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CUCTEMHMI AHAJII3 1 TEOPISI IPUAHSTTSA PINIEHD

CUCTEMHBIN AHAJIU3 U TEOPUSI IPUHATUS PEIIEHUM

SYSTEM ANALYSIS AND DECISION-MAKING THEORY

UDC 004.89:510.635 DOI: 10.20998/2079-0023.2021.01.01
O. I. BIELIAIEV, I. V. LIUTENKO, N. K. STRATIENKO

ALGORITHMIC SUPPORT FOR MULTICRITERIA ASSESSMENT OF RETAIL INFORMATION
SYSTEMS

This article is devoted to the issues of assessing the effectiveness of information systems for enterprises engaged in retail trade in consumer goods. This
article describes the tasks that the retail FMCG trade, as well as the functions of the retail trade, solve. The features of the subject area were considered,
which will form the basis for the formation of scales for assessing the effectiveness of information systems. The priorities, tasks, and features of the
business model of enterprises engaged in retail trade in consumer goods, depending on the market segment they occupy. Various types of corporate
information systems that can be used in retail trade are considered. The analysis of the subject area made it possible not only to determine important
metrics for assessing the effectiveness of information systems but also to determine the priority of the requirements for the availability of certain
functionality in the information system from each business segment, large, medium and small. Also, the existing standards in the subject areas of software
development and enterprise organization were considered. This article proposes a methodology for evaluating information systems for enterprises
engaged in consumer goods retail trade that belong to different market segments. The proposed methodology is based on the approach of multi-criteria
expert assessment. An example of linguistic variables for one of the questions of the questionnaire for experts is given. The order of operation of the
expert system is also presented in the form of an activity diagram. The developed expert information system can be monetized by providing referral links
to the products of companies supplying information systems for retail. In the future, it is planned to add the ability for qualified experts to select
combination of metrics for assessment, as well as change the assessment scale to increase accuracy.
Keywords: information system, retail trade, consumer goods, performance assessment, expert assessments.

O. 1. BEJIAEB, 1. B. TIOTEHKO, H. K. CTPATIEHKO

AJITOPUTMIYHE 3ABE3IEYEHHS 111 BATATOKPUTEPIAJIBHOI OLIIHKU IHOOPMALIMHUX
CHUCTEM JJI51 PO3IPIBHOI TOPTIBJII

JlaHa cTaTTs MpHCBSAYEHA NMUTAHHSAM OLIHKK e(PEeKTHBHOCTI iH(pOPMAIIHHNX CHCTEM JUIS MiANPHEMCTB, IO 3aMAarOThCS PO3APIOHOIO TOPTIBIEIO
TOBapaMH MacoBOTO MOMUTY. B maHiif cTaTTi HaBeeHI 3aBJaHHs, SKi BUPIIIye pPO3apiOHA TOPriBis TOBapaMHU MAacOBOTO MOMMTY, a TaKOX (YHKILT
po3apibHOI TopriBmi. Bymn po3misHyTI 0cOOMMBOCTI HpeaMeTHOI o0JacTi, sIKi JSDKYTh B OCHOBY ()OPMyBAaHHS IIKaJl OLIHIOBaHHSA e(eKTUBHOCTI
iH(popmaniiHuX cucrem. Takox BHALICHI IPiOPUTETH, 3aBAaHHSA Ta 0COOIMBOCTI Oi3HEC-MOJIEII MiMPHEMCTB, IO 3aiMArOTECS PO3PiOHOIO TOPTiBIICIO
TOBapaMH MacOBOTO TIONUTY B 3AJISKHOCTI BiJ 3aiMaHOTO HUMH CETMEHTa PUHKY. PO3IIISHYTO pi3HI THITM KOPHOPATUBHUX iH(GOPMALIHUX cUCTEM, SIKi
MOXXYTh BHKOPHCTOBYBATHCSI B PO3IpiOHIH TOpriBimi. AHaii3 mpeaMeTHoi oOnacTi TO3BOJIMB HE TINBKH BH3HAYHTH BaXKIUBI METPUKH JUIS OLIHKA
edextuBHOCTI iHQOpMaNiHUX cHCTeM, a I BH3HAUMTH NPiOPUTET BHMOT II[OJI0 HASBHOCTI NEBHOrO (yHKIiOHANy y iH(popMamiiHOi crcTeMu Bil
KOXKHOTO CerMeHTa Oi3Hecy - BEJIHMKOro, CepeAHbOro i manoro. Takox Oynu pO3MIISHYTI iCHYIOYl CTaHAApTH B NPEIMETHHX OOJIacTSIX PO3pOOKU
TIPOTPaMHOTO 3a0e3IIeYeHHs Ta OpraHi3alil miIprHeMcTBa. Y IaHii CTaTTi 3aIPONOHOBaHA METOANKA OIIHKM iH(pOPMAITIHHIX CHCTEM JUIS MiANPHUEMCTB,
110 3aifMarOThCS PO3/PiOGHOIO TOPTIBIIEI0 TOBAPAMU MAaCOBOTO TOIHTY, SIKi HAJEXaTh JI0 Pi3HUX CETMEHTIB PUHKY. B 0CHOBY IIpOIOHOBaHOT METOMKH
MOKJIAJICHO MiJXiZ 6araTOKPUTEPiaIbHOrO €KCIEPTHOTO OLiHIOBaHHsA. HaBeneHo mpuKiaja JIHTBICTUYHHUX 3MIHHUX 110 OJHOMY 3 MUTaHb aHKETH JJIs
excrepTiB. Tlopsnok pobOTH eKCriepTHOI CHCTEMHM TaKOX TpPEJICTABICHWH y BUINAI jAiarpamu JisibHOCTI. Po3pobneHa excniepTHa iHdopMaiiiiaa
cucTeMa Moke OyTH MOHETH30BaHa IILUIIXOM HaJlaHHS pedepalbHuX ITOCHIaHb Ha MPOIYKTH KOMIIaHIH-TIoCcTaYalbHUKIB iHPOpMaNiitHuX cucTeM Juist
po3npibHoi TopriBnmi. Hamani miaHyeTbcs MOAaBaHHS MOXIMBOCTI A KBadihikOBaHMX EKCIEpTIB 3/iHCHIOBATH Min0ip KOMOIHAIil METpUK yist
OLIIHIOBaHHS, a TAKOXK 3MIHIOBATH LIKAJTy OLIHKH JUISl 301JIbIICHHS TOYHOCTI.
Kurouosi ciioBa: iHdopmaniiiHa cictema, po3apiOHa TOPTiBiIs, TOBapH MacoBOTO IOMHUTY, OIiHKa e()eKTUBHOCTI, eKCIIEPTHI OLIHKH.

A. U. BEJIAEB, H. B. TIOTEHKO, H. K. CTPATHEHKO

AJTOPUTMHAYECKOE OBECITEYEHUE JJ151 MHOTOKPUTEPUAJIBHOM OIIEHKHA
HH®OPMAIIMOHHBIX CUCTEM JIJISI POSHUYHOM TOPT OBJIA

JlanHas cTaThs HOCBSAIEHA BOIPOCAM OIEHKHU 3(h(heKTHBHOCTH MH(GOPMAIIMOHHBIX CHCTEM I HPEeAPUSITHH, 3aHIMAIONINXCST PO3SHUYHOMH TOProBiIeH
TOBapaMH MacCOBOTO cipoca. B maHHOH cTaThe MpHBENCHBI 3a[a4d, KOTOPBIC PEIIaeT PO3HHYHASI TOPTOBJIL TOBAPAMH MAacCOBOTO CIPOCA, a TaKKe
(yHKIMM PO3HUYHO TOProBIM. BB paccMOTpeHB! 0COOEHHOCTH PEIMETHON 00IaCTH, KOTOPBIE JIATYT B OCHOBY ()OPMUPOBAHUS ILIKAJ OLCHHBAHMS
3¢ eKTHBHOCTH NH(MOPMALIMOHHBIX chcTeM. Takke BBIIENCHBI IPUOPUTETHI, 3a1a4l H OCOOCHHOCTH OM3HEC-MOJETU NMPEeIIPUSITHH, 3aHUMAIOIINXCSI
PO3HHMYHOI TOProBiIeH TOBapaMH MacCOBOTO CIIpOca B 3aBHCHMOCTH OT 3aHMMAaeMOrO HMH CEIMEHTa pBIHKA. PacCMOTpEHBI pa3iIM4YHbIC THIIBI
KOPIIOPATHBHBEIX MH()OPMALOHHEIX CHCTEM, KOTOPBIE MOTYT HCIIOJB30BAThCS B PO3HUYHON TOProBiie. AHAJIN3 MPEAMETHONH 0OJACTH MO3BOIWI HE
TOJIBKO ONPEJICUTh BAXKHbIC METPHKH JUIS OLCHKH 3(D()eKTHBHOCTH MH(DOPMALMOHHBIX CHCTEM, HO U ONPEJICIUTh IPUOPHUTET TPEOOBAHHUH MO HATHYHIO
oIpesieIeHHOro (yHKIHOHANA y HH()OPMAIHMOHHON CHCTEMBI OT Ka)KIOro CerMeHTa Om3Heca — KpYIHOTO, CpeAHero M Maioro. Taioke Obuan
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PacCMOTPEHBI CYIICCTBYIOIIUE CTaHAAPTEI B IPEAMETHBIX obyacTax pa3pa60TKn IporpaMMHOIo obecrieyeHus 1 OopraHusanyy NpCaAnpusaTus. Bunanunoit
craThe OBLIH Npeajo)keHa METOAUKa OLECHKH I/IHCIJOpMaHI/IOHHI)IX CUCTEM JIA HpCL[HpHHTI/II)’I, 3aHUMAaromInuxcs pOSHPI‘IHOfI TOpFOBHeﬁ TOBapamMu

MaccoBoOro cmpoca,

KOTOpBIE TPUHAUISKAT K Ppa3JIMYHBIM CErMEHTAaM pbIHKA.

B ocHOBYy mpeiaraeMoii METOAMKH TIOJIOKEH MOIXOJ

MHOT'OKPUTEPUAIIBHOTO IKCIIEPTHOTO OLIEHUBAHUS. AJTOPUTM ONpOca IOJIb30BaTeNeH, KOTOPbIE MOTYT BBICTYIATh B POJIM 3KCIEPTOB IPEJCTAaBIECH B
dhopme nuarpaMmbl gesTenbHOCTH. [IprBeaeH NpUMep JIMHIBUCTUYECKHUX IIEPEMEHHBIX [0 OTHOMY U3 BOIIPOCOB aHKETHI JIJIs SKCIepToB. PazpaboranHas
IKCIIEPTHAsT CHCTEMa MOXKET OBITh MOHETH3UPOBAHHA IyTEM MNPEJOCTAaBICHUS pe(epalbHbIX CCHUIOK HA MPOAYKTHI KOMIIAHUI-TIOCTABIIMKOB
HHOOPMALMOHHBIX CHCTEM JUIsl PO3HUYHOI TOProBiu. B nanpHeiniem mianupyercs 1o0aBieHne BO3MOKHOCTH ISl KBATU(DUIIUPOBAHHBIX IKCIIEPTOB
OCYLIECTBIISTH TTOA00p KOMOMHAIIMY METPHUK OLICHUBAHMS, A TAK)KE U3MEHSTD IIKATy OLCHKHU JUIS YBEJIMYCHHUS TOYHOCTH.

KuroueBrble ciioBa: nH)OpMALMOHHAS CHCTEMA, PO3HHYHASI TOPTOBJIS, TOBAPHI MACCOBOT'O CIIPOCA, OLeHKA (P (PEKTUBHOCTH, IKCTIEPTHHIE OLICHKH.

Introduction. At the present moment, it is impossible
to imagine a modern enterprise that would refuse to use
information systems for the automation of its business
processes. Information systems can reduce the time spent
on analytical tasks, simplify customer and supplier
relationship management, receive the necessary reporting
in the shortest possible time, and much more. Automation
and implementation of an information system is an
important and necessary step for any enterprise that wants
to be competitive in the twenty-first century. However, the
management of the enterprise does not always give
sufficient attention to the process of formulating
requirements for the desired information system, which
makes it difficult or even impossible to choose the
information system that will help to solve enterprise
problems efficiently as possible. The decision can be made
by omitting the process of creating a requirements
specification (or any other similar document), without
involving experts who work with these systems, but simply
by studying Internet sources. Understandably, with such an
informal approach to making an important decision for the
company, the probability of choosing a system that does not
fully meet the needs of the customer is quite high.
Inconsistency of the software being introduced or available
at the enterprise with the requirements emanating from the
statute or business model of the company leads to loss of
revenue, gradual loss of competitiveness, and as a result
leads to bankruptcy.

FMCG retailers are not an exception. (By FMCG we
mean food, light industry products, as well as household
chemicals.) This subject area has its own specific features,
which translate into requirements for the functionality of
the information system. These requirements can be used as
metrics for assessing the quality of information systems.
The presence, absence, or completeness of the
implementation of these requirements will form the basis
of expert assessments, the announced combination of
which will describe the degree of compliance of a certain
system with the requirements of an enterprise belonging to
a certain market segment (small, medium or large
business).

This work is devoted to the subject area of FMCG
retail. This paper will consider the features of the subject
area and the requirements for the functionality of
information systems for retail FMCG, which are formed
depending on the affiliation of a trading enterprise to a
certain market segment.

The purpose of this work is to improve and formalize
the process of evaluating the effectiveness of information
systems for FMCG retail.

Retail trade specifics. Retail trade is an economic
activity in the field of commodity circulation, covering the
sale and purchase of goods to the end consumer and the

provision of trade services to him.[1] Retail trade matches
the seller's interests in earning income and the buyer's needs
for high-quality goods and services.

The retail business is always customer-oriented and
follows socio-economic trends in order to remain
competitive. Retail is based on the theory of individual
choice, which is based on the principle of consumer
priority. Therefore, retail trade is a social expression of the
quality of life of a society.

Manufacturing firms make goods and sell them to
wholesalers or retailers. Wholesalers resell these products
to retailers, who resell to end consumers.

Retail trade realizes the produced consumer value,
that links production with consumption and maintains a
balance between offer and demand. At the same time, it
does not matter who and where sells goods and through
what distribution channels they are brought to end
consumers [2].

Retail trade common activities:

¢ purchasing goods from a wholesaler and offer them
for sale to anyone who wishes unchanged or after some
processing;

o formation of a wide range of goods and a list of
services that satisfy customers' needs;

e receiving and processing orders from customers;

e creation and continuous optimization of a product
stand in order to maximize revenue. (For example, products
with the highest margins are located at eye or chest level,
while products with lower margins are usually located on
the lowest or highest shelves.);

e organization of the process of delivery of ordered
products to the client;

o studying the demand for goods and their market
supply, maintaining a balance between supply and demand;

e working on logistics, optimization of warehouse
stocks, in order to reduce the volume of product losses, is
especially important for the trade of rapidly perishable
products, for example, food.

e advertising and information work of retail trade
enterprises;

e providing customers with a range of services that
facilitate the process of not only buying but also using the
goods (accepting pre-orders, selling individual goods on
credit, delivering purchased goods to the buyer, assembling
and installing purchased goods on scrap from the buyer,
teaching the buyer how to operate technically complex
goods, gift wrapping of purchased goods, etc.);

o stimulation of sales by increasing the identification
of products and holding promotions;

¢ any independent systematic commercial activity is
considered to be entrepreneurship. This means that it is
initially aimed at making a profit from the sale of its goods;

Bicnux Hayionanvnoco mexuiunozo ynisepcumemy «XIIIy. Cepisn: Cucmemnuii
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o the size of the enterprise is a universal criterion for
its work organization. Small firms are traditionally
supported by the state by lowering taxes and other
mandatory payments, while large firms have a lot of
demands, they bring huge income.

Small business is by far the most common case. It is
easier to organize, even with little or no work experience.
Gradually, the size can increase to medium, due to an
increase in annual turnover and attracting more resources.
An enterprise can only be called a large business that covers
several countries or has entered the international level. It
always has a large number of end consumers. [2]

Small businesses include sole proprietorships, as well
as microenterprise businesses and cooperatives with up to
50 employees. The main features of this form are:

o Lack of territorial distribution.

o Limited list of activities. Shops, travel agencies,
small industries, dental or other small clinics, private
educational institutions specializing in courses can work on
this principle.

e The minimum set of checks. Supervisory
authorities provide small companies with supervisory
holidays, and when they end, the period for conducting
inspection activities does not exceed 50 hours per year.

o The status does not need to be confirmed by special
means. It is determined by the annual turnover, a certain
number of employees, and the share ratio to the authorized
capital.

Thus, we can distinguish the following requirements
for information systems from small retail businesses:

e Low price.

e Moderate increase in the price of licenses and
services by an increase in the number of workplaces or
customers.

e Minimum requirements for accounting and repor-
ting functions.

o No need for high-level analytical and customer
relationship management tools.

Medium enterprises differ from small ones in terms
of coverage. They usually include an entire network that is
capable of serving a large customer audience. They can
conduct their work in different areas within a state or
country. The retail network can affect an entire region, but
at the same time not enter the market of a neighboring
region.

There are some characteristics of medium enterprises:

o Slow adaptation to changing market conditions.

o Orientation to improve the quality of goods or
services to consumers.

Medium-sized businesses have net income - from 8 to
40 million euros, assets — 4-20 million euros, employees -
from 50 to 250 [2].

As for the spheres of activity, this form of
entrepreneurship is characteristic of network trading
companies, construction firms, and large medical centers.
In the global economy, it is medium-sized organizations
that play the largest role, bringing about a third of all
revenues to the state. At the same time, no tax breaks or
other supportive measures are taken in relation to them.

Thus, we can distinguish the following requirements
for information systems on the part of medium-sized
businesses:

e Availability of functionality for notifying
customers about new products and ongoing promotions.

e Availability of tools for supplier relationship
management.

e Availability of tools for customer relationship
management.

o Availability of analytical tools for sales analytics
and demand forecasting.

Large companies are businesses that produce a
substantial portion of all goods or services in their industry.
Their volumes are noticeable in everything: the number of
employees, the number of sales, the annual turnover. But
most importantly, they do not work within the framework
of one specific territorial market, but in several regions of
the country or at the international level. The signs of such
enterprises can be considered:

According to Ukrainian legislation, large enterprises
are considered to be enterprises with an annual income
from the sale of goods, works, and services over 40 million
euros (in equivalent), a book value of assets of more than
20 million euros, and an average number of employees of
more than 250 people [2].

e Strict observance of the order about inventory.

o Large retail space.

The most popular representatives of a large entity can
be considered such venerable giants as Apple, Bosch,
Samsung, Coca Cola, BMW. Since they have to work in
many countries at once, they must adhere to global
legislation and take into account the norms of each specific
market. In addition, the number of shareholders in a firm
may include not only businessmen but also the state. This
gives some indulgence in work, but at the same time
imposes additional obligations.

Thus, we can distinguish the following requirements
for information systems on the part of the large business:

o All the requirements of medium-sized businesses.

e The widest range of analytical devices, including
devices for analyzing global demand trends on the Internet.

Types of information systems for retail. Now that
the requirements for information systems for retail
businesses have been clarified, it is time to consider the
types of business information systems that are presented on
the modern market.

Having considered the types of systems existing on
the market, we can make a conclusion that CRM systems
are most suitable for retail enterprises. The use of ERP
systems can also be justified, but these systems are more
suitable for resource (or production) enterprises, rather than
trade ones.

Also, in addition to ERM / CRM, a large business can
use other information systems that are listed in the list to
achieve their high-level goals. BPM systems serve to
formalize business processes in an enterprise HRM systems
can also be used to monitor the performance of personnel
and collect important statistical information, which in the
future can be used to restructure the staff of employees,
recruit a team to implement a project or estimate the time it
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will take to implementation of a project by a specific team
of employees.

However, our task is to select the system that best suits
the requirements of a particular enterprise, therefore, only
CRM systems will act as instances for evaluation.

Types of corporate information systems that are
present at the market and their description provided in
table 1.

Table 1 — Types of corporate information systems

Name Characteristic
ERP (Enterprise System for planning (managing) of
Resource enterprise resources.
Planning)
CRM (Customer | information system for an interaction
relationship model that believes that the center of
management) the entire business philosophy is the

customer, and the main areas of activity
are measures to support effective
marketing, sales and customer
service.[3]

ECM (Enterprise
Content
Management)

An information system for the imple-
mentation of control over the strategic
infrastructure and technical architecture
to support a single life cycle of
unstructured information (content) of
various types and formats.[4]

CPM (Corporate

An information system for monitoring

Performance and managing business performance,

Management) covering the entire range of tasks in the
field of strategic and financial manage-
ment of a company.[5]

HRM (Human An information system for the

Resource automation of activities, aimed at

Management) timely provision of the organization and

management of personnel and its
optimal use.[6]

EAM (Enterprise
Asset

This is an information system designed
mainly for the automation of processes

Management) related to the maintenance of
equipment, its repair, as well as
aftersales service of this equipment.[7]

EDMS Information system for enterprise

(Electronic document management.[8]

Document

Management)

Workflow A system that is responsible for the

document flow of the enterprise in a
complex, ranging from a simple order
to the final routes and versions of the
documents used.

Collaboration

A system responsible for the electronic
interaction of people, but not as
formalized as workflow.

Standards within the subject area. 1SO 9000 is a
series of international standards containing terms and
definitions, basic principles of quality management,
requirements for the quality management system of
organizations and enterprises, as well as guidelines for
achieving sustainable results. The standards of this group
have subsections aimed at quality management, resources,

workflow, planning, personnel management and other
activities at the enterprise. [9]

These standards are based on the process approach to
the organization of labor in the enterprise and the imp-
lementation of the PDCA cycle.

ISO/IEC 25000:2014 clarifies the use of the new
series of International Standards named Systems and
software Quality Requirements and Evaluation (SQuaRE).
The main aim of ISO/IEC 25000:2014 is to provide a
comprehensive overview of SQuaRE contents, common
reference models and definitions, as well as the link
between the documents, allowing users to understand series
of standards, based on their intended application. It also
explains the transition from the old ISO/IEC 9126 to the
new ISO/IEC 14598 standard [10].

TCO is a concept of calculating the costs associated
with the purchase of a product. During calculation of the
TCO, not only direct costs are calculated such as product
price, support and depreciation prices, but also indirect
costs. Examples of indirect costs are user training costs,
loss of efficiency during staff training, and the similar.

In order to assess the system as objectively as
possible, it is necessary that the assessment algorithm
covers the following attributes of the system quality:

e The degree of compliance with the user’s require-
ments.

e The quality of the software, especially the quality
of Ul / UX execution.

e The cost of the license, support, expansion of the
service package.

Algorithm for assessing the effectiveness of
information systems. Genetic algorithm for multi-criteria
assessment of the efficiency of information systems can be
given in the following form:

e Form a set of indicators of employees to assess the
degree of compliance of the information system
functionality with the requirements presented by experts
and the general business model of the enterprise Y3, ..., Y;,.

o Form assessment scales X, = {x}, .., x3"},
q =1, ...,n of indicators, where S9 is a sign of the scale.

e Form a set of criteria Ky,...,K,,,m <n for the
aggregation of indicators Y3, ..., ¥,.

e Generate scales L; = {l} ...,lf’i},i =1,..,nq=

1, ..., n for aggregated indicators, where D' is a scale sign.

e Choose a method for constructing scales of
aggregated indicators.

e Build scales of aggregated indicators of all
hierarchical levels using a combination of aggregation
methods.

e Solve the problem of assessing the economic effi-
ciency of the implementation of the information system at
the enterprise [11].

The systems will be rated on a ten-point scale
according to the following metrics:

e The cost of the license.

e The rate of change in the cost of licenses and
support services with the same growth in the number of
jobs and clients.
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o Availability of basic analytical tools for trading
(sales funnel, demand forecasting, integration with Google
analytics).

¢ Availability of tax reporting.

¢ Ability to connect a fiscal registrar.

o Availability of Email-mailing.

e Availability and quality of performance of the
personnel management monitoring tool.

o Availability of data export to XLS, XLSX, CSV.

e Quality Ul / UX.

e Optimization and robustness.

Further, expert assessments for each of the metrics
will be multiplied by the corresponding weight coefficient.
The weighting factor will be formed based on the client's
enterprise belonging to a certain market segment, as well as
the client’s requirements for the functionality of the
information system (table 2). Algorithm of calculating
score in fig. 1.

Table 2 — Calculating score for multicriteria assessment

Wages (user Exp. marks Exp. marks
priorities) for system for system
G‘A” “B”

Metric 1 0.3 10.0 6.0
Metric 2 0.1 10.0 10.0
Metric 3 0.1 6.0 10.0
Metric 4 0.3 8.0 8.0
Metric 5 0.2 6.0 10.0
Score 1.0 8.1 8.6

Choosing the
assessment
scale.

Gather user
priorities.

®

Fig. 1. Algorithm of calculating score

Algorithm for collecting user requirements. For the
survey of business representatives in the field of retail trade

in consumer goods, it was decided to use a questionnaire,
and linguistic variables [12] will be used to set priorities
(fig. 2). Example: "Should an information system build a
sales funnel based on statistical data?"

e “Yes, I do need it.”

e “Yes, most likely I need it.”

¢ “I might need it.”

e “[ probably won't need it.”

e “Most likely I won't need it.”

o “I definitely won't need it.”

This approach was chosen because it will provide
maximum coverage of the target audience, since
unqualified users can work with it, and it also reduces the
time spent by the user, which will increase the likelihood
that the user will complete the survey.

It should also be noted that in the absence of
functionality in the system, marked by the user as
unambiguously or most likely necessary, this system will
not be included in the list of recommended systems for the
user, even if its final score will be sufficient to get into the
top three systems.

A B £ D

1 |User answer Weightbefore  Weight after Weight corrected
2 |"Yes, | definitely need it" 0.3 045 0.45/(Zall marks)
3 |"Yes, most likely | need it." 0.3 0.36 0.36/(}all marks)
4 |"I might needit." 0.3 0.30 0.30/(3all marks)
5 "I probably won't needit." 0.3 0.21 0.021/(3all marks)
6 |Most likely lwon't needit." 0.3 0.09 0.09/(Fall marks)
7 "I definitely won't need it." 0.3 0.00 0.00

Fig. 2. Linguistic variables and their impact on weights

Possible software implementation. The web
application will be the most relevant option for
implementing an expert system for assessing the
effectiveness of information systems for retail enterprises.
The expert system can be implemented using C#£NET or
Java Spring technologies. This implementation option was
chosen because:

o It provides maximum audience reach.

e Convenient to use.

¢ No download required.

o Allows the owner of the expert system to track page
traffic and other important metrics for the product.

e More opportunities to monetize the system in the
future.

The fig. 3 below shows the algorithm of the expert
system.

Prospects of the project. The expert system can be
monetized by providing referral links to the products of
companies that supply information systems for retail.

In the future, the expert system can be improved by:

e adding a more complex algorithm for qualified
experts;

¢ adding an opportunity for qualified experts to select
a combination of metrics for assessment;

¢ adding the ability for qualified experts to give their
expert assessments of information systems;

¢ changing the scale for expert assessments from 10
points to 100 points to improve accuracy.
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User selects market segment (selection of
weights)

determined.

)

[Expert system clipping options that do not hava

[The user answers guestions. Requirements are

the required functionality.

(Experls system corrects of weighting tacmrs.)

( Experts system calculating score. ]

J

[ Experts system recommends information ]

systems to the user based on marks.

Fig. 3. Algorithm of user interaction with the expert system

Conclusion. As a result of the research, an algorithm
that formalizes the process of assessing the effectiveness of
information systems for FMCG retail enterprises was
proposed. An algorithm for evaluating the effectiveness of
systems and its possible software implementation in the
form of an expert system was proposed. Potential future
improvements to the expert system were also suggested.
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A. 0. MEJIbHUKOB

CUCTEMA NOJJAEPKKH! MPUHATHS PEIUNEHUM U1 ONTPEJEJEHUS OITUMAJIBHOI'O
COCTABA KOMAH/Ibl UICITIOJIHUTEJIEN HA IPUMEPE CIIOPTUBHOI'O BAPUAHTA UI'PbI
«4TO? TIE? KOT' JA?»

