g c ( , ) 2D max 0; v
 

       , (9)

ïðè I=I(0), =(0), l=l (0), v=v(0), =(0).
4. Îáèðàºìî ïî÷àòêîâèé ïðîáíèé êðîê h0>0

r-àëãîðèòìó ³ çíàõîäèìî:

 I(0) I(0) I(0) (0) (0) (0)

0P h g ( , , , v )
       ;

I(0) I(0) I(0) (0) (0) (0)

0h g ( , , , v )       ;

I(0) I(0) I(0) (0) (0) (0)

0h g ( , , , v )       ;

I(0) I(0) v I(0) (0) (0) (0)

0v v h g ( , , , v )     ,

äå ÐÏ – îïåðàòîð ïðîåêòóâàííÿ íà .
Íåõàé âæå ïðîâåäåíî l=(l–1) êðîê àëãîðèò-

ìó, îïèøåìî l-èé êðîê.
Êðîê l.
1. Îá÷èñëþºìî çíà÷åííÿ (l)(x) â âóçëàõ

ñ³òêè çà ôîðìóëîþ (5).
2. Îá÷èñëþºìî çíà÷åííÿ ãðàä³ºíò³â â âóç-

ëàõ ñ³òêè çà ôîðìóëàìè (6)–(9) ïðè I=I(l–1),
=I(l–1), = (l–1), v=v(l–1), =(l–1).

3. Ïðîâîäèìî l-èé êðîê r-àëãîðèòìó ³ çíà-
õîäèìî:

             I l I l I l 1 l 1 l 1 l 1

II l 1P h g , , ,
   

        ;

            I l I l 1 I l 1 l 1 l 1 l 1

l 1h g , , ,
    

        ;

            I l I l 1 I l 1 l 1 l 1 l 1

l 1h g , , ,
    

        ;

            I l I l 1 I l 1 l 1 l 1 l 1

l 1h g , , ,
    

        ,

äå h l – êðîêîâèé ìíîæíèê, âèá³ð ÿêîãî
çä³éñíþºòüñÿ ç óìîâè ì³í³ìóìó ó íàïðÿìêó 

l
B ,


l

B , 
l

B , 
l

B  – îïåðàòîðè ïåðåòâîðåííÿ ïðî-
ñòîðó â îñíîâíèé ïðîñò³ð EN, ùî ìàþòü âèãëÿä:

 w w w w

l l 1 l 1 l 1

1
B B I 1



  

          
,

äå w – â³äïîâ³äíà çì³ííà, I – îäèíè÷íà ìàòðèöÿ
â³äïîâ³äíî¿ ðîçì³ðíîñò³, w

1l  – â³äïîâ³äàº íîð-
ìîâàíîìó âåêòîðó ð³çíèö³ äâîõ ïîñë³äîâíèõ ïñåâ-
äîãðàä³ºíò³â â ïåðåòâîðåíîìó ïðîñòîð³, òîáòî:

 
        

        

 
        

      

l l l lw

P
w

l 1
l 1 l 1 l 1 l 1w

P
w

l 1
l l l lw

P
w

l 1
l 1 l 1 l 1w l 1

P

g , , ,
B

g , , ,

g , , ,
B

g , , ,



    





   

     
 
        
     
 
      
 

,

çà óìîâè, ùî

  
        

        

l l l lw

P
w

0l 1
l 1 l 1 l 1 l 1w

P

g , , ,
B

g , , ,



    

     
         
 

, òà

w
1l =0 â ³íøèõ âèïàäêàõ. Òóò 0 – òî÷í³ñòü íà-

äàííÿ íóëÿ ÅÎÌ.

4. ßêùî óìîâà

        
        

l l l l

l 1 l 1 l 1 l 1w

P

, , ,

g , , ,
   

    
 

    
 
à, >0 âèêî

-

íóºòüñÿ, òî ê³íåöü àëãîðèòìó, ÿêùî í³ – ïîâåð-
òàºìîñÿ äî êðîêó l.