B pabote Gbuta mocTaBleHa 3aj1aua CO3MaHMsl CHCTEMBI MOIIEPKKU TIPUHSATHS PENIEHHH, TO3BOJIIONIEH OMPENEUTh ONTHMABHBIA COCTAB KOMAH/IBI
ucnoiaHuTeneil. B kauecTBe mpeaMmerHoW oOiacTH BbIOpaH cnopTuBHBIA BapuaHT urpel «Uro? I'me? Korma?». OnucaHbl NPUHIMIIBI TPOBEACHUS
TYPHHUPOB I10 HHTEILIEKTYaIbHOM urpe «Uto? I'ne? Korna?» u npasiia GopMUpPOBaHHS KOMAH/ JJIsl yY4acTHs B TAKUX COpeBHOBaHUsX. CeNaH BRIBO,
YTO JUTS TIPEACKA3aHUs BIMSHUS M3MEHEHHH B COCTaBE KOMAHIbI Ha PE3yJbTAT IEIeCOOOPa3HO HCIONB30BATh COBPEMECHHBIE MATEMATHYECKHE H
HHTEJUIEKTYaIbHbIE METO/bI, B TOM YHCIIE — METO/] HCKYCCTBEHHBIX HEHPOHHBIX ceTell. [IpuBeIeHBI MMEIOINECs JaHHBIE O PE3yIbTaTaX CHHXPOHHBIX
Typaupo JIVK (CT) ¢ 2011 roga u ropoackux typaupax (I'T) ¢ 2017 roga, oxapakTepu30BaHbl OCHOBHBIE [TOKA3aTENN MO KAXIOMY COPEBHOBAHHMIO.
O6OCHOBaHO BBEIECHHE BBIXOAHBIX (DAKTOPOB: OTHOIIEHHE PE3yNbTaTa KOMAHIBI K CPEIHEMY pe3yJbTaTy M OTHOIIEHHE Pe3yibTaTa KOMaHIbI K
pesyabraty nodeautens. ChopMyaupoBaHa 3a1ada IPOrHO3UPOBAHMUS KaK MPEACKa3aHUEe OTHOCHTEIBHOTO Pe3yJibTaTa KOMaH/Ibl HA KOHKPETHOH Urpe
0 UMEIOIIEMYCS TIEPEYHIO UTPOKOB KOMAHJIBI HAa 3Ty Urpy. IIPemiokKeHO yUIUTHIBATH MECTO MPOBEICHUS KOHKPETHON WIPHI, a YYacTHE HUTPOKOB
(buKCHPOBATh B BUJIE «IOJIH» BKJIA/a B Pe3yJIbTaT KOMAH/IbI, IIPU ATOM CYMMa «JI0JICi» BCEX UIPOKOB JIOJDKHA OBITh PaBHO# equHuUIe. [IpeioxkeH MeTo
HUCKYCCTBEHHBIX HEHPOHHBIX CETEH C apXUTEKTYpPOH JIBYXCIOWHOIO MNEPCENTPOHA, aKTUBALMOHHON (DyHKIMEH CUrMOMION U aaropuTMOM OOpaTHOro
pacrpocTpaHeHus omuboK Uit oO0yueHust certd. [IpuBeneHbl mpuMmephl pacuera B cpexe Deductor Studio Lite. Craenansl BBIBOABI, 9TO JyIst
MPAKTHYECKOr0 TPUMEHEHHS MOJEIHU TOCTOSHHOE MCIIOJIb30BAHUE CTaHAAPTHBIX MMAKETOB HEMPUMEHNMO. Kpome TOoro, Takke HEOOXOIMMO PELIUTh
3a/lady aBTOMATH3aLUUK BbIOOpa cocraBa KoMaHabl. OmMucaHO pa3paboTaHHOE B CPele BH3YalbHOrO MPOrPAMMHPOBAHUS MPHIOKECHHE — CHCTEMa
MOIEPYKKHU TIPHHSTHS PEIIEHUH, KOTOPas MO3BOJISIET MMITOPTHPOBATH HCXO/IHbIE NaHHbIe n3 XLS-daiina, HacTpanBaTh BXOIHBIE W BEIXOIHBIE (aKTOPHI,
HU3MEHSATH apXUTEKTYPY HEMPOHHOW CETH (YHCIIO CKPBITBIX CJIOEB U YHCIIO HEMPOHOB B KAXKIOM CIIOE), IPOBOAUTH 00YUCHNE HEHPOHHOU CETH METOIOM
00paTHOro PacmpoCcTpaHeH s OMHOOK, COXPAHSITh OOYUCHHYIO CETh Ha [MCKE H 3arpyKaTh €€ 3aHOBO, OCYIIECTBILSITh PACUET 3HAUCHHI TSI BBOAUMBIX
JIaHHBIX, IPOBOAUTH TIOMCK BAPUAHTOB COCTaBa KOMaH/Ibl. Pa3paboTaHHas cucTemMa Mo ICpKKH IIPUHATHS PELICHHH ITO3BOJISET ITOCPEACTBOM Hepebopa
BapUAHTOB JIaBaTh PEKOMEH/IAIMH 110 (POPMHUPOBAHHUIO KOMAH/IbI HA KOHKPETHBIN TYPHHUD.

KiaioueBble CJI0Ba: HHTEIUICKTyaIbHbIC UTPBI, TAKET BOIPOCOB, ()OPMUPOBAHKE KOMAH/IbI, IPOTHO3UPOBAHIE, HCKYCCTBEHHAS HEUPOHHASI CETh,
MePCENTPOH, CUIMOU/IA, 00y4IEeHHE CETH.

0. I0. MEJIbHUKOB

CUCTEMA NIATPUMKHA NPUNHATTS PILIEHDb JJIs1 BUBHAYEHHSA OIITUMAJIBHOT'O
CKJIAQY KOMAHIN BUKOHABIIIB HA ITPUKJIAI CIIOPTUBHOI'O BAPIAHTY I'PU «1I1O0? AE?
KOJIA?»

B poboti Oyna mocraBiieHa 3a1ada CTBOPEHHS CHCTEMH HiATPHMKH HPHUHHATTS PillleHb, IO J03BOJAE BH3HAYMTH ONTHUMATBHUK CKIIaJ KOMAaHIH
BUKOHABIIiB. Y SIKOCTi TpeaMeTHOI obnacti obpano crmopTtuBHHiT BapianT rpu «lllo? Je? Komm?». OmucaHo nmpHHIMIN NPOBEAEHHS TYPHIpIB 3
inTenexryansHol rpu «I1lo? de? Komu?» i npaBuna GpopMyBaHHS KOMaH] IS y4acTi B TAKUX 3MaraHHsX. 3po0JeHO BUCHOBOK, 1110 IS Iepe10aueHHs
BIUIMBY 3MiH y CKJaJi KOMaH/IH Ha PE3yNIbTaT JOIIIbHO BUKOPUCTOBYBATH CydacHi MaTeMaTHYHI Ta IHTENEKTyalbHI METOAHU, B TOMY YHCIi — METOJ
IITYYHUX HeHpoHHWX Mepex. HaBeneno HasBHi naHi mpo pesynbratn cuaxporHEX TypHipiB JIVK (CT) 3 2011 poky i micekux TypHipax (MT) 3 2017
POKY, OXapaKTepU30BaHO OCHOBHI ITOKAa3HUKH 110 KOXKHOMY 3MaranHio. OOrpyHTOBaHO BBEJCHHS BUXiTHUX (aKTOPIB: BiJHOLIEHHS PE3yJIbTaTy KOMaHI!
JI0 CEPEIIHBOTO PE3YNIbTATY i BiTHOMICHHS Pe3yJIbTaTy KOMaH]H JI0 pe3ynbTaTy nepeMoxit. ChopMyIiboBaHO 3a/1ady IPOrHO3yBaHHS K Mepen0OaueH s
BIJIHOCHOTO pe3yNbTaTy KOMaHAM Ha KOHKPETHIH Ipi 3a HAasBHUM MEpeTikOM TpaBIiB KOMAaHIM Ha IF0 TPy. 3ampoIOHOBAHO BPaxXOBYBAaTH MicIie
MPOBECHHS KOHKPETHOT I'PH, a y4acTh IpaBLiB GiKCyBaTH y BUIIISAL «4aCTKH» BKIALY B Pe3yJbTaT KOMaH/IU, IPH LILOMY CyMa «4acTOK» YCiX IpaBIIiB
TIOBWHHA JIOPIBHIOBATH OJMHMIII. 3aIIPOIIOHOBAHO METOJ INTYYHHUX HEHPOHHMX MEPEeX 3 apXiTeKTypOIO JBOIIAPOBOTO NEPCENTPOHY, aKTHBAI[IHHOIO
(YHKIIIE0 CHTMOIJIOI0 i aATOPUTMOM 3BOPOTHOTO TMONIMPEHHS IIOMMIIOK [T HaB4aHHsA Mepexi. HaBemeHo mpukiagu po3paxyHKY B CEpemOBHILI
Deductor Studio Lite. 3po6iieHO BUCHOBKH, 10 ISl IPAKTUYHOTO 3aCTOCYBAHHS MOJIEI MOCTiHE BUKOPUCTAHHSI CTAHAAPTHUX TAKETIB HE € J0OpUM.
Kpim Toro, Takox HeoOXiZHO BHPIMINTH 3aJjady aBTOMaTH3amil migbopy ckimamy komaHau. OIcaHO po3poONeHMi B CEpEeNIOBHMINI Bi3yalbHOTO
TIpOrpaMyBaHHs JI0OJaTOK — CHCTeMa IiJATPUMKH MPHITHATTS illleHb, sKa JIO3BOJISAE IMIIOPTYBaTH BXiaHi naHi 3 XLS-daitny, HanamroByBaTn BXifHi i
BHXiJHI ()aKTOPH, 3MIHIOBATH apXiTEKTypy HEHPOHHOI Mepexi (YMCII0 NPUXOBAHMX LIAPIB i YHCIIO HEWPOHIB Y KOXKHOMY IIapi), MPOBOJUTH HABYAHHS
HEIpOHHOI Mepeki MeTO0M 3BOPOTHOTO MOIIMPEHHS OMHIIOK, 30epiraTi MepeKy Ha JMCKy i 3aBaHTaXyBaTH ii 3aHOBO, 3/il{CHIOBATH pO3paxyHOK
3HA4eHb U JIaHWX, 110 BBOJATHCS, MPOBOIHUTH TIONIYK BapiaHTIB CKiIaxy KoMmaHau. Po3po0ieHa cuctemMa MiATPUMKH NPUITHATTS PillleHb TO3BOJIAE 3
JIOTIOMOT 00 TIepe0opy BapiaHTIB 1aBaTH PEKOMEHALIl 1010 (OpMyBaHHS KOMAaHAM HAa KOHKPETHHI TYpHIp.

KorodoBi ciioBa: iHTeneKTyalbHi irpH, mepeiik MUTaHb, GOPMYBaHHS KOMaHJH, NPOTHO3YBaHHs, ITyYHA HEHPOHHA Mepexka, NEepCernTpoH,
CHrMOi/ia, HABYaHHS MEPEexi.

O. Yu. MELNYKOV

DECISION SUPPORT SYSTEM FOR DETERMINING THE OPTIMAL COMPOSITION OF THE
TEAM OF PERFORMERS ON THE EXAMPLE OF THE SPORTS VERSION OF THE GAME “WHAT?
WHERE? WHEN?"'

The paper describes the task to create a decision support system that allows you to determine the optimal composition of the team of performers. The
sports version of the game “What? Where? When?" is chosen. The principles of holding tournaments on the intellectual game “What? Where? When?"
and the rules for the formation of teams to participate in such competitions. It is concluded that to predict the impact of changes in the team composition
on the result, it is advisable to use modern mathematical and intellectual methods, including the method of artificial neural networks. The available data
on the results of synchronous tournaments LUK (ST) since 2011 and city tournaments (GT) since 2017 are presented, the main indicators for each
competition are characterized. The introduction of the output factors is substantiated: the ratio of the team’s result to the average result and the ratio of
the team’s result to the winner’s result. The forecasting problem is formulated as a prediction of the relative result of a team on a specific game based
on the available list of team players for this game. It is proposed to take into account the location of a particular game, and fix the participation of players
in the form of a “share” of the contribution to the team’s result, while the sum of the “shares” of all players should be equal to one. A method of artificial
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neural networks with a two-layer perceptron architecture, a sigmoid activation function and an error propagation algorithm for training a network is
proposed. Examples of calculation in the Deductor Studio Lite environment are given. It is concluded that for the practical application of the model, the
constant use of standard packages is inapplicable. In addition, it is also necessary to solve the problem of automating the selection of the team
composition. Described is an application developed in a visual programming environment — a decision support system that allows you to import source
data from an XLS file, configure input and output factors, change the architecture of the neural network (the number of hidden layers and the number of
neurons in each layer), train the neural network using the backpropagation of errors, save the trained network on disk and load it again, calculate values
for the input data, search for options for the composition of the team. The developed decision support system makes it possible to give recommendations

on the formation of a team for a specific tournament by enumerating options.

Keywords: intellectual games, questions package, team building, forecasting, artificial neural network, perceptron, sigmoid, network training.

Beenenne. CormacHO H3BECTHBIM OIIpEeNICHILIM [ 1—
3], xoMaHza — 3TO TPyIIIa JOACH, IMEIOMINX OOIIHE eI ,
B3aMMOJIOTIOJIHAIONINE HABBIKM U YMEHHUs, BBICOKUI ypo-
BEHb B3aMMO3aBUCHMOCTH M Pa3JEISAIOIINX OTBETCTBEH-
HOCTb 32 JOCTHKCHHE KOHEUHBIX PE3yIbTATOB; KOMAaHIA —
COBMECTHas LieJICHaNpaBIeHHas paboTa OT ABYX JI0 BOCBMH
CHELHUATNCTOB, pELIAIOIINX OMNPEACICHHYI0  OOIIYIO
KOMIUICKCHYIO 3ajady, MpoOieMy WIH peaTu3yoLIx
COBMECTHBII IIPOEKT HAa OCHOBE MHTEIpallud 3HAHWUU B
Pa3UyUHBIX MPOQECCHOHANIBHBIX 00JacTsAX MO IpaBUiIaM,
BBIPabOTaHHBIM OO0,

OueBHAHO, 4YTO I JOCTMDKEHHS — JIy4YIIEro
pe3ynpTaTta JesTeNFHOCTH HEOOXOOUMO  OIpEAeIUThH
ONTUMAJIBHBI COCTaB KOMaHAbl HCIOIHHUTENEH, M 3TO
HEBO3MOXHO 0€3 NpHMEHEHHUs COBPEMEHHBIX MaTeMa-
THYECKMX W WHTEIUIEKTYaJbHBIX METOAOB (HAmpumep,
METO0/[a UCKYCCTBEHHBIX HEHPOHHBIX ceTeil) u nHdopma-
LIUOHHBIX TEXHOJIOTHII.

bruta mocraBneHa 3afada CO3JaHHMS CHCTEMBI IOJ-
JIEP’KKU NPUHATHS PELUCHUH, MO3BOJIIOIIEH ONPENEIUuTh
ONTUMAJIbHBIM  COCTaB KOMaHAbl HCHOJHUTENIEH. B
Ka4yecTBE IpenIMEeTHOH o001acTé BbIOpaH CHOPTUBHBIN
BapuaHT urpsl «4ro? I'ne? Korna?»

IMocranoBka 3agaun. Yxe 0omee 20 neT 1o STUI0i
Jluru ykpauHCKuX Kiry0oB [4] IpOBOISTCS YEMITMOHATEI 110
urpe «4ro? ['ne? Korga?», B TOM uncie — Tak Ha3bIBaeMble
CUHXPOHHBIE TYPHUPBI, KOrJla KOMaH/Ibl Pa3HBIX TOPOAOB
OTBEYAIOT B OJHO U TO K€ BPEMs Ha OJJHU U T€ K€ BOIPOCHI
[5]. Tocmemuue 12 ner xomanapl KpamaTtopcka HMErOT
BO3MOKHOCTh y4acTHs B 3TOM TypHHpe Ha 6aze I MA,
OpraHM3aTOPOM «ILIOUIAIKKW» BBICTynaeT Kiry0 mHTeeK-
tyanbHbiX urp AT'MA [6]. Kpome Toro, ¢ 2017 rona mno
Takoi ke opme A TeX e KOMaH[A-y4acTHUI] OpraHH-
3YIOTCSI ¥ IPOBOASTCS TOPOJICKHE TYPHUPBI.

Komannma gopmupyetcs mo mpasmiam [7] U T0oDKHA
HUMETh B COCTaBe He OoJiee 6 4eNoBeK Ha UIPy M He Ooiee
10 genoBek Ha UrpoBoii ce30H. [Ipu BHECEHNN U3MEHEHUN
B COCTaB CYIIECTBYIOIIEH KOMaH/bI HEOOXOIMMO IOHU-
MaTb, KaK 3TH U3MEHEHUsI MOT'YT NOBIHSTh HA PE3YIIbTAT €€
urpsl. Ilockombky Bompocs! B urpe «Uro? I'me? Korma?»
MIPEIIOIaraloT He «IpSAMOe 3HaHWE», a NPUMEHEHHNE HH-
TEJUIEKTYaIbHBIX CIIOCOOHOCTEH UrpoKa, KpUTEpHid 0TOOpa
10 YPOBHIO 3PYIWIMU HE MOXKET OBITh 3(PPEKTUBHBIM.
Kpome Toro, npaBuiIbHBIA OTBET HA PsIl BOIIPOCOB MOXKET
ObITh HalJEH TONBKO B (opmare OOCYKIEHHUS BCEMHU
ydacTHUKaMu. O4eBHHO, YTO AJIsI IpeAcKa3aHMsl BIUSHUS
U3MEHEHMH B COCTaBe KOMaHJABI Ha PE3yNbTaT €€ UIPbl
1enecoo0pa3Ho NCIONIb30BaTh MAaTEMaTHYECKUE U MHTE-
JIEKTyaJ bHbIE METOABIL.

AHaJIN3 TMOAXO0J0B K pelleHUI0 3agayu. B
¢u3nveckoil KympType M CIOpPTE HEHPOHHBIC CETH
HCTIONB3YIOTCA I aHIM3a W IPOTHO3UPOBAHHS
nokazarejei (uznueckoi MOATOTOBJIEHHOCTHU

CIOPTCMEHOB U PE3yNIbTAaTOB CIIOPTHBHBIX COPEBHOBAHUI.
O¢ddexTuBHOCTF HCMONB30BAHUSA HEHPOHHBIX  ceTeit
O0OBSICHACTCSI BO3MOXKHOCTHIO MOJEIHPOBAHUS (DHU3NOIIO-
TMYECKUX IIPOIECCOB B OPraHM3ME HUYEIIOBEKa, HOCSIIUX
HEJIMHEHHBIA XapakTep, a TaKXkKe CIIOCOOHOCTHIO HEHpOH-
HBIX ceTeil kK camoobyuenuio [8, 9].

Hcxonnble paHHBIE M METOABI 00pPa0OTKH.
HNmerorcs JaHHBIC O pe3yjibTaTaX Yy4acThd KOMaHIbl
JAI'MA  «/MHTrennexTyanbHble peIICHUs» B  OdTamax
cunxpoHHbix TypHuUpoB JIYK (CT) ¢ 2011 roma wu
ropoackux typuupax (I'T) ¢ 2017 roma (puc. 1). Bcee
TYPHHUPBI IPOXOIMIIN IO €JMHBIM IIPABUIIaM, U HA KaXKIOM
656110 331aHO POBHO 45 BonpocoB. OcHOBHAsI HHGOPMAIHS
0 Ka)KAOMY COPEBHOBAHHIO BKIFOUACT:

e pe3ynbTaT  KOMaHAbl  (IHCIIO
OTBETOB);

e pe3ynbTaT Jyzaepa (Jydiiee YHCIO IPaBHIBHBIX
OTBETOB Ha «ILIOIIAIKE»);

e cpenHMH pe3ynbTaT (cpenHee apuMeETHYECKOe
IMpaBUJIbHBIX OTBCTOB Ha «nﬂomam(e»).

Taxoke nMeroTcsl TaHHbIE 00 UTPOKaX — Y4aCTHHKAX
Kaxaoro starna. OueBUIHO, YTO UCTIONB30BaHHE a0COTIOT-
HBIX TIOKa3aTesieil He MOXET aJeKBaTHO OTPaXaTh CHUTY-
aIMIo, IOCKOJIBKY Ha KayKIOM TypHHpE OBLIO pa3HOE YHCIIO
KOMaHJI pPa3HOTO yPOBHS IOATOTOBKH, K TOMY )K€ BCE 3Ta-
IIbl TOTOBWJIN Pa3HbIE PEAAKTOPHI.

Hnst pacuera OyneM HCIIONB30BAaTh OTHOCHTEIBHBIC
MOKa3aTeJsIH, YCJIOBHO Ha3BaHHbBIE B TAOJHIIE TaK:

e «Mbl K cpegHeMy» — OTHOLICHHE pe3yJsibTaTa
KOMaH/Ibl K CpEJTHEMY PE3yJIbTaTy.

e «Mbl K JHIepy» — OTHOIIGHHE pe3yibTara
KOMaH/Ibl K pe3yJIbTaTy MmoOeInuTes.

Takum o0Opazom OyJeT KOCBEHHO YYHTHIBATHCS
YPOBEHb YYaCTHHKOB KaXAOTO TYypHHpPA U YypPOBEHb
CJIO’KHOCTH TIAKETa BOIIPOCOB.

C maremaTHuecKoi TOUKH 3peHHs 3a]ady MpOrHO3HU-
POBaHMSI MOKHO c(OPMYJIMPOBATH CIIEAYIOLUIMM 00pa3oM:
M0 UMEIOIIMMCS IaHHBIM 00 MIpOKax KOMaH/bl Ha KOHK-
PETHYIO WIpy IpelcKa3aTh OTHOCHTENBHBIN pe3yibTaT
KOMaH/1bl Ha 3TOM Urpe.

Ha puc. 2 mpencraBiensl oOpaboTaHHBIC TaHHEIE:
npejjiaraeTcs He paccMaTpUBATh UTPOKOB, KOTOPHIE YiKe
HE TPUHMMAIOT y4acTHe B Wrpax (NepeHeceHsl B Tpady
«/Ipyrue»), no6aBIeHO MECTO TPOBEACHHUS KOHKPETHOM
UTPbI, @ y4acTHEe UTPOKOB (UKCHPYETCS B BUJE (IOJIN»
BKJIaJa B pe3ysbTaT KoMaHabl. CyMMa «10J1ei» BceX Urpo-
KOB JIOJDKHA OBITh PAaBHOW €JIMHUIIE.

Pemienne 3agaum  MeTOAOM  HCKYCCTBEHHBIX
HeHPOHHBIX ceTell. B kauecTBe MoJenn HEMPOHHON ceTH
ObuT BBIOpaH IBYXCIOiHBIA nepcenTpoH. OueHka mpen-
MOYTUTENBHOTO YHCIa HEHPOHOB B CKPBITOM CJIOE TPOBE-
JIEHA, UCTIONIB3Ys M3BECTHOE HepaBeHcTBo [10-12].

MPpaBUJIbHBIX
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g g HEEI E HEI
Hatum Mok | Meik | 2| 3]2]5 slalelsle|g|ls|els|5|85l8|82s
Jlata Typrup | 6annbl| Cpenree| Nunep | cpearemy | rmaepy | S || S [E[ 8| F| S| S| 8[8[&|2 |G| 8[8[5|2| 2R
09.04.2016 | 3CT1516 10 7,67 11 1,3037810,90909| 1| 1}|1fo0]Jof1]j0|O0O)JOjJOf1]OofoOo]JOofoOojJoOofO]JO]1]|5
05.11.2016 | 1CT1617 12 8,38 14 1,431981)0,85714| 1| 1|1f{0]JOof1]J0|O)JO]JOf1]OoOfOo]JOfO]jJOofO]JO]|1]|5
21.01.2017 | 2CT1617 11 8,11 12 1,35635 [0,91667| 1 |1 [(1]J0f0)J1[O0]JOfJOJO]2|0]JO|J1]OfO]JOfO]|]1([6
18.03.2017 | 3CT1617 | 14 | 1113 | 16 [1,257862] 0,875 | 1| 1| 1]0]o0|1]0]o0[o0]o|2]0]o0[1]0]o0|o0|O0][1][6
04.11.2017 | 1I'T1718 18 16,4 24 1,097561 0,75 11]1]0)0]1]J]ojofofofJOof2]0]1]1]0]OfJOfOofO][S>5
18.11.2017 | 1CT1718 17 12,67 17 1,341752 1 1{o0l1]0J1]JofojJOofoO]JO|[3]J]0O0]JO]J1]1[0]JOfO]1][6
16.12.2017 | 2IT1718 21 19,67 30 1,067616 0,7 1{1/1]0l1]J]ofojofo]Jof2]0JO]J1]J]OfO])JOfO]1[6
27.01.2018 | 2CT1718 9 9,44 19 0,95339 |0,47368| 1| 1]1[0]1f0)JO0OfOjJO]JoOf2]O0f0O]1[O0]JOfO]JO|1]|®6
10.02.2018 | 3IT1718 17 17,3 28 0,982659 (0,60714] 1 | 0O [ 0] O | 1 1/{0]J]0fo0)JO0Of2])]0fjO]J1]OfO]JOfO]1[5
10.03.2018 | 3CT1718 15 10,44 19 1,43678210,78947| 1 | 1| 1[0 | 1 1/{0]j]0foO0)jJOf1]0O0fjO]J1]OfO]JOfO]O]f®6
31.03.2018 [ 4IT1718 17 14,78 25 1,150203 | 0,68 11]0J0)j0]1]1]0fOofOfJOf1]0]JO])J1]O0]O|jOfOfO]f4
02.06.2018 | 5rT1718 29 21 29 1,380952 1 1{1|/1]1]J1]J]ofojofo]Jof1]0O0]1]O]JOfO]JOfO])O]|G®6
29.09.2018 | 1I'T1819 20 10,78 20 1,855288 1 1{1/1]1]J]0]J]0fO0)JOfO]JOfjO]JOJOjJOjJOfO])JOfO])O]|A4
03.11.2018 | 2IrT1819 21 15,56 22 1,349614 |10,95455| 1| 0| 1f{1]1fo0o)j1]o0jJoOojJofojOofo]JOofoOojJOofO]JO]O]|S
17.11.2018 | 1CT1819 16 15,43 22 1,036941|0,72727| 1| 1|1fo0]1fojOof1]J0O0]JOf1]OoOf1]OofoOo)JOofO]JO]|O]|®
15.12.2018 | 3111819 | 17 | 14,86 | 20 [1,144011] 085 | 1| 1[1|1]0Jo0]0]o0[o0Jo|1]o0[1]0]0]0|0|O0[O0][5
19.01.2019 | 2CT1819 13 11,6 15 1,12069 |0,86667f 1 |1 [1|1])0])1]J0jJOo]JOfJoOo|1[Of1]0|J]0O)J0O]JO]O]J]O]|®
09.02.2019 | 471819 21 14,6 23 1,438356 |0,91304| 1| 1| 1|{1]J]o0f1]J0]O0)JOJOf1]Of1]Of[fO]JOf[fO]JO]O]|G®6
09.03.2019 | 3CT1819 11 7 16 1,571429| 06875 1| 1]1f0]1fojoOof1]J]0]jJOof1]Oof1]Oof[fO])JOf[fO]J]O]O]|G®6
30.03.2019 | 571819 20 11 20 1,818182 1 1{1|/1]1J0]1f0ojJOofo]JOof1]0O0]1]O]JOf[fO])JOfO)O]|6E
27.04.2019 | 6I'T1819 28 20,4 28 1,372549 1 1{1|/1|1j0j0fo)j1fojof1]0]J]1]O]J]OfO)JOfO)O]|®6
15.06.2019 | 7I'T1819 6 6,43 13 0,933126 [0,46154] 1 | O [ 1] 0| 1 1/{0]1f[f0)J1[]0)JO0fjOjJO]jJOfO]J]OfO]O]f®E
28.09.2019 | 1rT1920 18 15,1 21 1,192053 |0,85714| 1O | O |11 f1[O0JO]1]1]O0]JO]jJOfOofjOf[fOf[fO]JO]|JO]|®6
26.10.2019 | 2I'T1920 19 14,6 24 1,30137 [0,79167| 1 | 1 [ 0| 1 [ 1 1/{0]J]0f1]JofO0]JOjO]JOjJOfO]JOfO]O[|6®6
16.11.2019 | 1CT1920 18 10,3 18 1,747573 1 1{1/0]0]1 1/{0]1f[1]J]0o[0]JO0OjO]JOjJOfO]JOfO]O[6®6
14.12.2019 | 3IT1920 19 12,4 22 1,532258 10,86364| 1| 1] 0[O0 ] 1 1/{1]0f1]J]0fO0)JO0fjOjJOojJOfoOo]J]OfO]O]f®E
Puc. 1. Jlannsle o pe3ysbTaTax cOpeBHOBAHUM