Âèñíîâêè
Ïðîáëåìè ðîçì³ùåííÿ ï³äïðèºìñòâ º ñïðè-

ÿòëèâèì ï³ä´ðóíòÿì äëÿ ðîçâèòêó íîâèõ ìåòîä³â
ìîäåëþâàííÿ, ³ííîâàö³éíèõ àëãîðèòì³â ðîçâ’ÿçêó
³ ö³êàâèõ äîäàòê³â. Íà ñüîãîäí³ ïðàêòè÷íî íåìàº
äîñë³äæåíü íåñê³í÷åííîì³ðíèõ áàãàòîåòàïíèõ
çàäà÷ ðîçì³ùåííÿ ÷åðåç ¿õ ñêëàäí³ñòü. Â äàí³é
ðîáîò³ çàïðîïîíîâàíî àëãîðèòì ðîçâ’ÿçàííÿ òà-
êèõ çàäà÷, ÿêèé ìîæå ìàòè ö³íí³ñòü ÿê ç òî÷êè
çîðó ïðàêòè÷íî¿ çíà÷óùîñò³ äëÿ âèð³øåííÿ  ïðè-
êëàäíèõ çàäà÷, òàê ³ ç òî÷êè çîðó ïîäàëüøîãî
ðîçâèòêó òåîðåòè÷íèõ ïèòàíü.
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ÀËÃÎÐÈÒÌ ÐÅØÅÍÈß ÎÄÍÎÉ ÇÀÄÀ×È
ÎÏÒÈÌÀËÜÍÎÃÎ ÐÀÇÁÈÅÍÈß ÌÍÎÆÅÑÒÂ Ñ
ÄÎÏÎËÍÈÒÅËÜÍÛÌÈ ÑÂßÇßÌÈ

Óñ Ñ.À., Ñòàíèíà Î.Ä.

Çàäà÷è ðàçìåùåíèÿ ïðîèçâîäñòâà àêòèâíî èññëåäóþòñÿ
â òå÷åíèå áîëåå ÷åì ñòà ëåò, íî äî íàñòîÿùåãî âðåìåíè îíè íå
ïîòåðÿëè ñâîåé àêòóàëüíîñòè. Íàïðèìåð, õîòÿ ïðåäëîæåíî
áîëüøîå êîëè÷åñòâî ìîäåëåé è ìåòîäîâ ðåøåíèÿ äèñêðåòíûõ
çàäà÷ ðàçìåùåíèÿ, ïðàêòè÷åñêè íåò èññëåäîâàíèé êîíòèíó-
àëüíûõ çàäà÷. Â òî æå âðåìÿ ðàçâèòèå òðåáóåò ðåøåíèÿ öåëî-
ãî ðÿäà ïðîáëåì, êîòîðûå îïèñûâàþòñÿ èìåííî òàêèìè ìîäå-
ëÿìè. Ñðåäè íèõ çàäà÷è ðàçìåùåíèÿ ìíîãîýòàïíîãî ïðîèçâîä-
ñòâà ñ öåëüþ ìèíèìèçàöèè ñóììàðíîé ñòîèìîñòè äîñòàâêè
ïðîäóêöèè è ñûðüÿ è îáåñïå÷åíèÿ ïîêðûòèÿ îïðåäåëåííîé çîíû
îáñëóæèâàíèÿ. Çäåñü èñõîäíîå ìíîæåñòâî íåïðåðûâíî ïî ñâîåé
ïðèðîäå, à ñóùåñòâóþùèå äèñêðåòíûå ìîäåëè òðåáóþò áîëü-
øîãî êîëè÷åñòâà óïðîùåíèé, êîòîðûå íåãàòèâíî âëèÿþò íà
êîíå÷íûé ðåçóëüòàò. Â ñòàòüå ðàññìîòðåíà çàäà÷à îïòèìàëü-
íîãî ðàçáèåíèÿ ìíîæåñòâ ñ äîïîëíèòåëüíûìè ñâÿçÿìè è ðàçìå-
ùåíèåì öåíòðîâ ïîäìíîæåñòâ, êîòîðàÿ ÿâëÿåòñÿ ìàòåìàòè-
÷åñêîé ìîäåëüþ äâóõýòàïíîé êîíòèíóàëüíîé çàäà÷è ðàçìåùå-
íèÿ-ðàñïðåäåëåíèÿ. Ñëîæíîñòü èññëåäîâàíèÿ çàêëþ÷àåòñÿ â
òîì, ÷òî ìàòåìàòè÷åñêàÿ ìîäåëü âêëþ÷àåò â ñåáÿ êàê äèñ-
êðåòíóþ òàê è íåïðåðûâíóþ ÷àñòè, à ïîòîìó òðåáóåò êîìáè-
íèðîâàííûõ ìåòîäîâ ðåøåíèÿ. Íåîáõîäèìîñòü ðàçðàáîòêè òà-
êèõ àëãîðèòìîâ áåññïîðíà, ïîñêîëüêó ïîäîáíûìè ìîäåëÿìè îïè-
ñûâàþò öåëûé ðÿä ïðàêòè÷åñêè âàæíûõ çàäà÷, â ÷àñòíîñòè
çàäà÷è ðàçìåùåíèÿ ïóíêòîâ ñáîðà è ïåðåðàáîòêè ïðèðîäíîãî
ñûðüÿ. Êðîìå òîãî, ðàññìîòðåííàÿ çàäà÷à ðàçâèâàåò òåîðèþ