8 3 =S ] ] 0

Z T o Q I3 El I c [}
Nata Typunp | MecTo :amm Cpenee| NMuaep Mot k Mot k % | § |l glelegl8|&|e
annbl Cpe,quMy J'II/I/:Lepy c g g 3 E g g g g E[ ;
s|S|8|E|8|c|e[e|8|8|&
09.04.2016 | 3CT1516 | OrMA 10 7,67 11 1,30378096 | 0,90909] 0,20 0,20] 0,20{ 0,00] 0,00 0,20] 0,00 0,00{ 0,00} 0,00{ 0,20
05.11.2016 | 1CT1617 | OMA 12 8,38 14 1,431980910,85714]0,20{0,20] 0,20 0,00{ 0,00} 0,20] 0,00{0,00|0,00] 0,00 0,20
21.01.2017 | 2CT1617 | OMA 11 8,11 12 1,35635018 [ 0,91667]0,17(0,17]0,17( 0,00 0,00{0,17] 0,00/ 0,00| 0,00] 0,00 0,33
18.03.2017 | 3CT1617 | ArMA 14 11,13 16 1,25786164 | 0,875 10,17(0,17]0,17(0,00]0,00{0,17]0,00|0,00{0,00]0,00{ 0,33
04.11.2017 | 1I'T1718 | ®duecta 18 16,4 24 1,09756098( 0,75 ]0,20{0,20]0,00{0,00]0,20|0,00|0,00|0,00{0,00]0,00{0,40
18.11.2017 | 1CT1718 | ArMA 17 12,67 17 1,34175217 1 0,17]0,00{0,17]0,00{0,17]0,00{0,00]0,00{0,00{ 0,00} 0,50
16.12.2017 | 2I'T1718 | dwnecta 21 19,67 30 1,06761566 0,7 0,17]10,17{0,17]0,00{0,17] 0,00{ 0,00] 0,00{ 0,00{ 0,00} 0,33
27.01.2018 | 2CT1718| ATMA | 9 | 944 | 19 |0.95338983]0,47368]0.17]0,17]0,17]0,00] 0,17 0,00] 0,00 0,00] 0,00] 0,00] 0,33
10.02.2018 | 3I'T1718 | duecra 17 17,3 28 0,98265896 | 0,60714] 0,20/ 0,00]0,00(0,00{ 0,20/ 0,20{ 0,00/ 0,00{0,00]0,00{ 0,40
10.03.2018 | 3CT1718 | ArMA 15 10,44 19 1,43678161(0,78947]0,17(0,17]0,17{ 0,00 0,17]0,17] 0,00/ 0,00{ 0,00] 0,00{ 0,17
31.03.2018 | 4I'T1718 | duecta 17 14,78 25 1,15020298( 0,68 ]0,25(0,00]|0,00{0,00]0,25]0,25|0,00|0,00{0,00]0,00{0,25
02.06.2018 | 511718 | ®Puecta 29 21 29 1,38095238 1 0,17]0,17{0,17]0,17]0,17] 0,00{ 0,00] 0,00{ 0,00{ 0,00] 0,17
29.09.2018 | 1I'T1819 | ®duecta 20 10,78 20 1,85528757 1 0,25]/0,25[0,25] 0,25/ 0,00]0,00{0,00]0,00(0,00{0,00] 0,00
03.11.2018 | 2I'T1819 OKuT 21 15,56 22 1,3496144 |0,95455]0,20] 0,00/ 0,20{0,20]0,20{0,00]|0,20{0,00| 0,00 0,00] 0,00
17.11.2018 | 1CT1819 | ArMA 16 15,43 22 1,03694102(0,72727]0,17{0,17]0,17{ 0,00 0,17] 0,00] 0,00/ 0,17| 0,00 0,00{ 0,17
15.12.2018 | 3I'T1819 OKuT 17 14,86 20 1,14401077( 0,85 ]0,20{0,20]0,20{0,20]0,00{0,00|0,00]|0,00{0,00]0,00{0,20
19.01.2019 | 2CT1819 | AOrMA 13 11,6 15 1,12068966 | 0,86667]0,17(0,17]0,17{0,17] 0,00/ 0,17] 0,00 0,00{ 0,00] 0,00{ 0,17
09.02.2019 | 4I'T1819 OrMA 21 14,6 23 1,438356160,91304]0,17{0,17]10,17/0,17{0,00]0,17] 0,00{ 0,00 0,00/ 0,00 0,17
09.03.2019 | 3CT1819 | AOrMA 11 7 16 1,57142857 | 0,687510,17(0,17]0,17(0,00]/0,17]0,00| 0,00/ 0,17|0,00] 0,00{ 0,17
30.03.2019 | 5'T1819 | duecta 20 11 20 1,81818182 1 0,1710,17{0,17]0,17]0,00]0,17| 0,00 0,00{ 0,00{ 0,00 0,17
27.04.2019 | 6I'T1819 | ®duecta 28 20,4 28 1,37254902 1 0,17]0,17{0,17]0,17] 0,00} 0,00/ 0,00]0,17{0,00{ 0,00 0,17
15.06.2019 | 7I'T1819 OKuT 6 6,43 13 0,93312597 | 0,46154] 0,17 0,00]0,17(0,00{0,17]0,17{ 0,00/ 0,17{ 0,00} 0,17 { 0,00
28.09.2019 | 1I'T1920 OKuT 18 15,1 21 1,19205298 | 0,85714]0,17{0,00] 0,00/ 0,17} 0,17]0,17] 0,00{0,00|{0,17] 0,17 0,00
26.10.2019 | 2'T1920 OKuT 19 14,6 24 1,30136986 | 0,79167]0,17{0,17]0,00(0,17]0,17]0,17] 0,00/ 0,00| 0,17] 0,00{ 0,00
16.11.2019 | 1CT1920 | ArMA 18 10,3 18 1,74757282 1 0,17]10,17{0,00] 0,00/ 0,17] 0,17/ 0,00 0,17(0,17] 0,00] 0,00
14.12.2019 | 3I'T1920 OKuT 19 12,4 22 1,53225806 | 0,86364]0,17(0,17]0,00{ 0,00 0,17]0,17]0,17]0,00{0,17] 0,00{ 0,00

Puc. 2. O6paboTaHHbIE JaHHBIE O PE3YJIbTATAX

BenuuuHy CKpBITOTO CJIOSI IPUHAIM PaBHBIM 5
HelipoHaMm. TuN aKTHBAIMOHHOW (YHKIIMM — CHTMOW/IA.
OOydyeHne ceTH NPOBOJWIOCH METOJOM O0OpaTHOTO
pacIpocTpaHeHus] OIIMOOK. APXHUTEKTypa HCIIOJIB3yeMOM
HEWpOHHOW ceTH mpexacTaBiieHa Ha puc. 3. Pacuer Obur
nposenen B cpene Deductor Studio [13], pesymbraThl
omucansl B [14].

OpHako Takas MOJEIb HE YYMTHIBAJla HECKOJIBKO
(hakTopoB. Bo-mepBhIX, KAKIBIA MAKET BOIIPOCOB TOTOBST
U PEJaKTHPYIOT pasHble JIOAU. Bo-BTOPBIX, MecCTO
MIPOBEACHUSI WIPHI TAKKE€ MOXET OKa3aTh BIMSHHE Ha
IpoIiecc  HAaXOXKIEHHs  NPaBWIBHOTO  OTBETa W,
COOTBETCTBEHHO, PpE3yJIbTaT. YTOYHEHHBIE JaHHBIE C
NepeyHEM PEIAaKTOPOB KAXIOro rnakera B (opMmare J0IH
BKJIaJa KaXJIOTO M3 HUX (CyMMa «JI0JIel» TaKKe OJDKHA

OBITH PAaBHOHM €AWHUIIE) W MECT NPOBEICHHS WIp ObLIN
MIPUMEHEHBI B MOJEIH JABYXCJIOHHOTO mepcenTpoHa ¢ 51
BXOJIHBIM HEHPOHOM, apXWUTEKTypa CETH M PE3YJIbTaThl
noapoGHo omucausl B [15].

Tam ke OBUIM TNPOAHAM3UPOBAHBI PE3YNIHTATHI
pacderoB IO KaXJOW W3 MOAENEH M clelaH BBIBOJ O
MPEIMOYTUTSIFHOCTH ~ y4eTa TakKux (PAaKTOpoB, Kak
pelakTopsl TAKETOB M MecTa NpoBereHus. Mogeis,
co3/aHHasg U OOy4eHHAs Ha OCHOBE JaHHBIX 3a TPH roja,
ObUTa TpPUMEHEHAa K pacdeTy IPOTHO3HBIX 3HAYCHUI
nepBoro B 2020 roxy ropozckoro typaupa [16]. JanHsie,
MOJIYYEHHBIE B pe3yJbTaTe pacueTa, ObUTH ONU3KH K
peanbHBIM pesynbrataM (puc. 4), komanna «HHTemnek-
TyalbHbIE pEIIeHUs» 3aHsula l-e MecTo ¢ OOoJbIINM
OTPBHIBOM OT COIIEPHUKOB.

Bicnux Hayionanvnoco mexuiunozo ynisepcumemy «XIIIy. Cepisn: Cucmemnuii
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Puc. 3. I'pa¢ ueitponnoii cern MLP-11-5-2

Pa3pa6oTka cnenuajJbHOro npuiaoxkenusi. OxHako
JUIL TIPAaKTHYECKOTO IMPHMEHEHHS MOJIENIH ITOCTOSHHOE
UCIIONIb30BaHUE CTAHIAPTHBIX IAKETOB HENPUMEHHUMO.
Taxoke HEOOXOIUMO PEIINTh 3a7ady aBTOMATH3aLUH BbI-
00pa cocTaBa KOMaHIbI.

B cpeme Bu3yanpHOrO NpOrpaMMHUPOBaHHS OBLIO
pa3paboTaHo MPUIOKEHHWE — CUCTEMa HOAJECPIKKU IpH-
HATHUS pemieHui (puc. 4), KoTopas IO3BOJIIET OCYIIEeCT-
BJIATH CJEIYIOIINE JCUCTBHUS:

® 3arpyarb (MMIIOPTHPOBATh) UCXOAHBIC JaHHBIC U3
XLS-aiina;

® HacTpauBaTh BXOAHBIC M BBIXOAHBIC (DAaKTOPBI;

® U3MCHATH APXUTEKTYpY HEHPOHHOW ceTH (IHCIIO
CKPBITBIX CJIOEB U YHCJIO HEHPOHOB B KaXK/IOM CIIOE);

® IPOBOIUTH OOyUeHHE HEHPOHHOM CETH METO/OB
00paTHOTO PacIpPOCTPaHEHHMS OMINOOK;

® COXpaHATHh O0YUYEHHYIO CeTh Ha JIUCKE U 3arpyKaTh
€€ 3aHOBO;

® OCYLIECTBJISATh pacyeT 3HAUYEHUM Ji1 BBOAMMBIX
JAHHBIX;

® [POBOJMUTH IOMCK BAapUAHTOB COCTaBAa KOMAH/IbI.
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Puc. 4. ®opma pa3pabOTaHHOTO MPUIIOKEHHS

[Ipn HacTpolike BXOJHBIX M BBIXOAHBIX (DAaKTOPOB
(puc. 5) HeoOXommMMO yKa3aTh HMX IPUHAUICKHOCTh K
OJTHOMY M3 YETBIPEX KIACCOB!

e BHEIIHUE BXOIINE (OTICIBHBIE);

e BHEIIHHE BXOJAMueE (TpymIa);

e BHYTPECHHHE BXOJAIMINE (TPYIIIa);

® BLIXOZHBIC.
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Puc. 5. Hacrpoiika akTopos

Jns TpynmoBBIX JaHHBIX CHUCTEMa cama c/ejiaeT
mepecuer 1o «moyisiM». HemocpencTBeHHOE MPOTHO3HPO-
BaHHE cOCTaBa OyJeT OCYILECTBIATHCS TOJBKO IO KaTero-
PHHU «BHYTPCHHHE BXOJISIIHE).

[epBrrit STam pacyera (puc. 6) MOKa3bIBaeT JOCTa-
TOYHO BBICOKYI0 TOYHOCTH MOJCIHMPOBAHHS: MOKa3aTelb
«MBI K TUIepy» BO BCEX CIy4Yasx MPAaBUIBHO ONpPEAENAeT
MECTO KOMaH/]IbI.
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Puc. 6. CpaBHeHHE HCXOAHBIX TaHHBIX U PE3YJIbTaTOB

Ha cnenyromem srtame (puc. 7) MOXHO BbIOpaTh
COCTaB KOMaH/Ibl U PaCCYMTATh [IPOTHO3UPYEMOEe MeCTO (¢
YUETOM MECTa ITPOBEACHUS 1 PaMUITUii PEJAKTOPOB BOIIPO-
COB).
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Puc. 7. HpOFHO3I/Ip0BaHH6 MECTa KOMaH/ibl B 3aBUCUMOCTH OT €€
cocTaBa

[Mocnenuuit stan — pacyer BapuaHToB (puc. 8) —
MO3BOJISIET COCTABUTh CIUCOK MPOTHO3UPYEMBIX MECT
KOMaH/Ibl B 3aBUCHMOCTH OT BAPUAHTOB €€ COCTABA.
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Puc. 8. [Iporao3upoBanie Mecta KOMaH/bl B 3aBHCHMOCTH OT
BapHaHTOB €€ COCTaBa

BeiBoabl. Icnions30Banue anmnapaTa UCKyCCTBEHHBIX
HEHUPOHHBIX CETeH M ONPENCNIEHUS ONTHUMAIbHOIO
coctaBa koMauabl no urpe «Uro? ['me? Korma?» u mpo-
THO3MPOBAHUS €€ PE3yJIbTaTOB MOKET IIO3BOJIUTH 10 UME-
IOIIMMCS JAHHBIM O IPEAINOJIaraéMOM COCTaBE KOMAHJIBI,
pPENaKTOpOB MAaKEeTOB BONPOCOB W MeCTa MPOBEICHHUS
TypHUpa IpeACKa3aTb €€ OTHOCUTEIbHBIN Pe3ynbTaT MO
OTHOIICHHIO K OOEHUTEIIO M 10 OTHOIICHHIO K CPETHEMY
3HAa4YEHHIO.

Pa3paboTanHas cucremMa TOJAEPKKH TNPHHATHUSL
peIIeHni MO3BOJIIET MOCPEACTBOM Iiepebopa BapHaHTOB
JlaBaTh PEKOMEHJAUK 10 (OPMHUPOBAHHMIO KOMaHIbBI Ha
KOHKPETHBIN TYPHHUP.
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JI. C. IBAIJEHKO, O. C. KYLIEHKO

OIJISAA I AHAJII3 METOJIB MOJIEJIOBAHHSI ITPOLIECY PO3BUTKY ENIJEMII

CpOrojiHi aKTyalbHOI MPOOIIEMOIO, sIKa TOCTaNa Mepej JIICTBOM, cTana mpodiema 60poThOu 3 emigemismu i nanaeMisiMu. OZHHM i3 LUIIXIB, SKi
CIPHAIOTh BHPILICHHIO Li€i MpoOieMH, € 3aCTOCYBaHHS MAaTEMAaTHYHUX METOIB MPOTHO3YBaHHS IpPOLECy MaHAEMii 1 OLIHKa BIUIHBY 3aXOIiB, SKi
HPHIIMAIOTBCSI OPraHaMU OXOPOHH 370POB’sI, OO 3HIXCHHS PiBHS TEMIIB PO3BHUTKY 3aXBOPIOBAHHs. Y CTAaTTi HA OCHOBI aHaIi3y BEIMKOI KIIBKOCTI
iH(pOpMALIHHUX PKEPEN PO3IIHYTO HaOUIbII eeKTUBHHUMN MiAXiA 10 MATEMAaTHYHOTO 1 KOMIT IOTEPHOTO MOJICIIOBAHHS PO3BUTKY eITiieMil Ha OCHOBI
iH/IMBIyabHO-OPIEHTOBAHOTO 1 MyJbTHAareHTHOro miaxoxiB. [IpoBemeHo aHami3 NPoOIEMH MOJEIIOBAHHS PO3BHTKY emigeMiii Ha OCHOBI
MyJIbTHareHTHOrO IIAXOMY, @ TAaKOX MOXIJIMBOCTEH IIPOrHO3YBaHHs Mepebiry emizemiosnoriqHoro mporecy. HaBeneHo NpHKIax CTPYKTYpH
6araTOKOMIIOHEHTHOI IMITalifHOI MO/ Ha OCHOBI 3aralbHONPHUHATOI BepOaipbHOI MOJENI MOIIMPEHHS BipYCHHX 3aXBOPIOBaHb. SIK HpHKIAk
PO3IISTHYTO METOAMKY iIMITALlIfHOTO areHTHOTO MOJEIOBAHH 3a AOMOMOTOI0 MporpaMHoro npoaykry Any Logic npoueciB mommpenus 2019-nCoV.
OTpuMaHi ycepeaHeHi ITOKa3HUKH i ITBEPIHIM OCHOBHI CEpEIHbO TOJJMHHI Mepioiy IPOTIKAHHS 3apaskeHHs, sIKi OyJIM OTpUMaHi YUCTO CTATUCTHYHUMH
Merozamu. Ha OCHOBI aHaiizy omyOIiKOBaHHX POOIT JOCIIKEHI MOXIIMBOCTI YIPABIiHHSA PO3BUTKOM eMifieMii LUIAXOM BIUIMBY Ha Il (akTopH.
3anponoHOBaHO BITHOCHO MPOCTHH CIOCIO MAaTeMAaTHYHOTO MOCNIOBAHHS Ta MPOTHO3YBAaHHs emigeMiynoi curtyauii. [lokazaHo, 1m0 CBOEYacHHUH i
aJICKBaTHHUI1 IPOTHO3 € HEOOXIHOK YMOBOIO JUIS TIAHYBAHHS CTPYKTYPH, MaclITabiB, TEPMiHIB HEOOXiJHUX 3aXOJiB, CIIPIMOBAHMX Ha ITOTIEP SKSHHS
emiZieMill i cragaxiB 3aXBOPIOBAHOCTI, TAK CAMO Ha CKOPOYCHHSI Ta YCYHEHHSI iX HEraTUBHHX HACIiIKiB.

KaiouoBi cioBa: areHTHe MOJCTIOBAHHS, BaKLIUHALISA, eMifeMis, MaTeMaTHYHE MOJICTIOBAHHS, MAHAEMis, MPOTHO3YyBaHHS], IiMiTalliiiHe
MO/ICITFOBAHHSI.

A. C. HBAIIIEHKO, A. C. KYIHIEHKO
OB30P U AHAJIU3 METOJOB MOJEJINPOBAHUS ITPOLHECCA PA3ZBUTHA SIIMJAEMHUN

CeropHsi akTyabHON MPOOJIEMOIA, BO3HHKIIEH MEpe YeOBEUYECTBOM, CTaua mpodiieMa OOphObI SMHIAEMUSMH U MaHgaeMusMu. OIHUM U3 MyTei,
CIOCOOCTBYIOIIUX PELICHUIO ITOM MPOOIEMBI, ABISETCS IPUMEHEHHE MATEMATHYECKMX METOIOB MPOrHO3MPOBAHMS IPOIECCa NMAHAEMUM M OLEHKA
BIMSHWS MEPOINPUATHH, IPUHUMAEMBIX OPraHaMy 3IPaBOOXPAHEHHMs, 10 CHMXKEHHMIO YPOBHS TEMIIOB pa3BUTHs 3a0osieBaHus. B craThe Ha OCHOBE
aHaJn3a MHOYKECTBA HCTOYHHKOB HHA)OPMAIMH PacCMOTPeH Harboiee 3(h(eKTHBHBIN MOIX0 K MATEMATHIECKOMY W KOMITBEOTEPHOMY MOIETUPOBAHHIO
PasBUTHUSA DIUAEMAN HA OCHOBE WHIUBHIYalbHO-OPUEHTUPOBAHHOIO M MYJbTHATEHTHOIO MOAX0A0B. [IpoBeneH aHanus mpoOaeMbl MOAECIHPOBAHHUS
Pa3sBUTHUSA SMMIEMHUM HAa OCHOBE MYJILTHAI€HTHOIO IOAXO0/A, 8 TAK)KE BO3MOXKHOCTEM MPOTHO3MPOBAHUS TEUEHHS SIIHMIEMHOIOIHYECKOrO MPOIEcca.
IpuBeneH TpUMeEp CTPYKTYPHl MHOTOKOMIIOHEHTHOW MMHTAI[MOHHOW MOJIENH Ha OCHOBE OOIIENPHHATON BEpOATBHONW MOIENH PaclpOCTpaHEHHs
BUPYCHBIX 3a00J1eBanuii. Kak mpuMep paccMOTPEHO METOAMKY HMHUTALMOHHOIO ar€HTHOTO MOAEIMPOBAHMS C OMOIIBIO IIPOrPaMMHOIO IIPOAYKTa ANy
Logic npoueccos pacmnpocrpanenus 2019-nCoV. IlonydyeHHBIE YCPEAHEHHBIE IMOKA3aTENM IOATBEPANIN OCHOBHBIE CPEIHEYACOBLIE IIEPUOIBI
MPOTEKAHMUSI 3aPAXKEHUs, KOTOPbIe OBUTH MOMYYEHBI YHCTO CTATHCTHYECKAMH MeTojaMi. Ha ocHOBe aHasm3a OMyOIMKOBAaHHBIX PabOT MCCIIEI0BAHBI
BO3MOXHOCTU YIPABIEHUsS pPA3BUTHEM OIHIEMUU IyTeM BO3JEHCTBUS Ha 5TU (PakTopbl. [Ipe/UIOKEHbI OTHOCHTENBHO MPOCTOM CrOCo0
MaTeMaTHYeCKOT0 MOIETUPOBAHHS U IPOTHO3UPOBAHMS SIIHIEMUUECKOM cuTyaruu. [Ioka3aHo, 4TO CBOEBPEMEHHBIH U aJIeKBATHBII IPOTHO3 SIBJIAETCS
HEOOXOAMMBIM YCIIOBHEM IS IUTAHUPOBAHHS CTPYKTYPBI, MacITaboB, CPOKOB HEOOXOAMMBIE MEpPBI, HAIIPABICHHbIE Ha MPELYIPEKICHAE SIUACMUN U
BCIIBIIIEK 3a00JIEBAEMOCTH, TAK K€ Ha COKPAICHHUE U YCTPAHEHUE WX HETATUBHBIX TTOCIIEICTBHIA.

KuroueBble ¢10Ba: areHTHOE MOJICIMPOBAHKE, STHICMIS, MATEMATHYECKOE MOJIEINPOBAHKE, TTAHAEMHs, IPOTHO3UPOBAHNIE, HMHTALIHOHHOE
MO/ICITPOBAHHE.

D. S. IVASHCHENKGO, O. S. KUTSENKO

OVERVIEW AND ANALYSIS OF METHODS FOR MODELING THE EPIDEMIC DEVELOPMENT
PROCESS

Today, the urgent problem facing humanity is the problem of fighting epidemics and pandemics. One of the ways to solve this problem is the use of
mathematical methods for predicting the pandemic process and assessing the impact of measures taken by health authorities to reduce the rate of
development of the disease. Based on the analysis of a variety of information sources, the article considers the most effective approach to mathematical
and computer modeling of the development of the epidemic on the basis of individually oriented and multi-agent approaches. The analysis of the problem
of modeling the development of epidemics on the basis of a multi-agent approach, as well as the possibilities of predicting the course of the
epidemiological process is carried out. An example of the structure of a multicomponent simulation model based on the generally accepted verbal model
of the spread of viral diseases is given. As an example, the methodology of simulation agent-based modeling using the Any Logic software product of
distribution processes 2019-nCoV is considered. The obtained averaged indicators confirmed the main hourly average periods of infection, which were
obtained by purely statistical methods. Based on the analysis of published works, the possibilities of managing the development of the epidemic by
influencing these factors have been investigated. A relatively simple method of mathematical modeling and forecasting of the epidemic situation has
been proposed. It is shown that a timely and adequate forecast is a prerequisite for planning the structure, scale, timing of the necessary measures aimed
at preventing epidemics and outbreaks of disease, as well as reducing and eliminating their negative consequences.
Keywords: agent simulation, epidemic, math modeling, pandemic, prognostication, simulation.

Beryn. Awmamia i MaTeMaTHYHE MOJCIIOBAHHS  OCHOBHA iHQOpMAIS JUIA MPUAHATTS PIlICHb HAJTXOIUTHh
CHajgaxiB 3aXBOPIOBaHb TIPalOTh BAXJIMBY pOJIb B  Ha INOJCHHIM OCHOBI HE 3a pe3yJbTaTaMU CKJIAJHOTO
IUIAaHYBaHHI 3axXOMiB Yy BIJIOBiAb OpraHiB OXOPOHHM  IMiTaliHHOTO MOJENIOBAHHS, a 3 IPOCTOTO i MPOBEIECHOTO
3/I0pOB’S HA craylax¥ iHQEKIiHHUX 3aXBOPIOBAHb, €MileMil B  pealbHOMY dYaci CTaTHCTHYHOTO  aHami3y, 10
i manmemii [1]. OcHoBHa MeTa OyIb-KOTO TaKOTO TIPYHTYETBCA Ha MEXaHICTHYHMX MOJEISIX mepexadi
MO/ICTIFOBAHHSI — [Ie BU3HAYCHHSI XapaKTePUCTHK, TUHAMIKM ~ 3aXBOPIOBaHHS, [0  BHKOPUCTOBYIOTh  JOCTYIIHI
1 BILTMBY MIAHIEMiii, a TAKOX OIiIHKYA €)EKTUBHOCTI 3aX0/[iB  €MiJIeMiOJIoTiYHi Ta BipycoJyoriuHi qaHi [4]. MarematnuHe
B pisHuX ymoBax [2-3]. Ilpore, ciig BpaxOBYBaTH, IO  MOJEIIOBAHHS MOKE CIY)KMTH MOTYTHIM IHCTPYMEHTOM
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JUTL 0OPOOKY JOCTYITHHX JJAHUX 1 BKa3yBaTH, SKi JOTaTKOBI
BIZIOMOCTI MOXYTh OYTH KOPHUCHI TpH HPUHHATTI
YIPaBIiHCHKUX pitiieHp [5-9].

Orasg icHywunx po3podok. [[ns monenroBaHHS
JMHAMIKM PO3BHUTKY €IijieMii B JaHMii 4ac 3aCTOCOBYETHCS
B OCHOBHOMY METOJ| CHCTEMHOI IMHAMIKH, 3aIlpOIOHO-
BaHUIT DoppecTepoM, IO MiATBEPIIKYETECS poOOTaMu SIK
BITUM3HSHUX TaK i 3apyOikHuX BueHuX [1-9]. [Ipu Takomy
MiAXOMI TPOIeC PO3BUTKY CIMigeMii pO3TIAAEThCA SIK
JIMHAMIYHHEA TIPOIIEC 3 30CepeDKEHIMH apamerpamu [8],
B SKOMY BCi IHIUBIAyyMH HaJeXaTh IO JESKOTO KJacy:
3JI0pOBI, SIKI OJTyXKYIOTb, XBOpi. Takuii mijaxia peanizoBaH B
kinacuuniit momeni SIR [10-14]. MynbTHareHTHU# miaXiz
JI0 MOJISITIOBAHHSI €IiIeMiYHOT 00CTaHOBKH 3aCHOBaHUIT Ha
no0OyI0Bi 3aranbHUX 3akoHOMipHOCTeit [13] B pe3ymbraTi
MOJICTIFOBAHHS ~ B33a€EMOJIH  KOHKPETHHX  CYO’€KTiB
BCEpE/IMHI HACEJICHOTO MTYHKTY, I IIPUEMCTBA, )KUTIOBOTO
MAacHBy.

MaremaTu4He MOJETIOBAHHA IpoLecy NaHAeMii.
[lepcrieKTHBHUM HANpsSMKOM Ha CBOTOIHIIIHIA NEeHb €
BHKOPWCTAHHS, JJs BHPIMICHHS 3aBIaHb eIigeMioorii
0araTOKOMITOHEHTHHX CHCTEM, iMiTarifHOro
MO/JICTIFOBaHH. Y LIUX CUCTEMaX IOIIMPEHHS 3aXBOPIOBaHb
3aJa€ThCSl  KOMIUIEKCOM — B3a€MOJIIOYMX MiX €000k
MoOJieield, peani3oBaHUX Ha OCHOBI PI3HMX MOJEIbHUX
MiAXOMIB 1 BIAMOBINAIOTH 3a Pi3HI MOPOIECH, IO
BiZOyBalOThCS B JaHiil cucTeMi (HalpHKIal, nepecyBaHHs
IH/IUBI/IIB 1 KOHTAKTH MK HUMH, 11epedir 3aXBOPIOBAHHS Y
KOHKPETHOTO iHAWBima, po0OoTa CHCTEMH OXOPOHHU
3II0pOB’Sl OO BHSBICHHA Ta JIKYBaHHIO IHAMBINIB). Y
pa3i HEOOXigHOCTI MOJENbHHHA omuc Oyab-sSKoro 3
MpoIieciB MOXke OYTH 3aMiHEHO iHIIUM 0e3 HeoOXiTHOCTI
MIEPECTPOIOBAHHS BCi€i crcTeMu. YHiBepcaIbHICTh Oararto-
KOMIIOHEHTHOT CHCTEMH MO)Ke OyTH pO3IIMpeHa OararbmMa
crocodamu.

JletanpHi 6araTOKOMIIOHEHTHI MOJEN, MpPU3HAYCHI
JUIsL OOJIIKY BEJIMKOI KIIBKOCTI B3a€MOJIIOYMX (akTOpiB,

MOXYTb JJIEMOHCTPYBAaTH BHUCOKY CTYIIiHb peajlicTUYHOCTI
npu 30epexeHH] THYYKOCTI HAaCTPOWKU B 3aJIE)KHOCTI BiX
MOCTABJICHUX 3aBAaHb (L IPYXKHICTh JOCATAETHCSA 32
pPaxyHOK 0araTOKOMIOHEHTHO1). 3BOPOTHOIO CTOPOHOIO €
3HW)KEHHSl IIBUJAKONIl, IOB’s3aHe, B TOMY 4YHCIi, 3
HEOOXiTHICTIO OOMiHY iH(pOpPMAIi€l0 MK KOMIOHEHTAMH.
Tak, Hampukian, 3ragaHa BHIIe 0araTOKOMIIOHEHTHA
Mozenb BioWar KONEKTHBY aBTOpPIiB 3 YHIBEPCHTETY
Kapreri MemnoHn BuMarae Ui HACTPOWKH — CBOIX
mogMmopeneit 40 BXigHEX (¢aimiB 3 mapamerpaMu i
BUTPAYa€ YOTHPH 3 NOJIOBHHOIO TOIMHH Ha NPOBEICHHS
004NCITIOBAJILHOTO EKCIIEPUMEHTY 3 HaceaeHHsM 3 275.000
IHIUBIAIB.

y poborTi Jleonenxo [11], MPOTIOHYETHCS
0araTOKOMIIOHEHTHAa IHAWBIAYYM-OpIEHTOBaHa MOJENb
BUSBJICHHS I1HAMBIJIB, CXWJIBHHUX O KOJOPEKTAJILHOMY
paKy, B AKili NOETHYETHCS MOIYJISIIIHHOI OMUC JUHAMIKH
YUCIICHHOCTEH 1HIUBIIB 3 TUCKPETHO-TIOJIEBOIO MOICILTIO
MIPOTIKaHHA 3aXBOPIOBAHHS Y XBOPHX IHAWBI/IB 1 iIHIUBIIIB
B cTaHi pemicii. Mozesni Takoro THITy MOXXYTh OyIyBaTHCS
Ha OCHOBI CTOXAaCTHYHUX MOMYJIILIHHUX MoJenel B pasi,
KOJIM HEONHOPIMHICTh IHAWBINIB IOJO TPOTIKAHHI
3aXBOpIOBaHHS Hajae epeKT Ha JUHaMIKy emigeMii B
MO JIAILT.

Ieft migxim m03BOJIsAE BimOOpaXkaTH OCOOIMBOCTI
NPOTIKAHHS 3aXBOPIOBaHHSA Yy KOXKHOTO IHIWBinA 3
MOTPIOHUM CTYIICHEM JeTali3allii, Mpy bOMY MIBUAKOIISL
MOJICTIIOIOTh [IPOTPaM € JIOCTAaTHIM JUIs TNPOBEICHHS
OOYNCITIOBAIbHUX ~ CKCIICPHMEHTIB Ha INEpCOHAIBHHX
KoMII'1oTepax. Mogjenb, 1o0yJIoBaHA Ha OCHOBI TakKoro
nigxony, BUKOPUCTOBYBAJIaCs ISt HOPIBHSHHS
e(eKTUBHOCTI [TBOX METOMIB KOJOHOCKOMII iHIWBIMIIB:
¢idbpoxoroHocKkomii 1 BipryamsHa komoHockoris (BKC)
U 3amoOiraHHsA  3aXBOPIOBAHICTIO HACENCHHS Ha
KOJIOpEKTaJIbHUN pak. B po0oTi OyIio nokazaHo nepesary
MacoBoro obOcrexeHHsi 3 BukopucranHsM BKC B
JIOBFOCTPOKOBOMY TIepioii. baraTokoMIHoHEeHTHa MOJIENb,
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Puc. 1. Ctpykrypa 6araToKOMIOHEHTHOI MOJIeNIi Ha MPUKIIAAl MOZENi PO3MOBCIO/IKECHHS BipYCHUX 3aXBOPIOBAHb
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noOynoBaHa 3a aHanoriyHuM npuHImnowm [11], Takox
3aCTOCOBYBAJIACs aBTOPAaMU I MOJCTIOBAHHS TOIIAPCH-
Hs TyOepKyJb03y MOKa3aHa Ha puc. 1., e f; — Iie MPUTOK
HaceJeHHs 10 k-1 tpyn, Ujx — KinbKiCTb iHIMBiXyyMiB SKi
[epexXoadTh 3 rpynu J B rpyny K.

B ocHOBI cygacHOTO MaTeMaTHYHOTO MOJICITIOBaHHS
emijeMiii 3aKMageHWH TPUHIMI  EKCHOHCHIIaJhbHOTO
3pocTaHHA YHuclia XBopux. lle oO3Hadae, MO 3pOCTaHHSA
Yycia XBOPHUX 3 IUIMHOM 4Yacy TOCTYIOBO 301UIbINYETHCS
MPOTOPILIHHO EBHOMY KoeillieHTY, IKUI € KOHCTAHTOIO 1
PO3PaxoBYETHCS I KOKHOTO 3aXBOPIOBAHHS OKPEMO.

ImiTaniiine MoaeI0BaHHA Ta areHTHHH miaxin. B
JAaHWHA 9ac HAOWPArOTh MOMYJIAPHICTH TaK 3BaHI METOAU
IMITAIlifHOTO MOJETIOBAHHS Ta arcHTHOTO IMiAXOAdY.
CyTHICTB IMITaIliIfHOTO MOJIEITIOBaHHS MOJIATAE B TOMY, IIIO
U OCHiIKyBaHOI cHCTeMH (PO3BHUTKY eIijeMii)
OynytoTbcs Tpadidyi giarpamMu 3B’S3KiB 1 TII0OaIbHHAX
BIUIMBIB OJHUX TMapaMeTpiB Ha iHmI B yaci. CTBOpeHa Ha
OCHOBI IIMX JiarpaM MOIEJb IMITYeTbCsS Ha KOMIT FOTepi
(oHMM 3 IPOTPAMHMX MPOAYKTIB T03BOJISIOTH 1€ 3pOOUTH
e mnporpama AnyLogic). Takuii BHI MOJCTIOBaHHS
JTO3BOJISIE TIPOHUKHYTH B CyTh TOTO, IO BiMOYBAETHCS B
CHUCTEMI 1 BUSBUTH NPUYMHHO-HACIIAKOBI 3B’SI3KH MIiXK
00’eKTaMu 1 sIBUIIIAMU. METOI0 areHTHOTO MOJICITIOBAHHSI €
OTPUMAHHS YSBICHHA MpPO Il MIOOAJIbHUX MpaBHIAX,
3arajioM MOBEIHII CHCTEMH, BUXOASIIH 3 TIPUIYIICHB PO
IHAWBiqyaTbHUH, TPUBATHOMY WOBEHIHII il OKpeMHX
AKTUBHUX 00’€KTIB 1 B3aeMoMii X 00 ’€KTIB B CHCTEMI.
CamMe Takmii Meron OyB 3acCTOCOBAaHHN KHUTaWCHKUMHU
BUCHUMH JUTSI MOJICIIOBAaHHS eIifieMii KOpOHa Bipycy B
Kwurai.

ArentHe MmojemoBaHHS (AM) BUKOPHUCTOBYETHCS
JUTS  MOJCNIOBaHHSA i 1 B3a€EMOJIM  areHTtiB 3
MIePCOHATI30BaHUMH BIACTHBOCTSAMH 1 MOBEAIHKOI. BOHO
3HAXOJIUTh IIHUPOKE 3aCTOCYBaHHS B OaraTthox cdepax,
BKJIIOYAIOUM  OIOJIOTiF0, €KOJIONif0 Ta  COI[IOJIOTIIO.
OCKIBKHM, $K 3a3HAYal0oTh KHWTAWCHKI  JOCIIJHUKH,
nomrperas 2019-nCoV — 11e BiTHOCHO CKIIaIHUIA TpOIIec,
OTPUMAHHS BIATIOBIAHUX MapaMeTpiB I IOOYIZOBH
Momemi AM Baxko. ToMy B Mozeni CKIAQZHWH TpoILEC
momuperHs 2019-nCoV no neskoi Mipu CHpOIICHHI.
JlropuHa, peAcTaBICHUH y BUTIISL areHTa — OCHOBA IIi€i
imiTargiitaol momeni [1-13]. Jocnimkenns nepeadavae, 1o
CTaTyc KOXKHOI JIFOJWHU B MOJIETI MOYKHA PO3AUTUTH Ha 4
BHIW: Bpa3nuBHH, iH(}IKOBaHWHA, XBOPUH 1 3 MpHIOAaHUM
imyHiTeroM (kmacuana monens SEIR). VYV mocmimkensi
OyJs10 3p00OJIEHO MPUITYIIEHHS, II0:

® KOXHOT'0O XBOPOTO MOYKHAa €(DEKTHBHO 130JIFOBATH
1 JTIKYBaTH;

® K TIIBKU BUSBJICHO MEPIINHA BUIIAJOK 3aXBOPIO-
BaHHS, JIIOAW MOXYTh YCIIIIHO MiHIMI3yBaTH OCOOMCTI
KOHTAKTH;

e [cis NEBHOTO HPOMDKKY JIIKYBaHHS JIIOAWHA
OZYXKY€ 1 cTa€ HECIPUHHITINBUM J0 XBOPOOH.

Jst gociipkeHHsT B Mojieni OyJio CTBOpPEHE MPOCTe
IHTepaKTHBHE CePEAOBHINE. ByI0 BUCYHYTO MPHUITYIICHHS,
1o JIIOJMHA TIOCTiHHO mepebyBae BIoMa abo B TpoMa-
ChKMX MicIX. Jlo TOSIBM CHMIITOMIB XBOpOOHW (TOOTO
moauHa He iH]ikoBaHa a00 3HAXOAUTHCS B IHKyOaIitHOMY
nepiofi) BiH 3a3BMYail BUXOJIUTH 3 JOMY, NIPSMYIOUH B

IpPOMaJIChKE Micle, a ITCHs I[bOr0 IOBEPTAETHCS Hazal.
{06 imiTyBaTH TEHACHIIIO MomuUpeHHs emigemii 2019-
nCoV, B Mozeni icuyBanu 10000 4ooBik, 0auH 3 IKHUX OyB
BUIIAJIKOBO 3apaxkeHuil. Mozenp 3amyckanacst 10 pasis, i
cepenHl 3HA4eHHS IMOKa3HUKIB OyJaM B3ATI SIK pe3yibTar
excriepuMenTty. Otpumani nami Oymm BigcopToBaHi i
BiJKOPHUTOBaHI 3a JonoMororo mporpamu R3.6.2, a Mmonens
crBoproBanacs Ha ocHoBi IO AnyLogic [4]. B xomi
JOCTIDKCHHS TPYI KUTaHChKUX MEIUKIB BIAJIOCS po3pa-
XyBaTH OEsKi ycepemHEHI IMOKa3HWKH, 30KpeMa 4YacTOTy
3apakeHHs 2019-nCoV mpm ocoOuCTOMy KOHTaKTi y
naunieHtiB (10,4%); TpuBalicTh iHKYOaliHOTO TEpiony
(=6,6 nHiB) i yac, sIKMI HEOOX1AHO, 0O BUIIIKYBaTHCS IIPU
NPU3HAYCHOMY Kypci JiKyBaHHs (<9,8 1HIB).

BucnoBku. B naniit po60oTi Oyiu po3riisiHyTI METOIN
MO/ICTIFOBaHHsI PO3BUTKY 3aXBoproBaHocTi. Ha skanb, BapTo
BU3HATH, 110 Ha CHOTOJIHIIIHIHN IeHb HEe iCHY€E e(eKTUBHOI
1 YHiBepcaJlbHOI MOJIENi, SIKa Ha OCHOBI 0a30B0{ CTATHCTUKH
3aXBOpIOBaHb 3MOIJa O JOCHTh TOYHO CHPOTHO3YBaTH
BUHUKHCHHS 1 OIIHATH TMepedir TOro 4Yu IHIIOTO
3axBopioBaHHA. KoxHa XxBopoOa Mae cBOi 0COOIMBOCTI 3
oHOTO OOKY, a KpiM TOT0, HaBiTh B paMKax OIHi€T ermiemil
i 0COOJIMBOCTI B PI3HUX COILlyMax MOXYTb HPOSIBIATUCS
HEO/IHAKOBO, LI0 MM MOXKEMO CIIOCTEpIraTH Ha MPUKJIAIL
OCTaHHBOI MaHAeMil kopoHaBipycHoi iHdpekuii COVID-19,
BUK/IMKaHOT kopoHaBipyciB SARS-CoV-2. OcobnuBo 11e
J00pe TMpOCTeXYeTbCs Ha TII TOPIBHSHHSA mepediry
3axBoproBanHs B [liBaenHo-CxinHiit A3ii i B KkpaiHax
[iBgennoi i LlearpansHoi €Bporu, JIaTHHCHKOI AMEpHKH.
OpmHak cydacHEe MOJENOBaHHS (OCOONMBO B TO€IHAHHI
PI3HUX METOMIB — MATEMaTHYHHX 1 IMITAI[ITHHUX) JO3BOJISIE
OIIHUTH MAacUITa0M 1 HACHIAKH eMmiIeMid NpH pi3HHUX
CICHApisAX 1 JisX BIaOW, IO Ma€ MiJABHIIUTH SKICTh 1
e(eKTHBHICTh BXKUTUX 3aXO/IB 1 YIIPABIIHCHKUX PIllICHB.
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O. A. IIABJIOB, O. B. BO3SHIOK, O. I'. 2K/[AHOBA

3AJIAYA JIPOBOBO-JIIHIMHOI'O TPOTPAMYBAHHS B YMOBAX HEBU3HAUYEHOCTI

Posrisigaethbest 3aada ApoOOBO-TIiHIFHOTO MpOrpaMyBaHHs B yMOBaX HEBU3HAUeHOCTI. [1if HEBU3HAUYCHICTIO Y POOOTI pO3yMi€ThCSI HEOJHO3HAYHICTh
3Ha4YeHb KoediuieHTiB QyHKuIioHana ontuMizauii. HaBexeHo 1Bi MaTeMaTHyHi MOCTAHOBKY 3a[adi: B MEPLIiil 3a1adi HEBU3HAYCHICTh BiTHOCHTHCS 10
YHCENbHHKA — € KilbKa HaOOpiB Koe(ilicHTIB MiMboBoi (GyHKIIT, KOXKEH 3 SIKHX MOXE BH3HAUAaTH YHCENBHUK KPHUTEpIilo 3a/adi Ha eTami peaisamii i
PO3B’sI3KY, Y APYriii — HEBU3HAYCHICTh BiTHOCHTHCS 0 3HAMEHHHKA (QyHKIIOHATY. Y pOOOTI MPOMOHYETHCS KiJIbka KOMIIPOMICHHX KPUTEPIIB OLIHKH
PO3B’s3KiB AaHoi 3a1aui. [leTanpHO PO3IIIIHYTO ABA 3 HUX: ) 3HAXOKEHHSI KOMIIPOMICHOTO PO3B’SI3KY, Y SIKOTO 3HAYEHHS YaCTKOBHX (DYHKIIOHAIIB
BIIXWIIIIOTBCS BiJl IX ONTUMAIBHUX 3HAUCHb B 3aJJaHHX MeXax; 2) 3HAXOMKEHHS KOMIIPOMICHOTO PO3B’S3Ky 3a KpHUTepieM MiHiMizamii cymMapHOTo
3Ba)KCHOT'O MEPEBHIICHHS 3HAYCHb YaCTKOBUX (DYHKIIOHAIB BIAMOBIIHO 33/laHUX JONYCTHMHX BIAXWIICHb BiJ 1X ONTHMAJbHHX 3HAYEHDH (BENHYUH
MOCTYIOK). J[yisi 3HAXOMKEHHSI KOMIIPOMICHOTO PO3B’s3Ky 3a/1ay ApOOOBO-JIIHIHHOTO MPOrpaMyBaHHs 3a LIMMHU JABOMa KPUTEPisiIMU c(hOpMyIbOBaHa
JIOIIOMDKHA 3a/1ava JiHIHHOTO IporpaMyBaHHs, 0OMEXKEHHS SIKO1 3aJIeKaTh Bl HAIPSIMKY OITHMIi3alil BUXiAHOI 3agadi. J{JIs JOCIiDKeHHS BITaCTHBOCTEH
3aj1a4i Oy/IM POBEZEHI cepil eKCIEPUMEHTIB YOTHPHOX THIIB, METOIO KUX OyJ0: 1) MOCHiKEHHs BIUTUBY 3MiHH BEJIWYHH BCTAHOBJICHUX JOIMYyCTUMHUX
BIZIXMJICHb YACTKOBHX LIbOBHUX (YHKLIH HAa BEHYMHH (DAKTHIHUX BiJXHICHb 1 HA BEIMYUHU MOCTYIOK; 2) JAOCII/UKCHHS BIUTHBY 3MiHH €KCIIEPTHHX
Bar YaCTKOBHUX IIOBUX (YHKIIH Ha BEIMYMHU (AaKTHYHHX BiIXWIEHb 1 HAa BEMYMHU HOCTYIIOK, IIO BiJIIOBiJAIOTH OTPUMAaHUM KOMIIPOMICHUM
po3B’si3kaM. B poboTi 3anponoHoBaHi CXeMH EKCIIEPUMEHTIB 1 IPEACTaBIICH] X pe3y/ibTaTd B rpadidnomMy BUrsiAl. [1pu boMy GyII0 BCTAHOBIICHO, IO
OTpUMaHI 3aJEKHOCTI 3aJIeXKaTh BiJ HANPSIMKY ONTHMI3aLlii BUXiIHOI 3a1a4i.

Kaio4oBi c10Ba: onTHMi3aliis, HeBU3HAUCHICTbh, 3rOpTKa, ApoOOBO-TiHilHE IporpaMyBaHHs, 3a/1a4a JiHIIfHOro IporpaMyBaHHs, KOMIIPOMICHHUI
PO3B’SI30K.

A. A. IABJIOB, A. B. BOSHIOK, E. I'. ?K/JAHOBA

3AJIAYA JIPOGHO-JTUHEMHOI'O TIPOTPAMMUPOBAHUSA B YCJIOBUSIX
HEOIIPEJAEJIEHHOCTH

PaccmarpuBaercs 3aia4a JpoOHO-TMHEHHOTO POrpaMMHUPOBAHUS B YCIOBUAX HeonpeaeaeHHocTH. [1o1 HeompeneeHHOCThIO B paboTe IOHUMAETCS
HEOJHO3HAYHOCTD 3HaYeHHI K0d(DPHUIMEHTOB (YHKIMOHATA ONTUMHU3ALHHU. [IpuBeneHs! [Be MaTeMaTHYeCKHe IIOCTAHOBKH 3a1adi: B IIEPBO 3amade
HEOIIPE/IeTICHHOCTh OTHOCHTCSL K YHCIUTENIO — HMEIOTCS HECKOJIBKO HAabOpOB KOI(OHUIMEHTOB LeNeBON (YHKIMH, KaXKIbIH M3 KOTOPBIX MOXKET
OIPEAEIATh YUCIIUTEIb KPUTEPHS 3aJa4H Ha HTalle PEai3aliy €€ PEIICHH s, BO BTOPOH — HEOIPEIEICHHOCTh OTHOCUTCS K 3HAMEHATEN0 (PyHKIMOHAA.
B pabote npejuiaraercst HECKOJIBKO KOMIPOMHCCHBIX KPUTEPUEB OLIEHKH PEIICHUI paccMaTpuBaeMoil 3a1a4u. JleTaabHO pacCMOTPEHBI J1Ba U3 HUX: 1)
HaXOKJIeHHE KOMIPOMHCCHOTO PEIIeHUs, Y KOTOPOro 3HAUCHUS YacTHBIX (DYHKIMOHAJIOB OTKJIOHSIOTCS OT MX ONTHMAJIBHBIX 3HAYEHUI B 3aJlaHHBIX
npezenax; 2) HaXOXJEHHE KOMIIPOMHUCCHOTO PEILICHHUs 10 KPHTEPHUI0 MUHHUMH3ALUU CyMMapHOIO B3BEIICHHOIO HPEBBILICHHS 3HAYCHHIl YaCTHBIX
(DYHKIMOHAIOB OTHOCHUTENIBHO 3aJaHHBIX MOMYCTUMBIX OTKJIOHEHHH OT MX ONTHMAIIBHBIX 3HAYCHUH (BEIMYMHBI YCTYMOK). J{nsi HaxoXIeHHs
KOMIIPOMHUCCHOTO PeIIeHHs 3aad ApOoOHO-IMHEHHOro MPOrpaMMHPOBAHMS MO 3THM IBYM KPUTEPHSM COpPMYNIHpPOBaHA BCIIOMOTATENbHAs 3ajada
JIMHEHHOT0 MPOrpaMMHPOBAHMS, OTPAHUYCHHS KOTOPOH 3aBUCAT O HAaIlPABIICHUS ONTHMM3ALMU HCXOAHOM 3aa4u. JlIs NCCIeI0BaHus CBOMCTB 3a1a4un
OBITM MIPOBE/ICHBI CEPHU KCIEPHMEHTOB YETHIPEX THUIIOB, IENIBI0 KOTOPBIX ObLIO: 1) MCCleIOBaHHUE BIUSHUS U3MECHEHHUs BEIMYMH YCTAHOBICHHBIX
JIOIYCTHMBIX OTKIIOHEHHH YaCTHBIX IEJIEBEIX (DYHKIMH Ha BEIMYNHEI ()aKTHICCKUX OTKJIOHEHUH U Ha BEJMUYHHBI YCTYIOK; 2) HCCIIEIOBAHNE BIMSHUS
U3MCHEHHUST SKCIIEPTHBIX BECOB YACTHBIX IENEBHIX (YHKIMH Ha BEIMYMHBI (DAKTHYECKMX OTKJIOHCHHH M Ha BEIMYHHBI YCTYIOK IOJTy4aeMbIX
KOMIIPOMHUCCHBIX peltieHuil. B paboTe mpe/uioskeHs! cXeMbl SKCIIEPUMEHTOB M MPECTABICHBI UX Pe3yNbTaThl B rpaduyeckoM Buze. [Ipu 3Tom ObLI0
YCTaHOBJICHO, YTO NOTyYEeHHBIC 3aBHCHMOCTH 3aBUCST OT HANPaBJICHHs ONTHMH3AINH HCXOXHOH 3a1aqH.
KilouyeBble cjI0Ba:  ONTUMH3ALMS, HEONMPEJENCHHOCTb, CBEPTKA, JPOOHO-IHMHEHHOE
HIPOrpaMMHUPOBaHHs, KOMIPOMHCCHOE PEIICHHUE.

[pOrpaMMHUpPOBaHKE, 3aja4da JIMHEHHOro

A. A. PAVLOV, O. V. VOZNIUK, O. G. ZHDANOVA
THE LINEAR-FRACTIONAL PROGRAMMING PROBLEM UNDER UNCERTAINTY CONDITIONS

This paper addresses the problem of linear-fractional programming under uncertainty. The uncertainty here is understood as the ambiguity of the
coefficients’ values in the optimized functional. We give two mathematical formulations of the problem. In the first one, the uncertainty refers to the
numerator: there are several sets of objective function coefficients, each coefficient can determine the numerator of the problem’s criterion at the stage
of its solution implementation. The uncertainty in the second formulation refers to the denominator of the functional. We propose several compromise
criteria for evaluating solutions to the problem we consider. We study the following two criterions in detail: 1) finding a compromise solution in which
the deviation of the values of the partial functionals from their optimal values is within the specified limits; 2) finding a compromise solution according
to the criterion of minimizing the total weighted excess of the values of partial functionals in relation to the specified feasible deviations from their
optimal values (the values of concessions). We formulate an auxiliary linear programming problem to find a compromise solution to the linear-fractional
programming problems by these two criteria. The constraints of the auxiliary problem depend on the optimization direction in the original problem. We
carried out a series of experiments of four types to study the properties of the problem. The purposes of the experiments were: 1) to study how changes
in the values of the specified feasible deviations of partial objective functions impact the values of actual deviations and the values of concessions; 2) to
study how changes in the expert weights of partial objective functions impact the values of actual deviations and the values of concessions for the
compromise solutions we obtain. We propose in this work the schemes of experiments and present their results in graphical form. We have found that
the obtained relations depend on the optimization direction in the original problem.
Keywords: optimization, uncertainty, convolution, linear-fractional programming, linear programming problem, compromise solution.

Beryn. [Ipobnema mpuiHATTS pIlIEHP B yMOBax
HEBM3HAUEHOCTI 3aliMae BaXJIMBE Miclle B 3araybHIi
npoOsiemMi NMPUHHATTS pilleHb. YcmimHe i BUpIIIEHHS B
JAaHWH 4Yac HEMOXIMBO 0€3 3acTOCyBaHHS HOBHX
iH(OpPMAIIIfHUX TEXHOJIOTIH, CKIAIOBOI YaCTUHOI SKHX
MareMaTtuuHi MeToau npuiHsTTs pimens (ITP) [1].

VYcknagaroe BupimeHss 3agad I1P pizHi TpakTyBaHHS
MOHATTS  «HEBU3HAYEHICTB». ABTOp [2] po3pi3Hse
curyaniiiny 1  iHQopmamliiiHy  HeBHW3HA4YeHICTh (B
OCTaHHbOMY BHMNAJKY IepealdadaeTscs, IO HPUHHATTS
pillieHb TPOBOJUTHCS B yMOBaxX HEMOBHOI iH(opmartii).
Skimo HeBM3HaYeHICTh iH(popmauii craHoBUTH Bix 20% i

© O. A. ITasnos, O. B. Bosniok, O. I'. )Knanosa, 2021
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Oijplie, 3acTOCOBYIOTH TaK 3BaHUHM «Cipuil» aHamis.
MeToau ciporo aHalizy JOMYCKAlOTh 3aBIaHHs JCKUTBKOX
KpPHUTEpIiB ONTUMAJBHOCTI 1 pIIEHHS AEKIJIbKOX 3a/1ad
YIPaBJIiHHS, 3 ypaxyBaHHSAM MOXKJIMBOI 3MIiHM cUTyawil i
MOXIIMBOTO TEPeXO/y BiJ OJHI€T 3a1adi yIpaBIiHHS 10
1HIIOI, TP IIFOMY PO3B’SI30K 3a/1avi € MHOXHHHUM, a HE
MTOOTUTHOKHM.

Cepen BiZOMUX METOZIB Ta IMiOXOIB IO MPHAHATTS
pilmeHs HaWOIMBIINI iHTEpeC SBIIOTH Ti, IO IAlOTh
MOJKJIMBICTh BPaxOBYBAaTH OaraToKpuTepiaibHIiCTH [3] Ta
HEBU3HAUEHICTh, @ TAKOX JO3BOJLIFOTH OOUPATH PO3B’SI3KU
3 MHOXXMHM aJIbTEPHaTHB PI3HOTO THUILy IPU HAasSBHOCTI
KpHTEPIiB, 110 MAIOTh Pi3Hi TUIH IIKal BUMIPIOBAHHS.

3rizHo [4], 3a TUMamMu excriepTHOI iHpopMallii BUIi-
JISIFOTH HACTYITHI METOIM BUPIIICHHS 33a/]1a4 B yMOBax HEBU-
3HAYEHOCTI:

1) Meromyu 3 AMCKPETH3AL€l0 HEBH3HAYEHOCTI, LIO
BUKOPHCTOBYIOTHCS KOJIM B TIOCTAHOBII 3ajadi BiICYTHA
iHpopManis po ymomoOaHHS i € KiTbKicHa i/abo iHTep-
BaJbHA iHPOPMAIIisA PO HACITIAKH [5];

2) croxacTu4yHe JOMIHYBaHHS [6], METOIH IPUIAHSITTS
pillIecHb B YyMOBaxX PH3MKy Ta HEBH3HAUEHOCTI HA OCHOBI
rIo0ANbHUX KPHUTEPiiB, METOA aHami3y iepapxiii [7], me-
TOJIM TEOPil HEUITKMX MHOXXHUH [8], 110 BUKOPHCTOBYIOTHCS
KOJIA B MTOCTAHOBII 3a7ayi HaJjaHa sIKiCHa 1H(pOopMaIlis po
MepeBary Ta KiIbKiCHA PO HACTIIKHY;

3) METO/ MPaKTUYHOTO HPUHHSATTS PilLIeHb Ta METOIH
BUOOPY CTATUCTUYHO HEHAIIMHUX PILlIEHb, SIKI BUKOPHUCTO-
BYIOTbCS KONIM HajJaHa sKicHa (TopsakoBa) iH(opmarris
PO YIOA00aHHS 1 HACHIIKH;

4) wmeromu KpWBHX OaWmyXOCTi IS TPUHHATTSI
pillecHb B yMOBaxX PH3HMKY Ta HEBH3HAYEHOCTi, METOIU
JIepeB pIlIeHb Ta IEKOMIIO3UIIIHI METOAH Teopii OUiKy-
BaHOI KOPHCHOCTI, SIKi BUKOPHUCTOBYIOThCS KOJIM HajaHa
KiJIbKiCHa iH(pOpMaIisl TPO Yo 00aHHs Ta HACIIIKH.

Ha BuOip MerTosna BupilleHHS 3aJad B yMOBax
HEBM3HAYEHOCTI CYTTEBO BIUIMBAE OOpaHUi KpuTepii
onTtuMasibHOCTI. Y pobotax [9, 10] Oynu BukIameHi OCHO-
BU KOHCTPYKTHBHOI TeOpii 3HaXOJPKEHHS! KOMIIPOMICHOTO
PO3B’SI3KY IS KJIacy 3a/a4 KOMOIiHATOPHOI ONTHMI3allii B
YMOBaxX HEBU3HAYECHOCTI BUY:

S
extremum Z w;k;(0), 1)
[s30) -
i=1

e  w; — YuCHa;

ki(0) —i-ta noBIBHA uYHMCIOBa XapaKTEPHCTHKA
JomycTIMOro po3e’sisky o (i = 1,...,5);

) — MHOXHHA JOMYCTUMHX PO3B’A3KiB.