îïòèìàëüíîãî ðàçáèåíèÿ ìíîæåñòâ, è ïîýòîìó èìååò òàêæå
òåîðåòè÷åñêîå çíà÷åíèå. Îñîáîå âíèìàíèå áûëî óäåëåíî ïîäõî-
äó ê ðåøåíèþ ýòîé çàäà÷è. Îí çàêëþ÷àåòñÿ â ïðåîáðàçîâàíèè
èñõîäíîé çàäà÷è â çàäà÷ó áåñêîíå÷íîìåðíîãî ìàòåìàòè÷åñêîãî
ïðîãðàììèðîâàíèÿ ÷åðåç ââåäåíèå õàðàêòåðèñòè÷åñêèõ ôóíê-
öèé, à çàòåì â çàäà÷ó êîíå÷íîìåðíîé îïòèìèçàöèè ñ ïîìîùüþ
ôóíêöèè Ëàãðàíæà. Ïðåäñòàâëåí àëãîðèòì ðåøåíèÿ çàäà÷è
îïòèìàëüíîãî ðàçáèåíèÿ ìíîæåñòâ ñ äîïîëíèòåëüíûìè ñâÿçÿ-
ìè. Îí ìîæåò èìåòü öåííîñòü êàê ñ òî÷êè çðåíèÿ ïðàêòè÷å-
ñêîãî ïðèìåíåíèÿ äëÿ ðåøåíèÿ ïðèêëàäíûõ çàäà÷, òàê è ñ òî÷-
êè çðåíèÿ äàëüíåéøåãî ðàçâèòèÿ òåîðèè îïòèìàëüíîãî ðàçáè-
åíèÿ ìíîæåñòâ.

Êëþ÷åâûå ñëîâà: çàäà÷è ðàçìåùåíèÿ-ðàñïðåäåëåíèÿ,
îïòèìèçàöèÿ, çàäà÷è îïòèìàëüíîãî ðàçáèåíèÿ ìíîæåñòâ,
ìíîãîýòàïíûå çàäà÷è, ìàòåìàòè÷åñêèå ìîäåëè.