[lix HEBH3HAUEHICTIO TYT PO3YMIETHCS HEBU3HAYE-
HicTh 3HaueHp koedimientis w; (i =1,...,s). B [11]
HiATBepKEeHa e()eKTUBHCTh IUX TEOPETHUHHX IOJIOKEHb
Ha TIPUKJIANlI OJHOMPOAYKTOBOI 1 OaraTompoIyKTOBOL
3aga4i. B miii poGoti orpumani B [9-11] pesynbraTu
PO3MOBCIOKYIOTECS Ha 3amady ApoOOBO- JIiHIHHOTO
nporpamyBaHHst, ae Bemmunmen w; 1 k;(0) (i=1,...,s)
3B’s13aHI HENiHIWHO 1 (OpMaAIBHO HE HAJEXaTh A0 Kiacy
3aa4 KoMOiHaTopHOi ontumi3arii (1).

IMocranoBka 3agauvi. 3agada apoOOBO-JTIHIHHOTO
nporpamyBannst (3JII1) y nerepmiHoBaHiii MOCTaHOBII
Ma€ BUIJIAA:

noCix:

extremum %, 2
X i=1 dix,:

Ax =b,x >0, @)

e  Cq,.,Cpn, dq, ..., dy — OIHCHI UKCHA,

b= (by,..., by)T — niiicui uncna;

A= (aij) — JIIHCHI YHuCa;

x = (xq,...,%,) " — 3MiHHi 3a0a4i.

Hdns  Toro, mo0 TpH TIOSCHEHHSAX YHHKHYTH
HEOOXiJTHOCTI PO3MIISLAY MHOXHHH DI3HUX MOXIJIMBUX
BapiaHTiB, NMPHUITyCTHMO, LIO Ha X; HAKJIAJAIOTHCS TaKi
0OMEXEHHSI, TIPH SIKMX 3HAMEHHHK B (2) cTpOro 1oJaTHii
JUISl BCIX JOIYCTHMHX 3HAa4€Hb X;, a TAKOX, [0 MAKCUMYM
c(x) € ckinuenanm [12]:

n n
Z dl-x,- * O,Z dix,: > 0.
i=1 i=1

Iepma mocraHoBka 3agadi APoOOBO-JiHIHHOIO

NporpaMyBaHHs B yMoBax HEBHU3HAYEHOCTI
GBAJIIYH). Icuye R wHabopie koedimieHTiB €7 =
(cl,....,c)T,r=1,...,R MOYKJIMBUX 3HaYeHb
koedirientie ¢;, i =1,...,n. Tomi 3amaua (2)—(3)

nepetBoproeThess Ha 3JJIIIYH. 3a HasBHOCTI HeBH3HA-
YEHHOCTI CTAaBUTHCS 3afaya 3HAXO/DKCHHS TaK 3BaHOTO
KOMIIPOMIiCHOTO PO3B’sI3KY Mi€i 3a1adi.

Jpyra mnocraHoBka 3ajadi Japo0oBO-JiHiiiHOTO
nporpamMyBaHHsl B YyMOBax HeBH3HadeHocTi. Ichye R
HabopiB koedimientie d" = (dr,...,d,rl)T, r=1,...,R
MOXIIMBHX 3Ha4eHb KoediuientiB d;, i =1,...,n. Ilpu
BOMY JUIsl IOMYCTHMMHUX PO3B’SI3KiB, IO 33/I0BOJILHSIOTH
oOMekeHH:M (3), MalOTh Miclie HACTYITHI YMOBH:

n

n
Zcixi >0, Verirxi >0,

i=1 i=1
n n

Zcixl- < 400, Vrz dix; < +o.
i=1 i=1

3a HasBHOCTI HEBH3HAYEHOCTI CTaBUTHCSA 3a/ada
3HaXO/DKEHHS TaK 3BAaHOTO KOMIIPOMICHOTO pPO3B’SI3KY
3azmaudi (2)—(3).

B naniit poboTi Oynme mokaszaHo, 10 YCi pe3ynbTaTtu,
ormpumMani B [9, 10] mns kimacy 3amad KoMOiHATOPHOT
onTuMi3aii B yMoBax HeBU3HaueHOCTi BUAy (1) (ams skoi
ichye R mnabopis Baris {w},i=1,..,s},r=1,..,R
KOKHUH 3 fKHX Moxe Oyt HabopoMm KoedimieHTiB
Wq, ..., Wg 3ama4i (1) Ha erami peanmsauii ii po3B’s3Ky)
MOJYTh 3aCTOCOBYBATHCS 1 IS 3a/1a4i APOOOBO-JIiHIHOTO
nporpamyBaHHA (2)—(3) B yMOBaX HEBH3HAYECHOCTI (TIepma
1 Ipyra ocTaHoBKH). X04a ocTaHHS 3a1a4a popMabHO He
HAJIC)KUTH JI0 KJIacy 3a1a4 komOiHaTopHOi onrtumi3zamii (1),
B cuny crenudiku omHoro i3 mpuBeAeHux B [9, 10]
KOMITPOMICHHUX KPHTEpiiB Mae Miclue Oinbll eeKTHBHHUN
METOJ, PO3B’3aHHSL.
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Kpurepii orinku po3B’s3KiB AJIs EPIIOT OCTAHOBKH
3JIJIITYH. Ockinbkku B yMOBaX HEBH3HAYCHOCTI JTOCUTh
CKJIaJIHO BU3HAYMTH YiTKi KpUTepii eekTUBHOCTI po3B’si-
3aHHA, Y Uil poOOTI MPOMOHYEThCA AEKIIbKa KOMIPOMIcC-
HUX KpUTEpiiB OIIHKM PO3B’A3KYy 3ajadi, IO PO3IJIs-
JIA€THCA.

Kpurepiii 1. 3HaiiTh KOMIpOMICHHH pPO3B’S30K
X = (xl,...,xn)T, IO 3aJ0BOJBLHSIE OOMEXKEHHSAM 3amadi
(2)—(3) i mst SIKOTO BUKOHYETHCS

R
extremum Z W (
x
r=1

n T

'=1C'xi
) @

i=

=1 dixl-
Ax=b,x =0,
me w,>0,r=1,...,R — ekcrepTHi BaroBi Koedimi-
€HTH,
n T
C; Xi
fopt = extremum Ziz1 X
x Zl 14di xl
Kpurepiii 2. BseaemMo BuUIAAKOBY BEIUMYHUHY
Zl 1 Lx - .

F = 5 —fopt, ae  (n+ 1)-BumipHa JHMCKpeTHa
BI/IHa,Z[KOBa BEJINYUHA Cq, ..., Cp, fopt, 3aa€THCS TaOJIHIIETO
T T T
{Cl' - Cny fopt}/
pr>0,r=1,...,R, Y, p, =1

3HaiiTH KOMIPOMICHHI PO3B’S30K X = (Xq,...,%,)7,
0 337I0BOJIBHSIE 0OMexeHHIM 3anadi (2)—(3) 1 g sKoro
BUKOHYETHCS

R
. s 21—1 €l X
minMF =min ) p.|or—— — fopt |-
x e i=1 diX;
r=
Kpurepiii 3. 3nHaiiTu KoMnpoMicHHH pO3B’S30K

x == (x1,...,%,)7, IO 3370BONBHSAE OOMEKEHHAM 3a/1aUi
(2)—(3) i mist AKOTO BUKOHYETHCS

AiSli, liZO,izl,...,R, (5)
Iie JUTst 33241 Ha MiHIMyM:

I. 1C Xi
Ar—ﬁ f;:)pt' = ,...,R,

i=1

a JIs 33712491 Ha MAKCUMYM BiJIITOBITHO:

n T
i=1Ci Xi

Ay = fro—SEat g R
T — o , .. R.
=1 dix;

3mict Beawuud ., 7 =1,...,R: momyctumi Bigxu-
JICHHS 3HaY€Hb YaCTKOBHUX (PYHKIIIOHATIB KOMIIPOMiCHOTO
PO3B’A3KY BiJl iX ONTUMAILHUX 3HAYEHb.

Kpurepiii 4. SIkimo KoMIpomicHOTo po3B’si3Ky, IO
3aJI0BOJIbHSIE KpUTEpir0o 3 He ICHye, TO 3HaWTH
x = (xg,...,%,)T, IO 3am0BOTBHIE OOMEKEHHAM 3aadi
(2)—(3) i Ha TKOMY JOCSTAETHCSI

R
minz w, max{0;4, —[,},
X
r=1

me w,>0, r=1,...,R — ekcrepTHi Barosi koedii-

€HTH,
Kpurepiii 5. [l1s ogHoro 3 HabopiB BariB c¢',r €
{1,..., R} 3HaiiTu onTUMaNBHUI PO3B’ 30K 33124l
ZL 1C Xi
extremum
d x;
Ax=b,x >0,

SIKOMY BiJIIOBiZaio 6

R
minz j A]-,j *71,
X
j=1

ne w,>0 r=1,..
€HTH;

Kpurepii ouinkum po3p’si3kiB  aas  aApyroi
nocrtanoBkn 3/IJIIIYH. Tak sx y npyriii NOCTaHOBIN
HEBU3HAYCHICTh BITHOCHTBCA 1O 3HA4YCHb KOMIIOHEHT
BekTopy d, Kputepii aist i€l 3amadi BIAPI3HAIOTHCS Bij

>t oclx i

&i=1"-17"1 l 1

Z dix 3aMIHIOE€THCSA Ha
i=1 iXi

a MakcuMizamis/MiHiMizaris

.,R —excmeptHi BaroBi Koediri-

Kputepiie 1-5 Tum, mo BUpas

n
Yi=1 CiXi
Z? 1drxt’

P
Ln 14 L 3aMIHIOETBCS Ha MlHlMlBa]_IlIO/MaKCI/IMISaLIIIO

L:lclxl
IToGynoBa xommpomicHoro po3p’sa3ky. Ilepma
nocranoBka 3JJIITYH. Sk Bimomo [12], 3amaua (2)—(3)
3BOJIUTHCS JIO0 3ajadi JiiHiiHOTO mporpamyBanus (3JIIT)

HACTYITHAM YWHOM. BBesieMo HOBIi 3MiHHI:

($yHKIIOHATY

1

k=snam”

=kx,i=1,.

Toxi 3agava (2)—(3) npuiime BUTIIS:

n

extremum ) ¢;y;, (6)
vk 4
i=1
Ay = kb, (7
n
Z diyi=1y =0, 8
i=1
ne ¥y =)'
I[lo pos3e’ssky 3JIII  (6)—(8) 3HaxomuThCA
onTUMAaJbHUA  po3B’s3ok  3amaui  (2)-(3): x; = %,
i =1,..,n.Ilpu mpoMy onTHMaIbHE 3HAUYEHHS (QYHKIIIO-

HayiB (2) 1 (8) mpuiiMaloTh 0THAKOBE 3HAUCHHSI.

3JII1 (6)—(8) nanexwuts knacy (1) i, Takum 4uHOM, yci
pesyabratu [9, 10] MmoxxyTs OyTH 3acTocoBaHi 10 miel 3JIIT
i, K pe3ynbTar, 10 3anmadi (2)—(3) y BHmamKy, KojiH
koedimienTn d;, i = 1,...,n 3amaHi, a HEBH3HAYCHICTh
BIIHOCHUTBHCS TITBKH 10 C;, i = 1,...,n. TakuM 4uHOM, MU
JOBEJIM HACTYIIHI TBEPIXKCHHS.
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Teepmkennsn 1. [l nosinbaux q, > 0,r =1,..., R,
CIIpaBeIJIUBO

R
arg extremum Z q, (
X
r=1

n
R r
( r=19rCi ) x
n i
X - i=1 dixl-

Ax=b,x = 0.

n T
i=1Ci Xi r
- fopt

n
=1 dix;

TBepaxeHHs 2. Hexaii

x(wq, ..., Wg, Ay, ..., Ag) — po3B’s130K 33124l

X (Erey o)) %
min )

ne A,> 0,r =1,..,R BU3HaUarOThCA BHpa3oMm (4), Tomi

SKIIO (1)]'- >w;, TO A Mae Mmicie  x(wiq,
1 ! !

vy Wj_q, W, Wjiq, ..., WR, AL, ..., AR)

(w; — wj)(4; — 4) < 0.

TBep/okeHHST 2 OYEBUIHMM CIIOCOOOM BHHHKAE 13
Hacika 4 TBepkeHHs 5 B [9].

Hacuaigox 1. Sxmio |forpt| <oo,r=1,...,R, T0 B
CHIIy TOTO, YTO MHO)XMHA BepIIMH MHororpaHHuka 3JIIT
(6)—(8) xinuesa, 3aBxu icHye Take w; > 0 BenuuMHa
AKOTO 3aNEXKHUTh BiJl 3HAYEHD W1, ..., Wj_1, Wjiq,..., Wg,

110 171l BCIX 3HAYEHb O; > W] Y PO3B’A3KY
x;(0q, -, (oj_l,(T)j,wj+1,...,(oR),i =1...,R (9

Bemmunna A; nopiBHIOE Hyio, TOOTO po3B’s130k (9) €
ontUMaNbHUM Ui 3amadi  (2)—(3) 3 koediuieHTamMu

a;=aj,i=1,...,n, [OpUYOMy  I1BOMY  pPO3B'A3KY
BiJITIOBiJJa€ MiHIMYM BHpa3y
R
min ) w,|=-—
x r F opt )»
r=1
T£j
ae
n
— T ~
E = Z ci xi(wq, ..., Wj_1, O, Wj41,+ -, WR,
i=1
! r r !
Do D521, 0,474, AR),

n
F = Z dixi(u)l, ey (1)]'_1,(;)]', (1)]'+1,...,(1)R,
i=1
! ! ! !
1w 851, 0,854, AR).
Hacainok 2. B cuny pesynpTariB, 10 BUKJIaIEHI B
[1,2], nns 3amaqi

- X e grel) x;
min )

Mae Micue OYEBWIHHWH aHajJor TBEpMKEeHHS 2 1 ioro
HACJIJIKIB.
Hami nns mepmoi mocranoBku 3JIIIYH OymyTs
JIETaIbHO PO3TIIHYTI KpuTepii 3 Ta 4.
3HAXOIKeHHSI KOMIIPOMICHOrO0 PO3B’SA3KY 3a
_ i

kputepismu 3 Tta 4. KommnpomicHuA po3B’s30K (X; = o
(o

i =1,...,n) 3a kpurepisimu 3 Ta 4 (KO 32 KpUTEpieMm 3
PO3B’A3KYy HE iCHY€) 3HaXOAMTHCS 32 PO3B’SI3KOM HACTYII-
Hoi 3JIII:

R

z = min Z Wy Zy,
y.z,k
-

(10)
=1
Ay = yOb' (11)
n

Zdi yi=1,
12
i=1 ( )

n

ZC{yi_ZTSfoTpt+lr;T:1,...,R. (13)

i=1

Skmo BuxigHa 3amada (2)—(3) € 3amauero Ha
makcumyM, 1o B 3a1a4i (10)—(13) uepisuocri (13) maroTh
BHUTJISIL:

n

Zciryi + z, Zforpt_lr'r =1..,R

i=1

3MICT BEeIWYUH Z,., T = 1,..., R: BeJIUUnHA, KA TO-
Ka3ye HACKUIbKM MH IOBHHHI “TIOCYHYTHCS (TIOCTY-
MMUTHCH) BiJl BCTAHOBIICHOTO JOMYCTHMOTO BiIXHMJICHHS BiJ
HAMKPAIIOro 3HAYCHHS 7'-TO YaCTKOBOTO (DyHKI[IOHANY Y
BUIIAJIKY SIKIIO HE 3aJ0BOJIbHSIOTHCS 0OMekeHHs (5).

Ipumitka: 3JII1, 00 BiANOBIAAIOTH KOMIIPOMICHUM
po3B’s3kaM 3a kputepismu 1, 2 Tta 5 GOpMymOOTECS
AHAJIOTIYHO 3 BUKOPUCTAHHIM PE3yJIbTaTiB, OTPUMAHHUMHU B
[10].

ExcnepnmenTaiabHe JAOCiIKeHHS. Mertoro
SKCIICPUMCHTIB € JOCIIDKCHHS 3aJeKHOCTI BUXITHHX
JAHWX 3a]1a4i BiJ] 3MiHU JCSKHUX BXIJTHUX napametpis. [daii
OyAyTh TpPENCTABICHI PE3YyJIbTATH CKCICPUMEHTIB IS
3amad po3mipHocTi n=5m =5R =05, a BenmuuuHH
c=(c,...,cy)T, d=(dy,...,d,)T, b= (by,...,b,)T,
A= (aij), i=1,...,m, j=1,...,n po3moaiIeHi piBHO-
MIipHO.

Excnepument Tuny 1. Meta — gociipkeHHS TOTO,
SIK BIUIMBAE€ 3MiHA BEJIMYMH BCTAHOBJCHHX IOIMYCTHMHX
BiIXWJICHb YACTKOBHX IUIThOBHX (yHKIiH [, Big ix
ONTUMAIIbHUX 3HAYEHb Ha 3MiHHI 3ajadi z,, ¥ = 1,...,R.
Hns nesxoi 3JJIIIYH iwminianizyroTeess 3Ha4YeHHs L., a
MOTIM 1[I 3HAYCHHS 3MIHIOIOTHCS 3 TICBHUM KPOKOM 1 JIJIst
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KOKHOTO Habopy L., v = 1,..., R po3B’sA3y€eThes L 3a/1a4a.
Hwkxye HaBeICHO MPUKIIAT CXEMHU CKCIICPUMEHTY THITY 1.
3renepysary inauBinyansay 3/JIITYH P.
Beranosutn 1, = 1,1, = 1,13 = 200,1, = 502,15 =
102.
for N:= 1 to 500
Po3B’s3aT

3amauy P 3 mapamerpamm

L, 1,151, 1

l;:=1; +0.00001
2:=1,+0.000015
3:= 134+ 0.00002

ly:=1,—0.002

lg: =15 —0.0015

Ha puc. 1 ta 2 HaBeneHi pe3ybTaTH eKCIIEPUMEHTY.
3 HUX BHIHO, IO AK y BHUMAAKy MakKCHMi3amii Tak i y
BHIAJIKy MiHIMi3alii Mae Micle YiTka 3aKOHOMIpHICTh —
npy 30UIbIIEHH] Ben4uH L., v = 1, ..., R Benuuunu z,., v =
1, ...,R 3MeHImy0OThCA ab0 3aJUIIAIOTHCS CTATUMH Ha
NIeBHUI IHTEpBaJ i HABMAKH.

ExcnepumenT Ty 2. Merta — 10CIIKEHHSI TOTO, SIK
BIUIMBAa€ 3MiHA BEIUYMH EKCIHCPTHUX Bar YacTKOBHX
OUTBOBUX (YHKIIH ), Ha 3MiHHI 3amadi z,. Jmsa meskoi
3JUIIYH iHimiamizyloTbcs 3Ha4eHHSI ,, a MOTIM IIi
3HAYCHHS 3MIHIOIOTHCS 3 TICBHUM KPOKOM 1 IS KOXKHOTO
Habopy w,, ¥ = 1,..., R po3B’s3yeTbes 14 3anada. Hume
HABEJICHO MPUKJIAJ CXEMH EKCIICPUMEHTY TUITY 2.

3renepyBatH inauBinyansay 3/JIITYH P.

o~ e~

BcranoButH w;=1w, =1,w; =200,0, =
502, ws = 102.
for N:=1 to 500
Posp’sizatm  3amauwy P 3 mapamerpamu

W1, Wy, W3, Wy, W5
W= W + 0.00001

w,: = w, + 0.000015
w3:= w3 + 0.00002
Wy = w, — 0.002
ws: = wg — 0.0015

Ha puc. 3 Ta 4 6aunMo K A 3a/1a9i HA MAaKCUMYM
TaK i Ha MIHIMYM 9iTKY 3aKOHOMIpHICTb — IIpH 301IBIICHH]
BEJIMYUH W,, T = 1, ..., R 3MEHIIyIOThCSI 200 3aTHIIAIOTHCS
CTAJIMMH Ha TIEBHUH IHTEpBal BEIUYUHH Z., 7 = 1,..,R i
HaBMaku. TakoX CIijJ 3a3HAYMTH, IO JaHI 3aJIeKHOCTI
MaroTh cTymiHpyacty gopmy. Lle o3Hauae, mo icHye Taka
KOMOiHAIisl 3HAYEeHb MapaMeTpiB w,, 7 = 1, ..., R mpu sxux
BEeIWYUHH Z,., 1 = 1,..,R pi3ko ab0 3MEHIIYIOTh abo
30UIBIIYIOTh CBOE 3Ha4YeHHS. B ycix iHmMX BapiaHTax
ICHYIOTb 1HTEpBalIW INpH SIKUX 3HA4eHHS Z.,7 =1,..,R
OyIyTh 3JIMINATUCS CTAIMMHM HE JAWBISTYNCH HA 3MIiHY
mapameTpiB w,, 7 =1, ..., R.

Excnepument Tumy 3. MeTa — Z0CIiIPKEHHS TOTO, SIK
BIUIMBA€ 3MiHAa BEJIMYMH BCTAHOBJICHHX JIOMYCTHMHUX
BIIXWJICHb 3HAYEHb YACTKOBUX LIIbOBUX (YHKIK . Ha
BennunHu A,. Hulue HaBeleHO MPUKIA] CXEMH eKclie-
pUMeHTY Tuny 3.

3renepysary inauBinyansay 3/JIITYH P.

Bceranosutn [y = 1,1, = 1,1; = 200,1, = 502,15 =
102.

for N:= 1 to 500

Po3B’s3atn

3amaqy P 3 mapamerpamu

ll‘ lz, l3, l4, ls

o~

11=1, +0.00001
:=1, + 0.000015

o~
N

L: = L + 0.00002
l4_: = l4 —0.002
ls: = ls — 0.0015

Ha puc. 5 ta 6 Oaummo, mo 30iMbIIEHHT abo
3MEHIIEHHS BenwduH [, 7 = 1, ..., R He rapaHTylOTh HaM
3MeHIIeHHS abo 30unbmenHs A,,r = 1, ..., R BiAnoBigHO.
Le 3ymoBnene Tum, mo Ha Benuuuny A, r=1,..,R
BIUIMBAIOTh HE TUIbKK mapameTpu L.,r =1, ..., R, a Takox
i w,r=1,..,R i skmo skuics w,r=1,..,R €
OCTaTHBO MaJMM B TIOPIBHAHHI 3 IHIOINMH, TO HE
IUBISYKNCH HA TE, II0 MM BCTAHOBHMO Majle 3HAUYCHHS
l,,r =1, ..,R, TO Bce OJHO OTPUMAEMO JOCTATHHO BEJIUKE
A,r=1,..,R.

ExcniepumenT THIy 4. MeTa — AOCIIPKEHHS TOTO, SIK
BIUIMBA€ 3MiHA BEJIMYHUH BCTAHOBJICHHX JOMYCTHMHX
BiIXMJICHb 3HAYCHb YACTKOBHUX IIJIHOBUX QYHKIH ), Ha
3MiHHI 3ama4i A,. g nesxoi 3JIITYH inimiami3yroTecs
3HAYEHHS W,, a TIOTIM I1i 3HAYCHHS 3MIHIOIOTHCS 3 IICBHUM
KpOKOM 1 Jmsi KOXHOro Habopy w,, r=1,...,R
PO3B’SA3YEThCS 11 3aaa4a. Hullle HaBeIeHO PUKIIA]] CXeMU
eKCIIepUMEHTY THUILy 4.

3renepyBartu inauBinyansay 3JIIIYH P.

BceranoButn w; = 0.00001, w, = 0.00001, w3 =
0.00001, w, = 0.001, ws = 0.001.

for N:= 1 to 500

Po3p’sa3atn
Wq, W3z, W3, Wy, Wg
w;:= w; +0.00001

3amaqy P 3 mapamerpamu

w,:= w, + 0.000015
w3:= w3 + 0.00002
w,: = w, — 0.002
ws: = wg — 0.0015

Ha puc. 7 ta 8§ 6aunmo 4iTKy 3aKOHOMIpPHICTh — TIpH
30UTBIICHHI BEIHYHH W,,7 = 1, ..., R 3MEHIIyIOTbcA abo
3IMINAIOTBCS CTAIMMM Ha TIEBHUH IHTEpBaN BEIMYUHU
A, v =1,..,R inaBnaku. Takox CJIi/1 3a3HAYNTH, 110 JaHI
3aJISKHOCTI MalTh CcTymiHpuacTy hopmy. Lle o3nagae, 1o
iCHye Taka KOMOIiHAllis 3Ha4yeHb I[apaMeTpiB W7 =
1,..,R 3a sxkux BemmumHu A, r =1,..,R pizko abo
3MEHIIYIOTh a00 30UTBIIYIOTH CBOE 3HadYeHHs. B ycix
IHIIUX BapiaHTax ICHYIOTh IHTEPBAIM 3a SKUX 3HAUCHHS
A,,r=1,..,R OyoyTh 3QJIAIIATUCS CTAIUMHU HE JHBIIS-
YHCh Ha 3MiHYy MapaMeTpiB w,,r =1, ..., R.

BucHoBku. B poGorti Briepire po3risHyTO IBi 3a1adi
JIpoOOBO-TIHIHHOTO TIPOrpaMyBaHHS B YMOBaxX HEBH3Ha-
YeHOCTI Ta II'SATh KOMIIPOMICHHMX KpHUTEpPiiB OIIHKK iX
po3B’s3kiB. Jnmsg 3amadi  IpoOOBO-TIHIMHOTO MpOrpamy-
BaHHs, JI€ HEBH3HAYEHICTh BIJJHOCUTHCS IO YHMCEIIbHHUKA
JIETAILHO PO3TIISTHYTO J1Ba 3 HUX:

1) 3HaXO/PKEHHSI KOMIIPOMICHOTO PO3B’SI3KY, Y SIKOTO
3HAYCHHS YaCTKOBUX (DYHKIIOHATIB BLAXMISIOTHCS BT iX
ONTHMAJIFHUX 3HA4YEHb B 331aHUX MEXaxX;

2) 3HaXO/PKEHHS! KOMIIPOMICHOTO PO3B’SI3KYy 33 KpH-
TepieM MiHiMi3alii 3Ba)KeHOT CyMH BEJIMYMH HOCTYTIOK.

Jdnst  3HaxXOMKEHHST  KOMIIPOMICHOTO — PO3B’SI3KY
chopmyboBaHa IOTIOMIDDKHA 3ajada JiHIHHOTO TMporpa-
MYBaHHS.
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Puc. 2. Pe3ynbratu ekcriepuMeHTy THITy 1 U1 3a/1a4i Ha MiHIMyM
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Puc. 3. Pe3ynpraTi eKCriepUMeHTY TUITY 2 Uil 33/1a4i Ha MAaKCUMYM
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Puc. 7. Pe3ynpTaTi eKCliepUMeHTY TUITY 4 11 3a/1a4i Ha MAaKCUMYM
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Puc. 8. Pe3ynbraTtu excriepuMenTy THITY 4 [T 33/1a4i Ha MiHIMyM

bynu mpoBeneHi e€KCHEPUMEHTH YOTHPHOX THIIIB,
METOIO0 SIKUX OYJIO JOCHIIKEHHs BIUIMBY 3MiHHM BEJIMYHH
BCTAHOBJIGHUX  JONYCTHMHUX  BIIXHJIEHb  YaCTKOBHX
OUTBOBUX (YHKIIH Ta EKCIIEPTHUX Bar Ha BEIWYHHHU
(aKTUYHUX BIIXWJICHb i Ha BEIMYWHH ITOCTYNOK. AHai3
pe3yNbTaTiB  OMHCAHUX EKCHEPHMEHTIB II0Ka3aB, IO
OTPUMaHI  3aJIS)KHOCTI  BIMOBIJAIOTh TEOPETHYHOMY
MaTepiary. A caMe MITBEpIKEHO, IO BCTaHOBIICHI
JOIYCTUMI BIIXWJICHHS 3HAa4€Hb 4YaCTKOBHUX LIBOBUX
¢yHKIiN Ta Barosi Koe(ili€HTH BIUTUBAIOTHh HAa BEINYHHY
MOCTYMOK. Takok MiATBEpHKEHO, IO BaroBi KoeQillieHTH
BIUIMBAIOTh HAa 3HAYCHHA PI3HUII MDK 3HAYCHHSIM
YacTKOBOI HTbOBOI (PYHKIIT Ta ONTHUMYMOM BCi€l 3amadi.
Bussneno, mo rpadikd OMMCaHWX 3aJEKHOCTEH YacTo
MaloTh CTYHIHBYACTy (OpMY i IIe B CBOIO Uepry notpedye
OB AETANBHOrO JOCHIIKEHHS. TakoX, € I[iKaBUM TOH
¢akr, 1mo JyIs 33134 Ha NOIIYK MakCUMyMa 1 MiHIMyMa SIK
MIPAaBUJIO HE CITIBIAJA€ KUTBKICTh “CXOMUHOK™ 1 iHTEpBaIU
3a SIKUX BEJIMYHMHHU, 110 CIIOCTEPIraroThCsl, MalOTh OJIHE 1 Te
XK caMme 3HaYCeHHS.
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YIIPABJIIHHA B TEXHIYHUX CUCTEMAX

YIIPABJIEHHUE B TEXHUYECKUX CUCTEMAX

CONTROL IN TECHNICAL SYSTEMS

YK 629.3.017.5 DOI: 10.20998/2079-0023.2021.01.05
E. E. AJIEKCAH/IPOB, T. E. AJIEKCAH/IPOBA, A.JI. TPUTOPBEB, A. I0. MOPI'YH

O BJINSTHAU KOJJEBAHUM TPAHCIIOPTUPYEMOM )KHUJIKOCTH HA OBJIACThH
YCTOMYUBOCTH 3AMKHYTOM CUCTEMBI ABTOMATHYECKOI'O YIIPABJIEHHAA KYPCOM
ABTOMOBWJIA

PaccMOTpeHB! CylIecTBYIONIHE PabOTHl IO ONTUMHU3ALMH aBTOMOOMIBHBEIX CHCTEM KypcoBOil ycToiumBocTH. CocTaBieHa MaTeMaTHuecKast MOJENb,
KOTOpasi ONMCHIBAaeT BO3MYIICHHOE JBIKEHHE aBTOMOOWIISI ¢ IIUCTEpHOU. [laHHAss MaTeMaTHYecKas MOJIelb [I03BOJISIET YIeCTh KOoJeOaHHs! CBOOOXHOM
MOBEPXHOCTU JKUIKOCTH M ONpENelIuTh UX BIHSIHHE HAa KypCOBYIO YCTOHUYHBOCTH aBTOMOOHJIA IIPU PABHOMEPHOM IBIDKEHHM U BO BPEMsS PE3KOro
TOpMOXKkeHUsI. ONHCaHBl XapaKTEPHCTUKH aBTOMOOWIIA-TOINIMBO3AIPABIINKa, KOTOPBI HCIIONB30BalCs Ui NPOBENEHHS pacdueToB. Paspaboran
ITOPUTM BBIBOZIA XapaKTEPUCTHYECKOTO YPAaBHEHMS I CIOXKHOH CHCTeMBI IU((epeHIHAIbHBIX ypaBHEHMI, ONMCHIBAIOIEH IMHAMHYCCKUE
HU3MEHEHHUs TApaMeTPOB [BIKEHHUs aBTOMOOMIISA C LIUCTEPHOH, KoneOaHus NapuuaibHbIX CIIOEB JKHUIKOCTH B LHCTEPHE, PaOOTy 2JIE€KTPOMArHUTHOIO
IIPUBOJIA YIIPABILIOIIETO KianaHa u dekTporHoro [TN]I-perynsaropa Ui ABYXKOHTYPHOIT CHCTEMBI 00ecriedeHus KypcoBoli ycroitunoctr. Ha ocHoBe
pa3paboTaHHOH MaTeMaTHYeCKOH MOJENH HCCIEoyeTcsl BIMSHHE BBIHYKICHHBIX KoJeOaHMII *KHUIKOCTH Ha OOJACTh YCTOHYMBOCTU CHCTEMBHI B
IUIOCKOCTH BapbUPYEMBIX HapaMeTpoB peryisaropa. [loka3aHo, 4TO HM3KOYACTOTHBbIE KOleOaHUs CBOOOJHON MOBEPXHOCTU KUAKOCTH HPHBOIAT K
3HAYUTEIEHOMY COKPAIEHUIO 00JIACTH YCTOWYNBOCTH, YTO CBUACTENHCTBYET O HEOOXOJMMOCTH ydeTa TaKUX KoJIeOaHUi IpH pelIeHnH 3a1ad aHaIu3a
W CHHTE3a ITOH CHCTEMBI. YCTaHOBIIEHO, YTO JUIS aBTOMOOMIIS C IIUCTEPHOI, T/I¢ IPONCXOIIT HU3KOYACTOTHBIC MOIEPEYHbIC KOJTeOaHNUs )KUIKOCTH,
KOTOpbIE CONPOBOXKAAIOTCS IepepaclpesieleHHeM MacChl, YTO BO3MYIIAeT ABIDKEHHE, yBeIMYEHHE KypCOBOI CKOPOCTU OJHO3HAYHO HMPHBOIUT K
CHIDKEHUIO KypCOBOH yCTOMYMBOCTH. DTO MO3BOJIMIO HCKIIOUUTH 3Ty CKOPOCTh M3 YHCIA BAPbUPYEMBIX NApaMETPOB M CYIIECTBEHHO YNPOCTUTH
pemraemyto 3ajauy. IIpoBesieHbl pacy€ThI U1 pa3HBIX yPOBHEH 3arpy>KEHHOCTHU LIUCTEPHBL. Y CTAHOBIIEHO, YTO YPOBEHB KHKOCTH B IUCTEPHE, C YUETOM
€ro CBSI3H CO CKOPOCTBIO JBH)KEHUsSI, OKa3bIBaeT HEOAHO3HAUYHOE BIHMSHUE HA KypCOBYIO YCTOMUMBOCTb aBTOMOOMIIS, M OIPaHUYUBATh MCCIIEIOBAHUSA
pacueramu s ciydast 50 % Harpysku HeomycTUMO. BMecTo 3TOro ynpoleHus HeOOXOANMO HAXOAUTH JINHHIO, KOTOpasi OrH0aeT CBEPXY Te IPAHULIBI
YCTOWYHMBOCTH, KOTOPBIE COOTBETCTBYIOT MHOTUM YPOBHSM JKHJIKOCTH.
KaroueBble cjioBa: KoneOaHHs )KUIKOCTH; KypcoBasi yCTOHYHUBOCTD; 00JIaCTh YCTOHYMBOCTH; 1ucTepHa; [T /]-perynsaTop; mapamerpsl.

€. €. AJIEKCAH/IPOB, T. €. AJIEKCAH/IPOBA, O. /1. TPHTIOP’€B, A. IO. MOPI'YH

PO BILIUB KOJUBAHb TPAHCIIOPTYEMOI PIIMHU HA OBJIACTh CTIMKOCTI 3AMKHEHOI
CUCTEMHU ABTOMATUYHOI'O KEPYBAHHS KYPCOM ABTOMOBLIA

Po3risiHyTO icHYIOUi poOOTH U1 ONTHMI3allii aBTOMOOIIBHUX CUCTEM KypcoBoi cTilikocTi. CKIIaIeHO MaTeMaTU4YHY MOJIENb, SIKa OMHUCYE 30ypeHni pyx
aBTOMOOINIA 3 IcTepHO. JlaHa MaTeMaTH9YHA MOJIENb J03BOJIsIE BpaXyBaTH KOJMBAHHSA BiIbHOI MOBEPXHI PiJIMHN Ta BU3HAYUTH iX BIUIMB Ha KypCOBY
CTiKiCTh aBTOMOOINA MiJ Yac PIBHOMIPHOTO pyXy Ta pi3Koro raiapMyBaHHsA. OmMcaHi XapaKTEPUCTHKM aBTOMOOLIS-TIANMBO3ANPABHUKA, IO
BHKOPHCTOBYBABCSl JUISl IPOBEIECHHS PO3PaxyHKiB. Po3po0iieHO anropuTM mHOOYHOBHM XapaKTEPUCTHYHOrO DIiBHAHHSA U CKJIAJHOI CHCTEMH
JepeHiifHIX piBHAHB, 1[0 ONKCYE IMHAMIYHI 3MiHH TapaMeTpiB pyXy aBTOMOOINS 3 IMCTEPHO0, KONMBAHHS MapIialbHAX MPOIIApKIB PivHA y
IIUCTEPHI Ta POOOTY €NEeKTPOMArHiTHOTO NPUBOJY KEpyroUoro KiamaHa i enekrponHoro ITIJ[-perymnstopa mis ABOKOHTYpHOI cucTeMu 3a0e3ledeHHs!
KypcoBoi cTiiikocTi. Ha 0cHOBI po3p0o0i1eH0T MaTeMaTHYHOT MOJIENi JOCIIDKYETHCS BILTUB BUMYIICHUX KOJIMBAHb PiIMHU HA 00JIACTh CTIHKOCTI CUCTEMHU
B IUIONIMHI BapiifoBaHHX mapaMeTpiB perynsrtopa. IToka3aHo, 0 HU3bKOYACTOTHI KOJIMBAHHS BiNBHOI TOBEPXHI PiJIMHU TPU3BOAATH IO 3HAYHOTO
CKOPOYEHHS 00JacTi CTIHKOCTI 3aMKHEHOI CHCTEMH, IO CBiYMTH NPO HEOOXiJHICTh BpaXyBaHHsS TAKMX KOJNMBaHb NMPH BUPINICHHI 3a]ad aHaMi3y i
cuHTe3y I1i€i cucteMu. BcraHOBIEHO, 110 Uit aBTOMOOLUIS 3 IMCTEPHONO, 1€ BiAOYBArOTHCS HU3bKOYACTOTHI MOMEPEYHi KOJMBAHHS DPiJUHH, SKi
CYIIPOBOJDKYFOTBCS TIEPEPO3IIOIIOM MacH, M0 30yproe pyX, 30LIbIICHHS KypCOBOI IBHJIKOCTI OZHO3HAYHO NPH3BOAUTH JO TOTIPINEHHS KypCOBOL
crifikocti. lle 03BONMIO BUKIIOUMTH IO MIBHAKICTH i3 4YMCIa BapiHOBaHMX MapaMeTpiB i CyTTEBO CIPOCTUTH BHpillyBaHy 3amady. IIpoBeseHi
PO3paxyHKH JUIsl pI3HUX PIBHIB 3aBaHTAXEHOCTI IMCTEPHH. 3’ICOBAHO, L0 PiBEHb PIAMHHU B LIUCTEPHI, 3 ypaxyBaHHIM HOTO 3B 53Ky 31 HIBUAKICTIO PyXY,
OKa3ye HEOJHO3HAUHMH BIUIMB Ha KypCOBY CTiHKiCTh aBTOMOOiNs, i 0OMeXyBaTH JOCHIKEHHS po3paxyHKaMH Ui BUIanKy 50 % HaBaHTa)XEHHS
HENPHITYCTHUMO. 3aMiCTh I[bOTO CHPOIIEHHS TpeOa 3HaXOMHUTH JIiHiI0, sIKa OTHHAE 3BEPXy Ti MEXi, 10 Bi/INOBIIAI0Th OAaraTboM PiBHSM PiJMHH.
Ku104oBi ci10Ba: KOMMBAaHHS PiJMHK; KypCcOBa CTIHKICTh; 001acTh cTiiikocti; nucrepHa; I11J]-perymnsarop; napamerpu.

Y. Y. ALEKSANDROV, T. Y. ALEKSANDROVA, A. L. GRIGORIEV, Y. Y. MORHUN

ABOUT THE INFLUENCE OF VIBRATIONS OF THE CONVEYED LIQUID ON THE AREA OF
STABILITY OF A CLOSED SYSTEM AUTOMATIC VEHICLE COURSE CONTROL

The existing publications that investigate vehicle course stability optimization were analyzed. A mathematical model, which describes the disturbed
movement of a car with a tank, was compiled. This model allows to consider the liquid free surface oscillations and determine their effect on the car
course stability during constant motion or emergency braking. There was described the main information regarding the car that was used to perform

O E. E. Anexcannpos, T. E. Anexkcannposa, A. JI. I'puropses, 5. 10. Mopryn, 2021
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mathematical calculations. An algorithm was developed for deriving the characteristic equation for a complex system of differential equations describing
dynamic changes in the movement parameters of a car, oscillations of partial layers of liquid in a tank and the operation of an electromagnetic drive of
the control valve and an electronic PID controller for a two-circuit system for ensuring course stability. Based on the developed mathematical model,
the influence of forced oscillations of the fluid on the stability area of the system built in the plane of variable parameters of the controller is investigated.
It is shown that low-frequency oscillations of the free surface of a liquid lead to a significant reduction in the stability area, which indicates the need to
consider such oscillations when solving problems of analysis and synthesis of this system. It was found that for a car with a tank, where low-frequency
transverse oscillations of the liquid occur, which are accompanied by a redistribution of mass and disturb the movement, an increase of the speed
unambiguously leads to a deterioration in directional stability. That enables exclusion of speed from the number of variable parameters and significantly
simplify the problem being solved. The calculations for cases with different loading levels were performed. It was found out that the level of liquid in
the tank, considering its relationship with the speed, has an ambiguous effect on the car course stability, and it is unacceptable to limit the research
calculations to the case with 50 % load. Instead of this, it is necessary to find a line that bends from above the stability boundaries that correspond to

many liquid levels.

Key words: fluid vibrations; exchange rate stability system; area of stability; tank; PID-controller; parameters.

BBenenne. OOecrieueHne BBICOKHX IIOKa3aTeseit
0€30MacHOCTH JBIKEHUSI — OJHO M3 OCHOBHBIX 3a/IaHMU
COBPEMEHHOr0 MamuHocTpoeHus. CocTosiHue 1opor Yk-
pamwHBI BiIE€YeT 32 COOOH MOBBIIICHHBIH YPOBEHb aBapHii-
HOCTH, cpaBHUTENBbHO co cTpaHamu EC u CLIA. Pexum
SKCTPEHHOTO TOPMOKEHHsI MPH BO3HUKHOBEHUM HEMpEa-
BHJICHHBIX NPENATCTBUI MOXKET MPUBECTU K MOTEPE CILIETI-
JICHUsI KOJIEC C JIOPOTOl M OTKJIIOHCHHWIO aBTOMOOWIIS OT
3a[JaHHO} TPAEKTOPUH JBUKECHUSI.

IlosToMy Ha COBpPEeMEHHBIX MaIIMHaX IIHPOKO
pacnpoCTpaHeHbI CUCTEMBl aBTOMATHYECKOTO YIPaBICHUS
TOPMO3aMH, KOTOpBIE COZIep KaT ABE WM TPU MapajieabHo
paboTaroIiye moCHCTEMBbI:

AHTHOJIOKHUPOBOYHYIO cucteMy ABS — npenarcTsyer
OJIOKMPOBKE KOJIEC TIPH HAJKaTHH Ha Me1allb TOPMO3a;

aHTHIIpoOyKcoBouHYI0 cucteMy TRC, koTtopas
MPEAOTBpAIIaeT OYKC BEAYIINX KOJEC NP PE3KOM Haka-
THU HA TeJallb aKCENepaTopa;

U cucteMy KypcoBoil ycronuuBoctu VSC, xoTopas
BBITIOJTHSACT CTAOMIIN3AIMIO 3aJaHHON TPACKTOPHH JIBHIKE-
HUS aBTOMOOMJIS.

Cucrtemsbl kKypcoBoi yctoiunBoctd VSC MOTYT OBITh
OJIHO- U JIBYXKOHTYPHBIMU. B OTHOKOHTYpPHBIX cHCTeMax
BBITIOJIHSACTCS CTAaOMIM3alMs HANpaBlICHUS JIBHKCHUS
aBTOMOOWIIA, a B JBYXKOHTYpPHOH CHCTEME TaKXe MHHHU-
MU3UpyeTcs OOKOBON CIBUT IIEHTPa MAacC aBTOMOOMIIS.

OmnbIT ynpaBieHUss aBTOMOOWISIMH, OCHAICHHBIMHU
TOPU30HTATIBHBIMH €MKOCTSIMH JJIsI TPAHCIIOPTHUPOBKHU
KHUIKOCTEH (IMCTEpPHAMM), MOKa3bIBAET, YTO TaKWe aBTO-
MOOMIM HanboJjee MOABEPKEHBI MOTEPe YCTOHYUBOCTH B
IpoIiecce 3KCTPEHHOTO TOPMOXKEHHS, YTO MPHUBOAUT K
TSKEIIBIM aBapHsAM C BBIACIICHHEM B OKPYXAIONIYIO CpEay
MKHJIKAX TOIUIUBHBIX MaTE€PHUAJIOB U arPECCUBHBIX BEIIECTB.
Henpro mpennaraeMoii paboOTHI SBISIETCS HWCCICIOBAHKE
BIUSHUSI BO3MYIIEHHBIX KOJeOaHUH TpPaHCIOPTUPYEMO
XKHKOCTH Ha 00J1aCTh YCTOHYNBOCTH 3aMKHYTOH CHCTEMBI
KYpPCOBOH YCTOWIMBOCTH aBTOMOOWIISI K PEKOMEHIAIIH TIO
BEIOOPY JOMyCTUMBIX 3HAYCHHWH BapbUPYEMBIX Hapamer-
POB pEryisTOpa 3TOH CHCTEMBI, KOTOpBIE HEOOXOIMMO
YUUTBIBAaTh HA 3TANE ONTHUMU3AILUH.

AHaau3 nociaeanux nmyoaukanuii. C magama XXI
BeKa HaONIOJAaeTcsl MIMPOKOE DPACIPOCTPAHEHHE CHCTEM
KYpCOBOH YCTOHYMBOCTH aBTOMOOWIS KOPHOPALUSMHU
CIIA, SAnonun, FOxuoit Kopeu u ctpan EC. ITapannensno
MPaKTHYECKUM pa3paboTKaM, MPOBOASATCS HayYHbIE HCCIle-
JIOBAHUS TAKUX CUCTEM, C LIEJIbI0 UX YCOBEPIIEHCTBOBAHNUS
[1-3], MexayHApOHBIE HAYYHO-TEXHHYECKHE KOH(EpeH-
mun [4-8], Toe oOCYyXKHAarTCs pPe3yibTaThl MOCICTHUX
UCCIEOBAaHUH O pa3paboTKax O3JEKTPOHHBIX CHCTEM

pacnpenenenuss TopMmo3Hbix ycunuii EBD  (Electronic
Brake Distribution). B pabore [9] omucana meromuka
BBIUUCIICHUsS] ONTHMANbHBIX 3HA4YE€HUI BapbUPOBaHHBIX
[apaMeTPOB PETYISITOPA, KOTOPEIE 00eCTIeunBar0OT MaKCH-
MaJbHbIE 3arac yCTOHYMBOCTH M OBICTPOACHCTBHE 3aMK-
HYTOHW CHCTEMBI KYpCOBOH YCTOHYMBOCTH aBTOMOOWISA. B
pabote [10] mprMeHeH alTOpUTMUYECKUI METO ] TapaMeT-
pPHUYECKOTO CHHTE3a pETYJIATOpa CHUCTEMBI KYPCOBOH
YCTOWYMBOCTH, OOECHEYMBAIOMNN MaKCHMAJIBHYIO TOY-
HOCTh 3aMKHYTOH cucTeMbl, a B pabote [11], paccmar-
pHBaeTcs 3aj1a4a MapaMeTpHYecKOro CUHTE3a LU(pPOBOTO
perynaTopa CHCTEMbl KypCOBOW YCTOHYMBOCTH aBTOMO-
6w, Ctateu [12, 13] mocBAIEeHb KOTUYECTBEHHOHN OIEH-
Ke BJIUSHUS KoJIeOaHUIl TpaHCIOPTUPYEMOil )KUIKOCTH Ha
JIBIDKCHNE MAITMHOTPAKTOPHOTO arperara ¥ aBTOMOOMIIS C
muctepHoit. B paborax [14, 15] paccmarpuBatoTcs
poOJIeMbl YMEHBIICHHS BIMSHUS KOJIeOaHMH JKUIKOCTH,
KOTOpasi TPaHCIIOPTUPYETCsI, Ha KypCOBYIO yCTOHYMBOCTB
ABTOMOOWIIS-TOIIIIMBO3AIPABIIMKA 33 CYET PAMOHAIBHOTO
BBIOOpa KOHCTPYKIMM wLHcTepHBbl. OIHAKO BOIpOcaM
BIIMSTHUS BO3SMYILEHHBIX KOJIeOaHUH KUIKOCTH Ha 00J1aCTh
YCTOIUMBOCTH IBUKECHUS BHUMAHUE HE YJEINSAIOCH.
MaTtemaTHyeckasi MoJieJib BO3MYIIEHHOI0 ABH:Ke-
HHUS aBTOMOOWIA ¢ uucrepHoii. CormacHo pabotam [12,
13], maTemMaTHueckasi MOAETh BO3MYIIIEHHOTO JIBH)KEHUS
3aMKHYTOH JBYXKOHTYPHOM CHUCTEMBI KYpCOBOM YCTOHYH-
BOCTH aBTOMOOWJISI B IIPOILIECCE TOPMOXEHHS C yYETOM
MONIEPEYHBIX M KPYTSAMMX KOJIeOaHWH KUAKOCTH B IIUC-
TepHe, a TaKk)ke OOKOBOTO CMEIIEHHS [IIMH U ITOBOPOTa KOP-
Iyca B IOTIEPEYHON IIIOCKOCTH, MOXET OBITh OIMCAaHA TaK:

J29=—0.5BkrAp — fo(Z,Bo + fi¢) —
&M, — eMP; &)
\Tll + gl\ijl + (Dlzwl = _\Tl’ (l € ﬁ)’ (2)
y=-Vy; (3)

Vi +ey +oly = Vi — ALy — 6 —
—h;o, (L €1,3); (4)
MS§ + fi5 + Zs6 = Mg + MV + E,, 5)

Jx6 + fi9 + Z.Bo = Mgh,,o +
+hy MV — M + MY, (6)

]x* =Jx+ h'IZIMM;

Bicnux Hayionanvnoco mexuiunozo ynisepcumemy «XIIIy. Cepisn: Cucmemnuii
30 ananis, ynpasninusa ma ingpopmayiini mexnonoezii, Ne 1 (5) 2021



ISSN 2079-0023 (print), ISSN 2410-2857 (online)

JAD + f AP + ¢ Ap = kyRogl;

(7
Agsl + Rysl = U; (®)
U=Kyy+ K — K,y ©)

rae B — mumpuna xojeu;

kr, k, — k03¢ UIIEeHTH TPOTIOPIIHOHAEHOCTH;

Ap — pa3HMLa JAABJICHUH TOPMO3HOM JKUIKOCTH B
MaruCTPAISIX IPABOTO U JIEBOrO OOPTOB aBTOMOOMIIS;

f. — npuBeZieHHOE 3Ha4YeHHE KOIDPHUIUEHTA COMPO-
TUBJICHHS] KAUSHHIO BCEX KOJIEC aBTOMOOWIIST;

Z. — cyMMapHblii K03((GULINEHT pajnaIbHON JKecT-
KOCTH IIIMH OJTHOTO O0pTa;

¢, 0 — yroa HakiIOHa W OOKOBOC CMCIICHHUE aBTO-
MOOWIIS B CIICICTBUU YIPYTOCTH IIIWH;

frr fs — KOOOUIMEHTH AWCCUMAIUU SHEPTHH TIPH
paauaNbHBIX H OOKOBBIX JeOpMAaLUIX IINH;

M,],, ]y —Macca © MOMEHTBI HHEPLUH 3aIPy>KEHHOTO
ABTOMOOMJISI OTHOCHTEJIBHO €r0 COOCTBEHHBIX BEPTHKAIIb-
HOH U TOPU30HTAIIBLHOM OCeil;

 — YIJIOBOE OTKJIOHEHHE COOCTBCHHOW MPOIOIBHOM
OCH aBTOMOOMJISI OTHOCUTENBHO 331aHHOM TPAeKTOPHUH;

Yy — OOKOBOE OTKJIOHEHHE IIeTpa MacC OT 3aJaHOo
TPadKTOPUH IBIKCHUS B PEKUME TOPMOKCHHUS;

AL — paccTosiHUE MEXIY IEHTPOM Macc aBTOMOOMIIS
U BePTUKAIBHOHN OChIO IIHCTEepHBI (puc. 1);

U(t),I(t) — HanpspKeHHE W DIEKTPUYECKUM TOK B
LENU yNPaBICHUsI, KOTOPbIE BBIPAOATHIBAIOTCS CHCTEMON
KYpCOBOH YCTONYHMBOCTH aBTOMOOWIIS;

Aos) Rog — MHAYKTUBHOCTB KaTYIIKU M 3JIEKTpUYec-
KOE CONPOTUBIICHUE LIEMH;

Jx — MOMEHT MHEPLHMH KOPOMBICIA 3JIEKTPOMAarHHUTa
(BM) B anekTpoMarHuTHOM ycunurene (OMY);

fc — k03bduLMeHT  BS3KOro  TpeHHs B
KOPOMBICJIA;

€ — KOOOHUIUEHT KECTKOCTH MPYKHHBI, KOTOpas
(UKCHpYET KOPOMBICIIO B HEHTPAJIbHOM TIOJIOKEHNUH;

F —BeC XKHMIKOCTH B IIUCTEPHE C Y4ETOM MOIEpeY-

HBIX CMEIICHUM:
3
E = z myyu
=1

M, — Macca JXUAKOCTH

OoCH

[UCTEPHE:

M, = pabh;

3
MO = ALY mig;
=1

3
MP = iy
=1

3
ME = mygiH, + h);

(10)
X 4 =1
3
M>$<4) = Z gmyy, (11)
1=1
rJe p — IIOTHOCTD XHUIKOCTH;
a, b — navHa ¥ IUPHHA HUCTEPHBL;
yi(t), y,(t) —momepeyHoe U yrioBoe CMELICHHE
x(t) HEHTPOB Macc IMaplHalbHbIX OCLMUIATOPOB (OTHOCH-
y TeIbHO BEPTUKAIBLHON OCH LMCTEPHBI);
my, J; — MX MacCchl 1 MOMEHTBI HHEPIIUH:
2th (h)
M= M2 h(l = 0.5)2°
o > Ji = myc?, (lEﬁ);
0] Y

Puc. 1. Cucremsr koopaunat: 0XY — nnepumanbHas; O xy —
CBsI3aHasI C IETPOM Macc aBTOMOOWIIST; 0, — IEHTP IUCTEPHBI;
0;" — NOJIOKEHNE IEHTPA MACC TIPH YCIOBUU OTCYTCTBHS
OOKOBOI0 CMEILEHHUS IIUH

Zg — cyMMapHbIii kK03 duireHT 00KOBOH )KECTKOCTH
BCEX IIMH aBTOMOOWIIS;

V — KypcoBasi CKOpOCTb JBIKEHHS IEHTPA Macc;

t — Bpems;

hyy —TOBEM LIeHTpa Macc O; OTHOCHTENHHOH KO-
JIECHOH OocH;

K, K, K, — koo dummentsr npunsroro I1H/I-3ako-
Ha PETyINPOBaHMUs, KOTOPbIE TPUHIMAIOT ITOJI0KHUTEIbHbIC
3Ha4eHHs (IIPU OTCYTCTBHHU PETYINPOBAHNUS PABHBI HYJIIO);

g — YCKOpEeHHe CBOOOIHOTO Na/ICHHS;

h — ypoBEHb KHIKOCTH B IIHCTEPHE;

Ay, ®;, € — BOJTHOBBIE YHCIIa, COOCTBEHHBIE YaCTOTHI U
KO3()(UIMEHTHl JUCCUIIALUK  OCLIJUIITOPOB, KOTOpPBIE
OTIpeesIoTCs GOpMyJIaMH:

n(2l - 1)
LT (12)
o =/ ghth(Lh), (13)
Af
=l (1)

rae Af — norapudMuyYecKuil JEKPEMEHT 3aTyXaHHs KoJie-
OaHMI KUIKOCTH;
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C — PacCTOSHUE MEXAY BEPTUKAIBHOM OCBhIO LIUCTEP-
HBI U LIGHTPOM €€ KpyTsIei Macchl,

, a’+ab+2b*
=
P
a—
2 2
Cx = c;
b
& — 9 dexTuBHBII K03 PUIKEHT TIepeJauy yCuIus
Z:, = - f'
4 n; ¢
14 5723 A2 X o5 2—
Bz &j=17 ]3?=1 n;

rae A]-,nj, J € 1,3 — nuHa ot ueHtpa macc 0, K MOCTaM
aBTOMOOWIISL M COOTBETCTBYIOLINE KOJINYECTBA IIHH.

B ¢opmynax (10) u (11) Benmumnsl H,, h; — 3rto
paccTosHMA OT KOJECHOH OCH K JHY IIMCTEPHBI M OT JHA
IUCTEPHBI K EHTPY Macc [-i mapuuanrsHON IPOCIONKH,

Mh
t (%)
h; =h-— ;
l ’
N
*
hi = hy — hyy

3ameTuM, 4TO B Cily4yae, KOTJa OIHOCCKIIMOHHAS
ICTEpHA WMEET BHYTPEHHHE HETePMETHYHBIC IIEpero-
POJIKH, YMEHBIIAIOIINE KOJICOaHUsS XKUAKOCTH, TO (op-
Myasl (10—14) TpeOyIOT KOPPEKTUPOBKH:

3

[€ 7y — KOJMYECTBO MPOOIBHBIX EPETOPOIOK.

Oco0eHHO ToAYepKHEM OOCTOSTENBCTBO, YTO OIH-
CaHHasg MaTeMaTH4ecKas MOJEIb He SBISETCS 3aMKHYTOMH,
TaKk Kak y Hee OTCYTCTBYIOT YpaBHEHHs, OIMCHIBAIOIINE
U3MeHeHne KypcoBoii ckopoctu V(t). Ilocme ydera
BIMSHUS TPOJOJIBHBIX KOJIEOAHMH >KHUIKOCTH 3TH ypaB-
HEeHHs OyIyT TaKUMU:

Mr/=_2kl"p0_F)1gC_fcMg; (15)

X + e5% + (07)2%x, = =V (k € 1,3);

3
Ef = ka Xy

=1
zE = n(2k — 1);
a
o = |ghith(hch);

8k - (,0)]: T )

2th (\gh)
*n2)\h(k — 0.5)2
rne  kr, pg — miomaas TOPMO3HBIX HNOPIIHEH W JaBiIeHHe
B TOPMO3aX.

Ha puc. 2 nokasaH pe3ysbTaT HHTETPUPOBAHHS ypaB-
HeHuit (15), (16) 11 MogenupoBaHUs 3KCTPEHHOTO TOPMO-
xeHus. [lapamerpbl aBTOMOOWIII M IMCTEPHBI (pHC. 3)
npuBeneHbl B Taba. 1. CkopocTs najaeT MOHOTOHHO, HO
YCKOPEHHS HMEIOT CYLIECTBEHHBIE KOJICOAHMS.