ALGORITHM TO SOLVE A PROBLEM OF OPTIMUM
SEPARATION OF SETS WITH ADDITIONAL COUPLINGS

Us S.À. a, Stanina O.D. b

a National Mining University, Dnipro, Ukraine
b Ukrainian State University of Chemical Technology, Dnipro,
Ukraine

Problems of manufacturing arrangement have been considered
for more than a century. However, they are still topical. For instance,
despite the fact that a number of models and techniques to solve
discrete problems of arrangement have been proposed, studies
concerning continual problems are not practically available. At the
same time, production development involves solution of a variety of
problems which are described with the help of such models.  Problems
of multistage production to minimize total cost of product delivery
and raw material as well as to provide coverage of a certain service
area are among them. In this context, original set is continuous by
its nature, and available discrete models need a great number of
simplifications being detrimental to the final result. The paper considers
a problem of optimum separation of sets with additional connections
and arrangement of centres of subsets, which is a mathematical
model of two-stage continual location-allocation problem. Complexity
of the studies is that a mathematical model involves both discrete
part and continual one thus requiring combined solution techniques.
The necessity to develop such algorithms is undisputable since such
models describe a number of important practical problems including
those concerning the arrangement of points for natural raw material
accumulating and processing. Moreover, the considered problem
develops the theory of optimum separation of sets, and so it is important
in terms of theory as well. Specific attention has been paid to the
approach for the problem solving. The approach is to transform the
original problem into a problem of infinite-dimensional mathematical
programming and then into a problem of finite-dimensional
optimization with the help of Lagrange function. Algorithm to solve a
problem of optimum separation of sets with additional connections
has been represented. The algorithm may be important from the
viewpoint of its application to solve applied problems as well as from
the viewpoint of further development of the theory of optimum
separation of sets.

Keywords: location-allocation problem, optimization, op-
timal partitioning sets problem, multi-stage problem, mathemat-
ical models.
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ÊÎÐÎÒÊÀ Ëàðèñà ²âàí³âíà – ê.ò.í., äîöåíò, äîöåíò êàôåäðè ³íôîðìàö³éíèõ ñèñòåì ÄÂÍÇ
«Óêðà¿íñüêèé äåðæàâíèé õ³ì³êî-òåõíîëîã³÷íèé óí³âåðñèòåò» (ì. Äí³ïðî, Óêðà¿íà)

ÊÎÑÎËÀÏ Àíàòîë³é ²âàíîâè÷ – ä.ô.-ì.í., ïðîôåñîð, çàâ³äóâà÷ êàôåäðîþ ñïåö³àë³çîâàíèõ
êîìï’þòåðíèõ ñèñòåì ÄÂÍÇ «Óêðà¿íñüêèé äåðæàâíèé õ³ì³êî-òåõíîëîã³÷íèé óí³âåðñèòåò»
(ì. Äí³ïðî, Óêðà¿íà)

ËßØÅÍÊÎ Îêñàíà Àíàòîë³¿âíà – ê.ò.í., äîöåíò, äîöåíò êàôåäðè ³íôîðìàö³éíèõ ñèñòåì ÄÂÍÇ
«Óêðà¿íñüêèé äåðæàâíèé õ³ì³êî-òåõíîëîã³÷íèé óí³âåðñèòåò» (ì. Äí³ïðî, Óêðà¿íà)
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ÌÀËÀ Þë³ÿ Àíàòîë³¿âíà – ê.ò.í., àñèñòåíò êàôåäðè âèùî¿ ìàòåìàòèêè Íàö³îíàëüíî¿ ìåòàëóð-
ã³éíî¿ àêàäåì³¿ Óêðà¿íè (ì. Äí³ïðî, Óêðà¿íà)

ÌÀÍÊÎ Ãåííàä³é ²âàíîâè÷ – ê.ò.í., äîöåíò êàôåäðè êîìï’þòåðíî-³íòåãðîâàíèõ òåõíîëîã³é ³
ìåòðîëîã³¿ ÄÂÍÇ «Óêðà¿íñüêèé äåðæàâíèé õ³ì³êî-òåõíîëîã³÷íèé óí³âåðñèòåò» (ì. Äí³ïðî, Óêðà-
¿íà)

ÌÀÍÓÊßÍ Àðòóð Àæäààêîâè÷ – ìàã³ñòð êàôåäðè ³íôîðìàö³éíèõ òåõíîëîã³é ³ ñèñòåì Íàö³-
îíàëüíî¿ ìåòàëóðã³éíî¿ àêàäåì³¿ Óêðà¿íè (ì. Äí³ïðî, Óêðà¿íà)

Ì²ÍÀÊÎÂÀ Íàòàë³ÿ Îëåêñàíäð³âíà – ê.ò.í., äîöåíò, äîöåíò êàôåäðè êîìï’þòåðíî-³íòåãðî-
âàíèõ  òåõíîëîã³é òà ìåòðîëîã³¿ ÄÂÍÇ «Óêðà¿íñüêèé äåðæàâíèé õ³ì³êî-òåõíîëîã³÷íèé óí³âåðñèòåò»
(ì. Äí³ïðî, Óêðà¿íà)

ÌÓÑÀªÂ Â³äàä³ Ãàñàí îãëè – ä.ò.í., ïðîôåñîð, çàâ³äóâà÷ êàôåäðîþ êîìï’þòåðíèõ ñèñòåì òà
ìåðåæ Àçåðáàéäæàíñüêîãî òåõí³÷íîãî óí³âåðñèòåòó (ì. Áàêó, Àçåðáàéäæàí)

ÎÊÓßÍ Êåìàëü – ïðîôåñîð Óí³âåðñèòåòó Áàëèêåñ³ð (Áàëèêåñ³ð, Òóðå÷÷èíà)

ÏÅÒÐÅÍÊÎ Êàòåðèíà Ìèêîëà¿âíà – ñòóäåíòêà ñïåö³àëüíîñò³ «Àâòîìàòèçàö³ÿ òà êîìï’þòåð-
íî-³íòåãðîâàí³ òåõíîëîã³¿» ôàêóëüòåòó êîìï’þòåðíèõ íàóê òà ³íæåíåð³¿ ÄÂÍÇ «Óêðà¿íñüêèé äåð-
æàâíèé õ³ì³êî-òåõíîëîã³÷íèé óí³âåðñèòåò» (ì. Äí³ïðî, Óêðà¿íà)

ÏÐÎÊÎÏÅÍÊÎ Îëåíà Ìèõàéë³âíà – ê.õ.í., äîöåíò, äîöåíò êàôåäðè åêîëîã³¿ Íàö³îíàëüíî¿
ìåòàëóðã³éíî¿ àêàäåì³¿ Óêðà¿íè (ì. Äí³ïðî, Óêðà¿íà)

ÐÀÕÌÀÍÎÂ Ñóëåéìàí Ðàõìàíîâè÷ – ê.ò.í., äîöåíò, äîöåíò êàôåäðè òåîðåòè÷íî¿ ìåõàí³êè òà
îïîðó ìàòåð³àë³â Íàö³îíàëüíî¿ ìåòàëóðã³éíî¿ àêàäåì³¿ Óêðà¿íè (ì. Äí³ïðî, Óêðà¿íà)

ÑÅË²ÂÜÎÐÑÒÎÂÀ Òåòÿíà Â³òàë³¿âíà – ê.ò.í., äîöåíò, äîöåíò êàôåäðè ³íôîðìàö³éíèõ òåõíî-
ëîã³é ³ ñèñòåì Íàö³îíàëüíî¿ ìåòàëóðã³éíî¿ àêàäåì³¿ Óêðà¿íè (ì. Äí³ïðî, Óêðà¿íà)

ÑÒÀÍ²ÍÀ Îëüãà Äìèòð³âíà – àñèñòåíò êàôåäðè ³íôîðìàö³éíèõ ñèñòåì ÄÂÍÇ «Óêðà¿íñüêèé
äåðæàâíèé õ³ì³êî-òåõíîëîã³÷íèé óí³âåðñèòåò» (ì. Äí³ïðî, Óêðà¿íà)