(16)

X

mk= ,(kEﬁ);

o ©
= 20,
= 2
- [}
5 F
g 13 o )
g, s 9
9] b e
= b 5
% 10 \\ ; - W ;‘
B 'R}
M e Q
S set®d . R \ K g
- . . [ 5 |53
e R - 2
b
R =

=)
-]

4 ] 3 10 12
Bpewms, ¢

Puc. 2. [TapameTpsl TOpMOKEHHUS TOIUIHBO3anpasmuka KpA3-
63221 ¢ mucrepuoi AITLI-20

Puc. 3. TornuBo3anpasumk KpA3-63221 ¢ uucrepuoit AIILI-20

Tabmuna 1 — OcHOBHBIE TEXHHYECKHE H HEKOTOPHIE
JMHAMHUYECKHe ITapaMeTphl ToruBo3anpasinuka KpA3-63221

[Mapametp Benuunna
Cyxas Macca, KT 10700
MaxkcuMaIsHBIH Bec rpy3a, KT 18000
Pasmeps! ucTepHsl a X b X H, M 6x24x14
upuHa konmewn, M 2
MaxkcuMaiisHast CKOPOCTH TIPHU TIEPEBO3KE 18
10m3 TommuBa, M/c
MoOMEeHThI MHEPIIUHU IIPH 34 ke Ha 50 %:
P ) IIZI“MZ Y3 1.48 x 10°
O 3 x 10*
JoKT™M
PaguanbHas )KeCTKOCTh IIMHEL, H/M 10°
Boxkosas xxecTkoCTh muHbL, H/M 2.5 x 105
KoadduimeHnT conpoTuBieHns: KaueHHIO 0.09
KoJIeC f; )
Yacrora xosnebanuii HakiaoHa, I'i 2...5
Koaddurpent auccunariy st KoneoaHuit 1.105
HakioHa f.,Hmc
Yacrora xonebanuii cmemenus, I'mg 1.5..2.2
KoaddummenT muccumarm s KoineOaHuit 5 % 103
cMetenust fs,He
CoOCTBEHHBIE YaCTOTHI TAPIHATBHBIX e, 4
OCHIJLIATOPOB, 1 pHC.
OTHOCHTEITLHBIC MAcChl APIHATBHBIX e 5
OCHUJLIATOPOB puc.
JlorapudMudeckuii JeKpeMEHT 3aTyXaHHS 005
KoJieOaHuUH MapUUaIbHBIX OCHMIUIATOPOB, Af )
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YacroTa, I'rg

o 0.3 1

h
YpoBeHb TOIUIMBA, M

Puc. 4. 3aBUCUMOCTH COOCTBEHHBIX YaCTOT TNEPBBIX TPEX
OCHUIUIATOPOB OT YPOBHA X KUJAKOCTU B TUCTEPHE

OnHaKko B ciydYae HCIOJB30BAHUS 3TUX ypaBHEHHH,
MO/JIeSIb BO3MYIICHHOTO JBM)KCHHS CTAeT HENMHEHHOI (B
crneacTBuU CBsA3U (3)), 4TO CYHIECTBEHHO YCIOXHSET HC-
CJIEZIOBAHUE €€ aCHMITOTHYECKOU ycToiuuBoctu. [TosTo-
My TepeMeHHyI0 ckopoctu V(t) B manmpHeimem Oymem
CYUTaTh MOCTOSIHHBIM IapameTpoM V, KOTOpBIH B KOHK-
PETHOM pacuéTe «3aMOPAKUBAETCS», HO €ro 3HAYCHUS
BappUPYIOTCA B 3ajaHHbIX npenenax [16]. Heckombko
YIpoIasi peanbHble 3aBUCHMOCTH, BEPXHIOI0 TPAaHUILY
CKOPOCTH aBTOMOOWISE OyJeM OnpenelisiTh, MPU YCIOBUH
HAITUY U] HATPY3KHU LUCTEPHBI, 10 hopmMyIe:

M(h)
Vo(h) = Vg
o(h) = V5 5,
rae Vg — MakcuMmaibHasi CKOPOCTh ITPU YPOBHE KHKOCTH
h., IUT1 KOTOPOTO OHa M3BecTHa (Tabm. 1).
1

sy (h, 100
Jyih. 100, ¢
sy(h.3)

0 0.3 1

b
YPOBEHb )KUJIKOCTH, M

Puc. 5. 3aBUCUMOCTH OTHOCHUTENILHOM MacChl )KUJKOCTH, KOTOpas
JIBUTACTCS B OJTHOMU, IBYX U TPEX MEPBBIX MapIHATbHBIX
HPOCIIOHKAX, OT YPOBHS )KUIKOCTH B LIUCTEPHE

3aMeTHM, 9TO OT YPOBHS KUIKOCTH A 3aBUCST KOOP-
JIMHATHI TIEHTPa Macc W APYTHe BENNYHHBI (cM. puc. 4, 5),
KOTOpBIE MO-Pa3HOMY BIHSIOT Ha KoOJeOaHWS W BHINOJI-
HEHUE YCJIOBUA KypcoBoil ycToluuBocTu. [loaTomy uccine-
JIOBaHUsI aCUMITOTHYECKON YCTOMUMBOCTHU JIBUKEHUS MBI
BBIHY)KJICHBI TIPOBOJHTH IPH Pa3HBIX YPOBHIX 3arpy3Kd
LUCTEPHBI.

YBEJIMYCHUS) aMIUTUTYAbI KOJICOaHHH;

i=v-1;

f. — HavanbHas aMIUIUTYIa KoJeOaHUH, «3Be3JOoUKa-
MI» B 0003Ha4eHNH Oy1eM IpeHeOperars.

[lonsiTHO, YTO p — XapaKTEPUCTHYECKOE YHCIO
cucteMsl quddepeHnnanbHeIX ypaBHeHUH (1-9), n, BBUIY
o0Iero Mmopsaka CHUCTEMBI, TaKHX YUCEN, NPH KaKIOM
Habope napameTpoB / u V, HacuutbiBaeTcs 6oiee 20.

Haunewm ¢ ypaBHeHus (3), KOTOpOe NIPUHUMAET BUJ;

y=-Vy/p (17)
Kak pesynbrart, ypaBHeHUs (7-9) NIpUBOIAT K:
Up? + fip + c)Ap =
KV
= ku(l + ToGp) (K\V + Kmp + 7) v, (18)

A
I1€ T, — HOCTOSIHHASI BpeMeHU OM, 1,5 = R—°6.

00

3HavyeHus1 KOHCTAaHT OMY npuBeACHEI B Ta0M. 2.

Kak Buaum, B omiimumu ot knaccuueckoro ITHMJ-3a-
KOHa WHTErpaJlbHOE 3BEHO TIPH PAa3HBIX KYPCOBBIX
CKOPOCTSAX MMeEeT pasHble K0d3()(ULIUEHTH, U 3TO 00CTO-
SITETILCTBO, 0€3yCIOBHO, TIOBIUSET HA PEe3yJbTaThl yIpaB-
JICHUSL PEKIMOM SKCTPEHHOTO TOPMOKCHUSL.

BrINoIHUM aHAJIOTHYHBIC TIPeoOpa3oBaHus 11 aud)-
(bepeHIMaIbHBIX ypaBHeHHH (2) U (4),

2
—p’y —
=—— (1€ 1,3);
(pl p2 + gp + 0)[2 ( ) (19)
(Vp — ALp*)y — p*6 — hjo —
= ,(Le1,3),
N % +gp + 0,2 ( ) (20)

U, C y4ETOM 3THX (POpMYIIL, s ypaBHeHuii (5), (6):
(Mp* + fsp + Z5)8 = Mgo + MVyp +
3 *
, (Vo = ALp*)y —p?8 — hjgp
+ m;p 5 > ;
= 1% + gp + ;
(Jip* + fip + ZB)p = Mgh,,0 +
3

+huMMV\Vp + Z ml [g - (HH + hl)pz] X

1=1
o (VP — ALp®)y — p*5 — hip
P +ep + o .
3anuireM 3TH 3aBHCHMOCTH B BHJIE€ CHUCTEMBI IBYX
JUHENHBIX YpPaBHEHUN

{‘11,1(17)5 + a,,(P)e = bi(P)v;

IMocTpoeHne XapaKTePUCTHYECKOTO YpaBHEHUSs a1 (P)d + az,(P)e = by (P, (21)
MareMaTudeckoii Mogenu. BBuay nuHelHOCTH U
OZHOPOJHOCTH MaTeMaTUYECKONH MOJENHU, IPUMEHUM K €€ a;, = Mp? + fsp + Z5 + F, p%;
YPaBHCHHSM METO]I KOMIUICKCHBIX aMILTUTY, KOT/Ia KaX- a1, = —Mg + p? M,;
Jast IepeMeHHas BeanurHa f (t) mojmaercs B BUJE: ' @ = Fp2

() = f.exp(pt), g 2T P

Iie¢ P — KOMIUIEKCHOE YHCIO, P = dw + iw; a2 =Jxp” + fip + Z:B — Mgh,, + M,;

W — JIEHCTBUTEIbLHAS YACTOTa KOJIEOaHMIA, by =MV + (V- ALp)p3F (Y

d — nelCTBUTENBHBIH JIEKPEMEHT 3aTyXaHus (MiH b, = hy MVp +p(V — ALp)F,;
Bicnux Hayionanvnoco mexuiunozo ynisepcumemy « XI1l». Cepisn: Cucmemnuii
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3
g — (Hl'l + hl)pz

F, =Zm—;
v(P) . P pttep+o?

F()—Z -
o) = P2 +ep+of’
H +h
M, Zmzzg ( z)P'
p? +ep + of

m;h;
, Z
p?+ep + of

Cucremy (21) peIIII/IM METOJIOM OIPENEIUTEICH:

by aq,
b, ay,

- |a1,1 a1,2| = APv; (22)
azy1 Az
a1 by
a1 bal

- |a1,1 a1,2| = o)y (23)
azi1 Qaz2

Beimonaum ananoruynoe npeodpasoBanue s (1)
/Zp v = —0.5BkrAp — f.(Z:B + fip)o +

+§z]m v —mp*AL[p(V — ALp)y — p?5 — hz(P]
p +8lp+(l)l

u chonwyeM dopmysel (22) u (23):
Jp*y = —05BkrAp — f(ZB + fip)®y +
5 cZp? — AL(Vp — ALp? — p?A — hj®)
+Ep m n 2 v,
— pet+epto

OTKYJ1a MOJTyYHM:
C(p)y = —0.5BkrAp

Clp) =J,p* +
+ (2B + £p) + e* My () ) (p) -
—p3[c2p — AL(V — ALp — pA(p)]F,(p).
3aMeTI/IM, qTO0 HpI/I yCJ'IOBI/II/I BBICOKOﬁ KECTKOCTHU

MIUHBI (KaK 3TO ObIBaeT Ha BBICOKOHATPYKEHHBIX T'PY30-
BHKax, Ta0xn. 1) pyakuus C(p) ympormaercs K BUIY:

(24)

ﬁ:(MO + M4-3) + <EJMlZ

C(p) = J,p?
O (R TC ) (25)
M, = huMMVp;
My = p(V — ALp)(gF, — p*M,);
M, = p3[(V — ALp)AL — c?p]F,;
F,p*
kB = —’
Mp? + fsp + Zs
Mgh,, — M,

“ =Tt fp V2B

Ecnu KuakocTe morepsiia BO3MOKHOCTh JIBUTAThCS

(Hamp., GakTHUECKH WM YCIIOBHO 3aMep3iia B IIUCTEPHE),
TO 3Ta (hopMysa CTAaHOBUTCS JOCTATOYHO ITPOCTOM:

feMgh,Vp

1k,

C(p) =Jp* +
(26)
_ Mgh,
* LKp*+fintZB

[lonsiTHO, 4YTO B 3TOM Ciy4ae MCCIICIOBaHUS Ha
YCTOWYHBOCTH JIBU)KEHHSI BO3MOXKHO MIPOBOINTH aHAJUTH-
YECKUMH METO/IaMH, KOTOpbIE HEIOMYCTHMBI JUIS LIUC-
TEpHBl C JKUAKOCTBIO W TPU YCIIOBHH JOILyCTUMOTO
YIPOIIEHHUsT MaTeMaTHYeCKOH MOJeNH (Hamp., YMEHbIle-
HHE KOJMYECTBA MAapUUAJBbHBIX OCLMIIATOPOB WM IIpe-
HeOpeXxeHne ynpyrocteio mwuH). [TosToMy MBI He 3aHH-
MaJIMCh YNPOLIEHHEM MOJENH, TaK KaK HEM3BECTHO Kak

OHM HOBJIUSIOT Ha TPaHUILY 00JIaCTH YCTOHYHBOCTH.

Tabmuna 2 — OcHoBHBIE TapamMeTpsl DM npuBoaa

[TapameTp Bennunna
WHIYyKTUBHOCTD KaTYMIKH A,5,0M X € 0.15
Comporusnenue uenu R z,0m 30
Koncranra Bpemenu miist OM 144, € 0.005
MOMeHT MHEpPLMH KOPOMEICHA [, KTM> 0.98 x 1072
Koo dummenT xecTkocTH mpyKUHBI
KOPOMBICHA, ¢, HM 1.01-102
Koaddurment Tpenus B onope KOpoMbIcia
fioH™me 0.55
CoOGcTBeHHast yacToTa KojebaHui 16
KopoMbIcia, '
JlorapudMudeckuii AEKPEeMEHT 3aTyXaHUs 17
konebanuii B OMY )
Kos¢durment ycnnenns K, HvITaB ™ 10°

B 3aBepiieHHM PAcCMOTPUM CHUCTEMY YypaBHEHHMH
(18), (26) u yBuamM, 9TO AN €€ COBMECTHMOCTH HEO00-
XOJIUMO BBITIOIHEHUE CIIEAYIOIIETO YCIOBHS:

K, + Kop + 2L =y
\|/+ mp+7_ (P) (27)

2C(p)
K,Bkr

Y(p) =

p +c)(1 + 155p), (28)

rae C(p) — MeJIKo-panpoHaIbHasT  (QYHKIIHUS,
dopmymnamu (24) wnu (25), wnu (26).

PaBenctBo (27) LIEIEBOE  XapaKTEPHCTHUECKOE
ypaBHEHHE BO3MYIEHHOTO JBM)KEHHMS aBTOMOOWIS C
LUCTEPHOH, KOTOPBII OCHAIEH IBYXKOHTYPHON CUCTEMOM
KypCOBOH YCTONUMBOCTH.

ANTOPpUTM W  Pe3yJbTaThl  HCCJIEAOBAHUS
YCTOHYMBOCTH cHCTeMbl. Jram 1: OIHOKOHTYpPHOe
peryJiMpoBaHue. 3aMETHM, 4TO B paBeHCTBe (28) MOKHO
n30aBUTCSA OT 3HAMEHATeNleH, M, He CMOTPS Ha BBICOKYIO

3aaaHast

CTeNeHb IMOJMHOMA, HaWTHU BCE €ro KOpPHU pj,j € 1,22,
WCTIONB3YSl ISl 3TOTO CTaHAAPTHBIE KOMITBIOTEPHBIC
nporpaMmbl. [lo  pacrnonokeHHr0 3TUX KOpHEW B
KOMIUIEKCHOW TUIOCKOCTA MOXKHO CJHeNiaTh BBIBOJ TPO
ACUMITOTUYECKYIO YCTOMUMBOCTH CUCTEMBI, U MOJIYYUTh
[EHHYIO, HCUYCPITBIBAIOIIYI0 HH(POPMAIIUIO O TIOBSJICHUH €€
OTIEJbHBIX 3BEHbEB. HO 3TOT myTh pelieHus sBisieTcs
npeaenbHo Hed((HEKTUBHBIM, M MBI [TOCTYIIUM HHAYE.
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Ha mepBom 3Tame pac4eTHOrO MCCIeIOBaHHS BBIOE-
peM IUIs MHTErpaibHOrO Ko3(dduiiueHTa perynsropa 3Ha-
qyeHHe Ky = 0 ¥ IOACTaBUM B YpaBHEHUE

K, + K,p =Y¥(p)
MHHMO€ XapaKTEPUCTUUECKOE YHCIIO P = wi:

K, + K,0i = ¥(oi)

(29)
PaBencTBO (29) OSKBHBAJCHTHO CHCTEME IBYX
PaBEHCTB:
K, = Re[?(0i)]
Y(wi
K, = Re| 22D} (30)
i

rae Re[p] — meiicTBuTeNnbHas YacTh KOMIUIEKCHOTO YHCIIA
p.

B pabote [8] nms mogo6HOI 3ama4un NeHCTBUTEBbHAS
4acTh (PYHKIUH OTAEIATIACH AHATUTHIESCKUMH METOIAMH,
HO Temeph (yHKOUS cTana CIOXKHEE, IMOSTOMY IOpYIHM
9Ty paboTy (Kak U MPebIAYIIYI0) KOMIIBIOTEPY.

C nmomomp0 KOMIBIOTEPHOW NPOrpaMMbl MEHSIEM
3Ha4eHHe KpyroBoil dacToTel w:0 — ©0 KM Ha 3KpaHe
KOMIIBIOTpa B koopauHatax K, K, n3o0paxaeM Tpaek-
TOPHIO JIBHXKEHUS TOYKH, T.e. popmyinbl (30) omuchIBalOT
3Ty TPACKTOPHUIO B MapaMeTpuueckoit Gpopme. OOmIHii Bu
9TOH TpaeKkTopHHu isi ToIuMBo3anpasuka KpA3-63221
MOKa3aH Ha puc. 6, a ee HIDKHEW rpaHHLBl — Ha puc. 7, 8.
Jlns cpaBHeHHA Ha pHc. 9 mpuBeneHb! rpaduKu, KOTOPHIE
COOTBETCTBYIOT TaK Ha3bIBAEMOMY «3aMOPOXECHHOMY
Tpy3y», KOTOPBHIH MOTEpsT BO3MOXKHOCTH JBHTAThCS B
LICTEpHE.

Hwxnsst rpannnia o6macTé ycTOHYMBOCTH OTBEYaeT
muana3zony yactor 0-10 [u, a BepxHsaa rpaHuma —

muanazony 10-15 T'm. Ilpu eme OoibIIMX YacTOTax
rpaHuIda YXOIUT B 30HY OTPHUIATENbHBIX 3HAYEHHH KO-
s durmenta K,,, i€ OrpaHAIEHUE TEPSET AKTYAIBHOCTD.

Kak BumHO Ha puc. 6, pacmojoXKeHHE BepXHEH
IPaHUIIBl 3aBUCHUT OT 3arPY’KEHHOCTH aBTOMOOWIISI, U NPH
BBICOKHX 4aCTOTa 4eM OOJIbIIIe Bec, TeM Jerde o0ecrnednThb
€ro KypCOBYIO YCTOMYHMBOCTH 3a CUET PEryJIHPYIOILETo
BIIMSHHUSL Ha TOPMO3HYIO cucTeMy. Ecnu rpy3 3akperuieH,
TO ¥ Ha HU3KUX YaCTOTAX JCHCTBYET aHAJIOTHYHOE ITPABUIIO
(cMm. puc. 9).

Ho, ecim B mucrepHe TpaHCIIOPTUPYETCS KUAKOCTS,
TO Ha HU3KHX 9acToTax (puc. 7) 6oee BaKHYIO pOIIb UMEET
CKOPOCTb aBTOMOOWIIS, KOTOpasA, IPH IPaHUIHOM YMEHbB-
IICHWH Harpy3KH, YBEIUMIUBACTCS 10 25 M/C, a IpH MTOTHON
Harpy3Ke IHCTePHBI KUAKOCTHIO yMEHbIIaeTes 10 12 m/c.
K Tomy e, cBOH BKJIaJ IEJNAIOT MapIHalbHbIC OCIHILIA-
TOPBI, KOTOPbIC UMCIOT HU3KHAHN JACKPEMECHT 3aTyXaHusd U
PE30HHUPYIOT IIPU YacTOTaX, KOTOpble H300pakeHbl Ha
puc. 4, a Takke KoyiebaHHs CMelleHHs: (X COOCTBEHHas
4acToTa MpuBecHa B Tabm. 1, a torapupMudeckuit rexpe-
MCHT 3aTyXaHusdA IpHU OTCYTCTBUHU aMOPTU3ATOPOB PABCH
0.08, T.e. OH TO’XEC MUHUMAJIBHBII).

B pesynprare Ha puc. 7 MOKHO YBHAETH J[Ba y3iIa
KoneOaHNH, MPUIMHON CO3JaHUsS MEPBOTO y3na (ecinu ux

CUHUTATh CJICBa HanpaBo) u cBa 3aMETHOM
«KOJIe0aTeIbHOM JAOPOKKMW»  MOCJIC HETO  ABJIAIOTCA
napnuajibHbIC OCHUJIIIATOPBIL, a BTOpOﬁ, Ooiee

MaclTaOHBIN, y3€1 CBS3aH C pa3BUTHEM KOJeOaHHH
CMEILEHHUS.

3aMeTuM, YTO My4OK MPHUOIMKEHHO MPSIMBIX JTHHUI
(puc. 9), ompenenser oOUMU TpeHJ MAJisA HAIPaBICHUS
IPaHUIIBI KOKA0H 001aCTH yCTOWYNBOCTH, N300paKEeHHON
Ha pPHC. 7, ¥ 3TOT TPEH]] MOKHO YBUJIETh Ha puc. 8.

Kaxnast Tpaekropus, KOoTopas OTBEYaeT NMPHHATOMY
YPOBHIO Harpyskd, NpH HEKOTOPOH HacToTe KojeOaHWiH

Ll Y

LA R T

__——_—l—__

210" ——

Koaddumment Kdpul, Be

0 25x10° 5x10° 7 5x10°

1x10° 1.25x10° 1.5x10° 175x10° 210°

K01 K82 K93 K04 K3 K06 Ko7 KI8 K19 K10 Kol K112 K913 K114 Ke15

Koapdpuuuent Ku, B

Puc. 6. O6umit Buz1 obnactu KypcoBoii ycroiunoctu. O6osnauenue Kdu orsedaer kosppunmenty K, a 06o3nauenne Kpul —

kod¢bduirenty K. Homep rpaHuibl TyT 1 Jabliie OTBEYaeT CleayoImuM ypoBasaM xuakoctu: 1 —0.05; 2 — 0.10; 3 - 0.15;
4-0.20;5-0.25; 6 —0.30; 7—0.35; 83— 0.40; 9 - 0.50; 10 — 0.60; 11 — 0.75; 12 - 0.90; 13- 1.05; 14 - 1.20; 15— 1.35m
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Koaddumument Kdul, Be

st 110°

Kol K92, Kv3 Kr4 K95 Kv6, K97 Kevs Eve K10 Kv1l K12, K13 Ko i4, Kvld

Koa¢ppuuuent Kou, B

Puc. 7. O0muit BUI HUOKHEH TpaHUIIBI 00JaCTH KypCOBOH ycTOWYMBOCTH mpH yacToTax 02 I'ig

i .

[

e —

Koadpurmment Kdpul, Be

107

10 210’ 50 Bacl”

KU EYZ K95 KP4 K¥5 K6 K97 KE8 K¥8 K¥10,K¥ 11 EP1L K¥15 K¥14 V15 RY

Koadpdurment Kdu, B

Puc. 8. AkTyanbHBIH y9acTOK HIDKHEH TPaHUIIBI 00JIaCcTH KypcoBO# ycToiunBocTH mpr yactoTax 0—-0.4 I'm u
kodppurmente K, = 0. [LITpuXMyHKTHPHAS TMHUS OTHOAET BCE TPACKTOPUH CBEPXY M CTAHOBHTBCS IPAHHUIIEH 9TOH 00macTh

BBIXOAUT W3 OOIIEro myd4ka, W, MpH OOJbIIEH YacToTe,
BO3BpaliaeTcs K 3TOMYy Mydky. B pe3ysibrare, OTKIOHSACH
OT OO0IIIero TpeH1a, OHa CO3/IaeT B MIIOCKOCTH NapaMeTpOB
Ky, K, HECKOJIBKO TIOCIIEI0BATENBHBIX HETEb.

JleTanpHOE WCClenOBaHWE TEPBOW IMETIH, KOTOpas
MIPOXOJIUT BO3JIE HYJICBOW TOYKH M MPH MAJIBIX HArpy3Kax
orubaer ee (puc.8) mokazamo, YTO ACHUMMTOTHYECKAS
YCTOHYMBOCTH HAOIIOAACTCS TIPU YCIOBUU PACIIONIOKCHUS
napameTpa K, BbIII€ 3TOH NEeTIH.

DTO COOTBETCTBYET MpPABIIY IITPUXOBKU OOIACTH
YCTOWYUBOCTH, IPUMEHEHHOMY B pabore [8].

OpnHako, MO NpPUYMHE MPHUCYTCTBYIOLIETO YCIOX-
HEHHUsl OOIIed KapTHUHBI, M300pakeHHOH Ha puc. 7, 8, B

CpPaBHEHHH C KJIACCHYECKUMH Tapadojamu puc. 6, acum-
NTOTHYECKAsT YCTOWYMBOCTH MOTpeOOBajla KOHKPETHOM
MIPOBEPKH.

Kak BuamM, MeXIy >XHIKAM H «OTBEpPAEBIIEM)
TPy30M IPOSABISIETCS KAYECTBEHHOE pas3Id4Me: €ClIU OT-
kmrounts [T /I-perynsarop, To y aBTOMOOWIS C 3akpe-
IUTEHHBIM TPY30M TIOCJIe IeHCTBHS KHHEMAaTHIECKOTO FITH
CHJIOBOTO BO30yJuTENs KypcOBOH Yrojl BBIPaBHHBACTCS
CaMOCTOSITENbHO, 0€3 BMeIaTenbcTBa BoAUTENS (puc. 9), a
y aBTOMOOWIIS ¢ ucTepHOH (npu Harpyske meHee 40 % ot
MIOJTHOM, pHC. §) TAKOTO CBOMCTBA HET.

OpHako, 3TO HE KacaeTcs KypCOBOTO CMEIICHUS, IS
JUKBUAAUIN KOTOPOTO, B AITHX CIydasX, HEOOXOIMMO
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Puc. 10. AKTyanbHBIH y4acTOK HIKHEH TpaHMIBI 00J1aCTH KypcoBoii ycroitunBocTH npu yactotax 0—0.4 'y 1 3HaueHnH
— -1
kosppunmenta K, = 50Bm™". IITpuxnyHKTUpHAs JTMHHS OTUOAET BCE TPAEKTOPHH CBEPXY M CO3/IAET YKA3aHYIO TPAHUILY

HUMETh JIByXKOHTYPHBIH PEryJsiTop C paluoHalbHOW Ha-
CTpOHKOH KOI(PHUIIMEHTOB YCUIICHUSI.

AJITOPUTM M pe3yabTaThl HCCJIe0BAHUS HA dTame
2: IByXKOHTYpHOe€ pery;aupoBaHue. 3apuKcupyem Kodd-
¢uunent K, Ha HEKOTOPOM MOJIOKHUTEILHOM YPOBHE, M
BMecto (30) momyynM HOBBIE HapaMeTpHUUYECKHE YypaB-
HEHUsI:

K, = Re[?(0i)]
[F@D] | K.

oi 0 (31)

K, =R

W3 conep:xanus mapaMeTpudeckux ypaBHeHHi (31)
MOXHO IOHSITh, YTO KOPPEKIHs 00JaCTH yCTOWYHBOCTH
OyzeT BBIIOIHATHCS TOJIBKO JUIS TUaIia30Ha MaJIbIX 4acToT,
4TO MOATBepKAaeTcs rpadukamu (puc. 10).

Ha puc. 11, a rpaduxn dynkumn K, = Gr(Ky, K,)
OIMCHIBAIOT HIKHUE MTPEEibl 00JIaCTH yCTOHYUBOCTH ITPH
Pa3HBIX 3HAYEHUSX Kod(duIMeHTa K, or 0 mo 100Bm 1,

KOTOpLIﬁ COOTBETCTBYCT BO3MOKHOCTAM HCIIOJIB3YEMOI'O
OMY.
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Puc. 12. Heycrotuuesiit mponecc apwkenns npu K, = 1000B, K, = 300Bc, K, = 50BM™1: ¢ — m3MeHeHHE KYpPCOBBIX TAPaMETPOB

(OykBa S COOTBETCTBYET «OTBEPIACBIIEMY» TPY3Y); O — KOJeOaHHs MapIHANbHBIX OCHUIUIATOPOB; 6 — OOKOBBIE KOJICOaHHs KopITyca
aBTOMOOHIIS

@Dopma TpaHHUIlB! IS KOTBEPACBIIETOY» I'py3a 3a1aeT
HOBYIO JINHUIO TPEH/A, HIKE KOTOPOH aMIUIUTYIBI KOJe-
0aHMIl KypCOBBIX IapaMeTpOB aBTOMOOWIISI HOCST pacTy-
muit xapakrep (puc. 12). B 3a3ope Mexmy cooTBeTct-
BYIOIIUMH JTMHUSMH, B3STHIMH ¢ TpadukoB Ha puc. 11, a n
puc. 11,6 mnpu OIMHAKOBHIX 3HAYECHUSX, [BIDKCHHUE
XKHUIKOCTH B IIMCTEpHE IpEeACTaBisieT co0oil aBTOKOJIe-
O6aHns Mayoi aMruuTyas! (puc. 13), a BeIIe TpaHUIIBI
ycToiunBOCTH BCe Kostebanust 3aTyxatoT (puc. 14).