ÑÒÅÏÀÍÅÍÊÎ Îëåêñàíäð Ìèêîëàéîâè÷ – ãîëîâíèé ³íæåíåð äåðæàâíîãî ï³äïðèºìñòâà Óêð-
Ã³ïðîìåç (ì. Äí³ïðî, Óêðà¿íà)

ÑÓÕÈÉ Êîñòÿíòèí Ìèõàéëîâè÷ – ä.ò.í., äîöåíò, äåêàí ôàêóëüòåòó òåõíîëîã³¿ îðãàí³÷íèõ ðå-
÷îâèí ÄÂÍÇ «Óêðà¿íñüêèé äåðæàâíèé õ³ì³êî-òåõíîëîã³÷íèé óí³âåðñèòåò» (ì. Äí³ïðî, Óêðà¿íà)

Ò²ÒÎÂÀ Îëåíà Âàñèë³âíà – ê.ò.í., äîöåíò, äîöåíò êàôåäðè êîìï’þòåðíî-³íòåãðîâàíèõ  òåõíî-
ëîã³é òà ìåòðîëîã³¿ ÄÂÍÇ «Óêðà¿íñüêèé äåðæàâíèé õ³ì³êî-òåõíîëîã³÷íèé óí³âåðñèòåò» (ì. Äí³ïðî,
Óêðà¿íà)

ÓÑ Ñâ³òëàíà Àëüáåðò³âíà – ê.ô.-ì.í., ïðîôåñîð êàôåäðè ñèñòåìíîãî àíàë³çó ³ óïðàâë³ííÿ
Íàö³îíàëüíîãî ã³ðíè÷îãî óí³âåðñèòåòó (ì. Äí³ïðî, Óêðà¿íà)

ØÓÒÜ Îëåêñàíäð Ôåë³êñîâè÷ – àñèñòåíò êàôåäðè êîìï’þòåðíî-³íòåãðîâàíèõ  òåõíîëîã³é òà
ìåòðîëîã³¿ ÄÂÍÇ «Óêðà¿íñüêèé äåðæàâíèé õ³ì³êî-òåõíîëîã³÷íèé óí³âåðñèòåò» (ì. Äí³ïðî, Óêðà¿-
íà)
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ÃÀÂÐÈËÊÎ À.Â.          72
ÃÀÐÌÀØÅÂ Ä.Þ.         65
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ÃÍÀÒÊÎ Î.Ì.          77
ÃÓÑÅÉÍÎÂ Í.Å.          9
ÄÅÍÈÑÞÊ Î.Ð.         14
ÄÈÑÊÎÂÑÜÊÈÉ Î.À.         23
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ÇÅËÅÍÖÎÂ Ä.Ã.          28
²ÂÀÍÎÂÀ ª.Î.          35
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NAME INDEX

AKBULUT M.          4
BELYANOVSKAYA E.A   72
BORZOV S.A.          14
DENYSIUK O.R.          14
DISKOVSKIY O.A.          23
DONEC D.A.                 65
GARMASHEV D.Yu.         65
GAVRLKO A.V.          72
GNATKO O.M.          77
HASHIMOV R.H.          9
HUSEYNOV N.E.          9
IVANOVA E.A.          35
KOLOMIYETS E.V.          72
KOROTKA L.I.          35
KOSOLAP A.I.          42
LIASHENKO O.A.         28
MALA Yu.A.          23
MANKO G.I.              59
MANUKIAN A.A.          48
MINAKOVA N.O.          77
MUSAYEV V.H.          54
OKUYAN C.          4
PETRENKO E.N.          59
PROKOPENKO O.M.         72
RAHMANOV S.R.          65
SELIVYORSTOVA T.V.   48
SHUT O.F.                 77
STANINA O.D.          83
STEPANENKO A.N.          65
SUKHYY K.M.          72
TITOVA O.V.          77
US S.A.                     83
ZELENTSOV D.G.          28