I'paduxu pynkuun K, = GrO(K,, K;) na puc. 11,6
OTMCHIBAIOT HUYKHKE TPAHIIBI 00JIACTH aBTOKOJICOaHMH JIs
ABTOMOOWIIS C HUJKUM I'PY30M B IIUCTEPHE.

Pacuersr (puc. 12—14) ObuTH BBIMOJHEHBI C HUCIIONb-
30BaHMEM MaTeMaTH4YeCKON MOJENH, ONHCAaHHOH paHee;
JUTSL BO3MYIIIEHHS KOJIeOaHUI NCTIOIBb30BAJICS ONHAKOBBIN
UMITyJIbC aBlieHNsI AP B cHCTEME YIPaBICHUSA TOPMO3aAMH,
KOTOPBIN UMEI TPEYTOIbHYIO (hopMy.

YpoBeHb KHUIKOCTH B LUCTepHE ObuT BhIOpaH 0.5 M,
JUIE  KOTOPOTO MAaKCHMalbHas CKOPOCTh TOIUTMBO3Aa-
npaBiuka KpA3-63221 paBna 20 m/c. DToMy YpOBHIO
Harpy3kd U CKOpOoCTH Ha puc. 10 cOOTBETCTBYET METIIS
CHHETO 1IBETa C HOMEPOM 9.

Kak BuanMm, mpH NOpHHATOM M 3THX PACUETOB
3HaueHnsx koddounmentos K, = 10008, K, = 50Bm~1
THAA TpeHOa nMeeT opauHaty K, = 400Bc, a Ha rpannme
ycroitunBoct nmeeM K, = 1300Bc. Takum oOpasom,
JIaHHBIE, KOTOpBIE INpEACTaBJICHbl Ha puc. 12—14, coBna-
JAIOT C TEMH, KOTOpble OBUTH TOJXyYeHBI NMpPH aHaJIn3e
XapaKTEpPUCTUUYECKOTO YpPaBHEHHs, a IMPOaHAIU3UPOBaH-
HBIE TPH TEPEXOIHBIE IpoIecca, KaKk 3TO W Ipexyc-
MaTpUBAJIOCh TEOPUEH, NEHCTBUTEIBHO HAXOJATCA B 30HE
HEYCTOMYMBOCTH, B 30HE aBTOKoJeOaHWi (TIoe acumi-
TOTUYECKH HEYCTOHYMBBIMH SIBJISIIOTCS KOJICOAHMS SKH[I-
KOCTH) ¥ B 30HE aCUMIITOTHYECKONW YCTOWIMBOCTH JIBUXKE-
HUS UCCNIEYEMON CUCTEMBI.
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Puc.15. AkryanpHblii y4acTOK HIKHEH TPaHHIBI 001aCTH KypcoBoit ycToitunBocTr nipu yactotax 0—0.4 'y
U 3HaYeHuu K, = 50Bm*. TIpe cpesiHeM ypoBHeE KUAKOCTH /1, = 0.7M CKOPOCTh aBTOMOGMIIA CHIKeHa 110 12Mm/c,
a ITPUXITYHKTUPAHS JINHUS SBISICTCS rpaHuneit obactu ycroiunsoctr st V., = 18m/c
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Ha ocHoBe anamu3a  pe3yibTaTOB  APYroro
pacueTHOro uccienoBaHus (CM. puc. 15) ycTaHOBIEHO, UTO
yBEJIMUEHHE KypCOBOM CKOPOCTH OJHO3HAYHO MPUBOIUT K
MOJBEMY HIDKHEH TIpaHMIBl YCTOWYMBOCTH JIBUXKEHUS,
NpUYEM Ha BTOPOM 3Tare 3TOT 3((deKT ycunmuBaercs 3a
cuer ¢opmyn (21). Uro mo3BONSET NpPH PpEIICHUH
IIOCTABJICHHOM 3aJ1a4yl UCKIIIOYUTHh KYpPCOBYIO CKOPOCTb V
U3 4HUClla BapbUPOBaHBIX IapaMeTPOB, a €€ PAaCYETHOE
3HaYeHHE YCTAHOBUTb MAaKCHUMaJbHO BO3MOXKHBIM JJIst
MPUHSTOTO YPOBHS 3arpy3KU IUCTEPHBI aBTOMOOHIIS.

ITockonbky pa3Hble TOUKU IpeAena KypcoBOH yCTOM-
YMBOCTH OTBEYAIOT PAa3HBIM YPOBHSIM JKHIKOCTH h, HE0O-
XOJIMMOCTh paccMaTpuBaTh paBHBIC, BHIOPAHbIE CO BCETO
nuanaszoHa 0...H, ocraeTcs HEM3MEHHON U ATl BTOPOTO
JTana peleHus 3anadd. MHaue, orpaHMYUBAsCh, KaK 3TO
MPHUHSATO, CPETHUM YPOBHEM KHIKOCTH, MOXKHA IOMYCTUTh
Cepbil03HBIC ONIHOKH.

BeiBoabl. CocTaBieHa MaTeMaTHYeCKash MOIEIb,
OTIMCHIBAIONIAs BO3MYIICHHOE [BI)KCHHE aBTOMOOMIS ¢
LUCTEPHOH, KOTOpas MO3BOJIICT YYECTh KOJeOaHWA
CBOOOIHOW TOBEPXHOCTU JKHIKOCTH M OIPEACIUTh HX
BIMSIHAC Ha KYpPCOBYIO YCTOHYHMBOCTH aBTOMOOHIIS MPHU
CTaOMJIBHOM JBMIKEHHH M NIPU SKCTPEHHOM TOPMOKEHHH.

Pa3paboTaH anroputM MOCTPOEHHS XapaKTEPUCTHU-
YEeCKOr0 ypaBHEHHMs JJIsl CII0KHOW cHCTeMBbl Au(depeHu-
aJIbHBIX ypaBHeHHﬁ, KOTOPOE€ OIMCBIBACT AWMHAMHWYCCKUEC
N3MEHEHHMS TTApaMETPOB IBI)KEHHS aBTOMOOMIIS ¢ IIUCTEp-
HOHM, KoJieOaHMS TNapLUUabHBIX IPOCIOCK >KHIKOCTH B
IFCTepHE ¥ PabOTy 3JIEKTPOMATrHUTHOTO IPHBOAA YIpaB-
JISIIOIIEro KianaHa u anaekTponHoro MU JI-perynsatopa mis
JIBYXKOHTYPHO# CHCTeMbI oOecriedeHHss KypcoBOH yCTOMN-
YUBOCTH.

[TokazaHo, YTO HM3KOYACTOTHBIC KOJIeOaHHsI CBOOOI-
HOM MOBEPXHOCTHU KUAKOCTU NPUBOAAT K CYHICCTBEHHOMY
COKpAIIIEHUIO 00JIaCTH YCTOWIMBOCTH 3aMKHYTON CHCTEMBI
KypCOBOH YCTOIYMBOCTH aBTOMOOMWIISA, YTO CBHIETEIBCT-
ByeT O HEOOXOAMMOCTH yd4eTa TakuX KoyieOaHWH TpHU
pelleHNH 3aad aHaJIu3a U CUHTE3a 3TOH CUCTEMBL.

YcTaHOBIIEHO, UTO ISt aBTOMOOWIIS € ICTEPHOM, I1e
MIPOMCXOJAT HU3KOYACTOTHBIE MOMNEpeYHble KoJieOaHus
KHUJIKOCTH, KOTOPBIE COINPOBOXKIAIOTCA Iepepacipene-
JICHWeM MacChl U BO30Y)KIAIOT JIBIKCHHE, YBEIMUCHHUE
KypCOBOM CKOPOCTH OJJHO3HAYHO MPUBOJUT K yXYIIIECHUIO
KypCOBOH yCTOMUMBOCTH. UTO MO3BOJIMIO UCKIIOUUTD ATY
CKOPOCTh W3 YHWCJIa BapbHPOBAHHBIX IApaMeTpPoOB M Cy-
IIECTBEHHO YIIPOCTUTH 3a/1a4y.

brino BBISICHCHO, YTO YPOBCHBb XKUAKOCTH B IUCTCPHE,
C YYETOM €ro CBS3M C MaKCHMAaJBHOW CKOPOCTBIO
JABH)XCHUA, OKa3bIBACT HCOAHO3HAYHOC BJIIHMJIHHWC Ha
KypPCOBYIO YCTOMYMBOCTH aBTOMOOWJIS, ¥ OrpaHHYMBaTh
HCCIIEeJOBAaHNE TOJIBKO JIMIIL pacuyeTaMu I ciaydas 50 %
HAarpy3Kl HeIOIyCTHMO. BMmecTo 3TOro TpaaulMOHHOTO
YIPOIIEHUs HYKHO HWCKaThb JIMHUIO, KOTOpas Orudaer
CBEPXYy T€ TpaHMIbl, KOTOPBIE COOTBETCTBYIOT MHOTUM
YPOBHSIM XHJIKOCTH U3 IMANa30HA UX U3MEHEHHIA.
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B. H. TOBAKHAHCKHH

AJITOPUTMHUYECKOE U TIPOT'PAMMHOE OBECIIEYEHUE OIITUMAJIBHOI'O YIIPABJIEHUS
INPEPBIBUCTBIM TEIIJIOBBIM PEXKUMOM 3JJAHUU

PaccmartpuBaercss akTyallbHas 3ajada CHMHTE3a ONTHUMAJbHOTO 3aKOHA YHPABICHHUS PEKHUMOM IIPEPHIBUCTOrO OTOIUICHHS O(UCHBIX 3IaHUH,
3aKJIFOYAOIIErOCst B IPOrPaMMHOM CHIDKEHHH TEMIIEPaTypbl IOMEIICHNH BO BHepabouee Bpems. [IpoBe/icHHbIN aHAIN3 UCTOYHUKOB MH(MOpMAILUU
II0Ka3aJ] OTCYTICTBHE B JJOCTATOYHOH Mepe 00OCHOBAHHBEIX METONOB PEIICHHS 3a7audl ONTHMH3AIUH TEIUIOBBIX MPOIECCOB 3[aHHI, 00eCIIeUNBaIONINX
KOoM(OpTHBIE YCIOBHS (YHKIMOHHPOBAHUS HEPCOHAJA C OJHON CTOPOHBI M 3KOHOMHIO PAaCXOJOB Ha MX IOJJEP)KaHHE, C APYroil CTOPOHBL
CdopMynupoBaHa IIOCTaHOBKA 33/1a4i ONTUMAJIBHOTO YIIPABICHUS TEIUIOBBIM COCTOSIHHEM 3[aHHMs, COAEPIKallas MaTEMAaTHYECKYI0 MOJIENb IIPOLIecca,
LeTb yIpaBIeHHs, OTPAaHUYCHHS Ha yHNpaBILSIOIINE BO3AEHCTBUS M MHTETPANBHBIA KBaJPATHUHBIM KPUTEPUH KauecTBa, BKIIOYAIONIHII OTKIOHCHUS
TEMIIEPaTypbl IOMEIICHHS OT 3aJaHHON POrPaMMBbI M pacxoja TernoTel. OrpaHUYeHue MO YIIPaBIIAOLIEeMy BO3ICHCTBUIO Y4TEHO METOIOM IITPadHBIX
¢yHkimit. B kadectBe MareMaTHYeCKOW MOJEIM ONTUMH3UPYEMOrO TEIUIOBOrO MpoLecca IPHHATa JBYMEPHas YIpaBiseMas CHCTEMa
nmudbepeHIHaNnbHbIX yPaBHEHHH ¢ ITOCTOSHHBIMU KOd()(GHUITHEHTaMH, BETHNYHHBI KOTOPHIX ONpPEIeII0TCs Ha OCHOBE KPUTEPHEB NMOA00HS 31aHUMH, YTO
MO3BOJISIET PEIIaTh 3a/a4y ONTHMH3ALUK B Oe3pasmepHoii (hopme. Mojienb BKIFOYAeT YIPaBIIAIONIEe BO3ICHCTBHE — MMOABOAUMBII TEIJIOBOM MOTOK M
BO3MYILAOIIEE BO3JCHCTBHE — TEMIEPATypy OKPYXKAIOIICH CPe/ibl, H3MEHSIIONIYIOCS 10 3aJaHHOMY TapMOHHYHOMY 3aKOHY. UHCIICHHOE pelieHue
3ala4dl ONTHUMAJIBHOTO YIPABJICHUS PEalTN30BAHO METOROM IOCIENOBATENBHBIX NpHOMmkeHnit YepHoychko. IIpuBeneHo omnmcanme uHTepdeiica
[OJIb30BATENs, a TAKXKE IPUMEPBl PeallM3allii ONTHMAIBHOIO YHPABICHHS TEIUIOBBIM COCTOSHHEM. [IpersioxkeHHOe mporpaMMHoOe obecredeHue
03BOJISICT Ha JTAlle IPOSKTHPOBAHUS CHCTEMbI TEIUIOCHA0KEHHS MOJIy4aTh SKCIPECC-OLEHKH Pa3INYHBIX TEIUIOBBIX PEKUMOB 3[aHNU, A TAKKE MOXKET
OBITH UCIIONB30BAHO B KAUECTBE KOMITBIOTEPHOI0 00ECIIeUeHNsI aBTOMATH3HPOBAHHBIX HHIVBU/yaIbHBIX TEIUIOBBIX ITyHKTOB.

Ku1io4eBble ¢10Ba: peXUM MPEPHIBUCTOTO OTOIUICHHUS, ONTUMAIBHOE YIIPaBJICHHE, MaTEMaTHYECKas MOJIEIIb, KPUTEPHIl KauyecTBa YIpaBICHNUs,
OrpaHHYeHHs Ha ympaBieHue, wmrpadHas OQYHKUUs, [OOCIEIOBATENbHbIE NPUOMIDKeHHs, HHTEp(heic NporpaMMbl, aBTOMATH3HPOBAHHBIM
HHJUBYUYaJbHBIH TEIIOBOMU ITYHKT.

B. 1. TOBAJKHAHChKHH

AJITOPUTMIYHE TA ITIPOI'PAMHE 3ABE3IIEYEHHSA OIITUMAJIBHOI'O YIIPABJIHHA
HNEPEPUBYACTUM TEIIJIOBUM PEXKUMOM BY AIBEJIb

Posrisimaethbes akTyalbHa 3a1ada CHHTE3y ONTUMAIIBHOTO 3aKOHY KepyBaHHS PEXHUMOM IepepHBYaCTOro omajeHHs opicHUX Oy/iBels, sKa Mojsrac B
MPOrPaMHOMY 3HIKEHHI TeMITepaTypH MPUMIIIeHb y mo3apobounii yac. [IpoBenenuii aHai3 mkepen inpopmallii moka3as BiACYTHICTb B JOCTATHIM Mipi
OOIPYHTOBAaHHX METOMIB PO3B’s3aHHs 3a7adi ONTHMI3alii TEIUIOBHX MpoLeciB OymiBensb, mio 3abe3mnedyioTs KOM(OPTHI yMOBH (YHKLIOHYBaHHS
IIepCcoHay 3 OTHOTrO OOKY i €KOHOMII0 BHTPAT HA IX MIATPUMKY, 3 iHHmIOro G6oky. C(hopMyIb0BaHO IIOCTAaHOBKY 3aadi ONTHMAJIBHOIO KepPyBaHHS
TEIJIOBUM CTaHOM OY/IiBIIi, sIKa MiCTHUTh MaTEMAaTHYHY MOZEINb IPOLECY, METY YIIPABIiHHS, OOMEXEHHS Ha [l 1 IHTerpaIbHUN KBaJpaTUYHUI KpUTEpiit
SIKOCTI, 1110 BKJIIOYA€E BIAXMIICHHS TEMIIEpaTypH MPUMIILIEHHS BiJl 3aJaHO1 IPOrpaMu i BUTpaTH TeIoTH. OOMEKEHHS M0 KePyIOUOMY BILUTUBY BPaXOBaHO
MertozioM mTpadHux QyHKHii. B sKocTi MaTeMaTHYHOI MOJEINI TEIUIOBOrO MPOLECY, IO ONTHUMI3y€EThCS, NPUIHITA JBOBHMIpHA KEpOBaHA CHCTEMa
nmudepeHiaTbHIX PIBHIAHD 3 MOCTIHHUMH KOe(illi€eHTaMH, BETHYHHE SKUX BH3HAYAIOTHCS Ha OCHOBI KPHTEpIiB MOiOHOCTI OyaiBeNb, MO T03BOJISIE
BHPIIIYyBaTH 3a7a4y onTuMizalii y 6e3po3mipHiid ¢opmi. Monenb BKIrOYa€e ynpaBliHCHKHH BIIMB —TEIJIOBOI MOTIK, IO MiIBOIUTHCS, 1 30ypeHHS —
TeMIepaTypy HaBKOJHMIIHBOTO CEPEeOBHINA, IO 3MIHIOETHCS IO 33JaHOMY TapMOHIHHOMY 3aKkoHy. UmcenbHe pIlICHHS 3aJadi ONTHMAIbHOTO
YIpaBJIiHHS pealli3oBaHO METOJIOM IOCIIZOBHUX HaOmmwkeHb UepHoychko. HaBeneHno onmc iHTepdeiicy KopucTyBaya, a TaKOX MPHUKIaIH peasizanii
ONTHMAJILHOTO YIPABIIHHS TEIIOBHM CTaHOM. 3alIpOIIOHOBAHE IPOrpaMHe 3a0e3MeYeHHs 03BOIISIE Ha eTalll MPOSKTYBaHHS CHCTEMH TEILIONOCTadyaHHs
OTPUMYBATH EKCIIPEC-OLIHKH Pi3HUX TEIUIOBHX DPEKHMIB Oy[iBIi, a TaKoK MOke OYTH BHUKOPHCTaHO B SIKOCTI KOMII'FOTEPHOTO 3a0e3NmedeHHs
aBTOMATH30BaHUX 1HJMBIyaJbHUX TEIUIOBUX ITyHKTIB.

Ku11040Bi cj10Ba: pexxuM 1epepuBYaCTOro ONaJeHHs, ONTUMAIbHE YIIPaBIiHHS, MaTeMaTU4Ha MOJIENb, KPUTEPIii SIKOCTI YIIPaBIIiHHS, OOMEKEHHS
Ha yTpaBJIiHHS, mTpadHa QyHKIis, TOCTiJoOBHI HaOMmKeHHs, iHTepdelic MporpaMu, aBTOMAaTH30BaHHH iHANBITyalbHHH TETUIOBHIT ITyHKT.

V. . TOVAZHNYANSKYY

ALGORITHMS AND SOFTWARE OF BUILDINGS INTERMITTENT THERMAL CONDITIONS
OPTIMAL CONTROL

The actual problem of synthesizing the optimal control law for the intermittent heating mode of office buildings is considered, which consists in the
programmed reduction of the room temperature during off-hours. The analysis of information sources showed the absence of sufficiently justified
methods for solving the problem of optimizing the thermal processes of buildings, which provide comfortable conditions for the functioning of personnel,
on the one hand, and save costs for buildings maintenance, on the other hand. The statement of the building thermal state optimal control problem is
formulated, which contains a mathematical model of the process, a control goal, constraints on control actions and an integral quadratic quality criterion,
including deviations of the room temperature from a given program and heat consumption. The limitation on the control action is taken into account by
the method of penalty functions. As a mathematical model of the optimized thermal process, a two-dimensional controlled system of differential
equations with constant coefficients is applied. The values of these coefficients are determined on the basis of building similarity criteria, which allows
solving the optimization problem in a dimensionless form. The model includes a control action - the supplied heat flux, and a disturbing action - the
ambient temperature, changing according to a given harmonious law. The numerical solution of the optimal control problem is implemented by the
Chernous'ko method of successive approximations. A description of the user interface is given, as well as examples of the implementation of the thermal
state optimal control. The proposed software allows on the stage of designing the heating system to obtain express assessments of various thermal modes
of the building, and can also be used as computer support for automated individual heating points.

Keywords: intermittent heating mode, optimal control, mathematical model, control quality criterion, control constraints, penalty function,
successive approximations, program interface, automated individual heating point.

BBenenune. DpheKkTHBHOE TEIIIOCHAOKEHNE KIJIBIX,  TEPBOCTETICHHOE COIMAIBHOE, SKOHOMHYECKOE U TIOJHUTH-
MIPOU3BOJICTBEHHBIX W OQHUCHBIX TIOMENICHWH SBJSIETCS  4Yeckoe 3HadeHue. O(P(HEKTHBHOCTh TETUIOCHAOXKECHHUS
ONHOW W3 OCHOBHBIX Mpo0OjeM VYKpawHbl HUMEIONEH  MOXXHO OIEHUTH ABYMS KOMIIPOMHCCHBIMH KPHTEPHIMHU:
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Pacxo/10M TEIJIOBOW SHEPTHH U TEMIIEPaTypHBIM PEKUMOM
noMenieHuil. IIpotuBopeune 3akmouaercs B TOM, 4YTO
SKOHOMHsSI TEIUIOBONH 3HEPruU MNPHUBOJUT K CHIDKEHUIO
TeMIepaTypbl BHYTPH IIOMEUICHUH, T.€. HapyIICHUIO
yCJIOBHIA, 00ecrneunBaromux KoM(GOPTHOE CYILIECTBOBAHHE
YyenoBeKa. JJaHHOEe MPOTHUBOPEUHE B YCIOBUSX IICHTpAH-
30BaHHOM CHCTEMBI TEINIOCHAOKECHHS C KaueCTBEHHBIM
pETyIHPOBaHNUEM OTITyCKa TEIUIOTHI IO TEMIEPATYPHOMY
rpaduKy MPUBOANT K AHCOAIIAHCY B KOJIMYECTBE IMOTPEO-
JIIEMOM TEIUIOBOH SHEPTHH M YCIOBUH KOM(pOPTHOCTH
BHYTPU IOMEIICHUNM pa3Iu4HbIX 3[aHUi, U BPEMEHHU
CYTOK.

OfHUM U3 MyTel KOMIUIEKCHOTO PElIeHUs yKa3aHHOI
poOJIEeMBI, SIBIISIETCS JIOKAJIBbHAS JELEHTPATU3AIHS TEII0-
CHaO)XEHHMST Ha OCHOBE OCHAIICHUS MHOTOATAXHBIX
CTpOGHHH aBTOMATH3WPOBAHHBIMH  WHIUBHIYaJIbHBIMU
ternoBeiMU nyHKTaMu (AWTII). Ha AWUTII Boznaraercs
GYyHKIMA TOANEp)KaHUS 3alaHHOW TeMIepaTypbl BHYTPH
MIOMEIICHUSI B 3aBHCUMOCTH OT KOHCTPYKTHBHBIX Iapa-
METPOB 3[aHUs BHEIIHUX IOTOAHBIX YCIOBHH M mapa-
METPOB TEIUIOHOCUTENS], TCHEPHUPYEMOT0 IIEHTPaIbHOU
KOTEJNbHON YCTaHOBKOM.

Jnst GonpuiMHCTBa O(UCHBIX M HPOU3BOJCTBEHHBIX
3MaHUH, TeaTpoB, IIKOJ M T.J. C IEIbl0 IKOHOMMHU
pacxoJI0B TEIJIOTHl B TEUEHHE YacCTH CYTOK JOIyCKaeTcs
HEKOTOPOE CHIXEHHE TEMIIepaTypbl IOMEIIEHUH HIKe
HOPMAaTUBHOT'O 3HaYeHUsl. Takol peKUM «IIPEPBIBUCTOIO»
OTOIUICHHS MO3BOJSIET 3KOHOMUTh PAcXO/bl TETJIOTH IIPU
BBIITOJTHEHNH TPEOOBaHMH 10 KOM(MOPTHOCTH B 33aJaHHBIX
MHTEPBAJIAX CYTOK.

Takum 00pa3oM, BO3HHKAaeT 3ajaya yNPaBICHUS
TETUIONOABOIOM K 3[aHHI0, 00eCTIeunBaromero 0JIm3koe K
MIPOTPaMMHOMY HM3MEHEHHE TEeMIIepaTyphl ITOMEIIEHUS
P MUHAMAaJIBHBIX 3aTpaTax TEIIOBOH SHeprun. Perenne
3TOM aKTyaJIbHOH 3a/ladyd U COCTAaBISET LIEIb HACTOSILErO
HCCIICIOBaHMUS.

O030p m aHaIW3 HCTOYHMKOB HWHGoOpManuHu.
OnmHuM n3 3(QQEeKTUBHBIX METOJIOB, HANPABJICHHBIM Ha
SKOHOMHIO TEIUIOBON 3HEPTUH, SBISETCS CHIKCHHE HIIH
MIOJTHOE OTKJIFOUEHHE MO0IaYH TeIUIOHOCHUTENS B IPOU3BO/I-
CTBEHHbIE WM O(UCHBIE 3[aHUs B Hepabouee BpeMs, H
BOCCTaHOBJICHHE K MOMEHTY Hadajia pabodero AHS KOM-
(OpPTHOTO TEMIIEPaTYPHOTO PEXHUMa IMOMENIEHUH BOCCTa-
HaBJMBaeTCsA. AHAIU3 HCTOYHHUKOB HHGpopmaumu [1-4]
JlaeT OCHOBaHHUE NPEANOJIAraTh, YTO PEXKUM IIPEPBIBUCTOTO
oromnenus (PIIO) mo3BosiieT SKOHOMHTH TEIJIOBYIO
sHepruto 10 35% B roa. OueBnaHO, uTo PIIO MOXET OBITH
peanu3oBaH Tonbko Ha AUTII, mocKoNBKY 3MaHUS UMEIOT
pa3IUYHbIC CTATHYECKHE M JUHAMHUYECKHE XapakKTepHc-
THKH.

B pa6orax [2-9] paccMOTpeHbI HEKOTOPBIE MOIXO0IBI
k peammsanuu PIIO, a Taxxe OICHKE ero 3Heprodd-
(DEeKTHBHOCTH, OCHOBAaHHBIE Ha MaTEeMaTH4YeCKOM M KOM-
MIBIOTEPHOM MO/ICJIMPOBAHHH TPOIIECCOB TEIUIOCHA0KEHHS
3naHuid. HecMoTpsi Ha BBICOKMI HayuHBI YpOBEHb ITHX
UCCIEJOBAaHUH MM, KaKk M JIIOOBIM JPYIMM Hay4YHBIM
HCCIIeJOBAHMSM, PUCYII PSiJT IOMYIIECHUI U HEIOCTaTKOB.
Tak B ocHOBoOTIONAratoIei padore [2] mpu paccMoTpeHU
Iporecca pa3orpesa 3aHus WM HATONA HE yIUTHIBAIOTCS
JVUHAMUYECKHE XapaKTEePUCTHUKH OTPaKACHUH M BHYT-
PEHHHX AaKKyMYJIUPYIOIIUX 3JEMEHTOB (IIEPETrOPOJIOK,

Mmeberu, 000opyaoBaHus U mp.). B To ke Bpems, HETPYAHO
y6equThCs B TOM, YTO IMOCTOSIHHAS BPEMEHH Mporecca
HarpeBaHMsl BHYTPEHHETO BO3AyXa MPCHEOPEKUMO Maja
[0 CPaBHEHHIO C MOCTOSHHBIMH BPEMECHH TEIUIOBBIX
MPOIIECCOB OTPAXKICHUH M BHYTPEHHHUX aKKyMYJISATOPOB
TEIIOTEl. TakuM oOpa3oM, OBICTponeiicTBHE mporecca
HAaTOIa oOmpeneiseTcss He HarpeBaHHeM BO3AyXa, a
HAarpeBOM KOHCTPYKTHBHBIX OJJIEMEHTOB 3JaHUS. OTOT
HEJIOCTaTOK TakXe oTMedaeTcsi aBTopamu [3], KoTopsie
HOIBITATCH CHOPMYIUPOBATH AJITOPUTM HPEPHIBHCTOTO
OTOIUICHUS, KaK 3aJady ONTHMAJIbHOI'O YIIPABJICHHUS IO
KPUTEPUIO 3KOHOMHHU TEIUIOBOW MOIIHOCTH HA 33JaHHOM
BpeMeHHOM wuHTepBanie. CieayeT OTMETUTh Ps HETOY-
HocTeit B [3] mpu mocTaHOBKE 3aqayd ONTUMANBHOTO
yhnpaBieHus. Tak MHHHMAIbHAs MOIHOCTb CHCTEMBI
OTOIUICHUSI B TIPOIIECCE YMPABICHHS OMPEIEsIeTCs Kak
MOIITHOCTh 00ECIICUHBAIOIIAS TEMIEPATYPY BHYTPEHHETO
Bo3ayxa Ha ypoBHe 12°C. B TO ke Bpewmsi, BBIIIOJHEHUE
3TOr0 YCJOBHS OCYLICCTBISACTCSA NPU Pa3IMYHBIX MOII-
HOCTSIX CUCTEMBI OTOIUICHHS B 3aBUCHMOCTH OT BHEIIHUX
ycnoBuil. Kpome TOro, coBeplieHHO HEO0OOCHOBAaHHBIM
BBITJIJIUT YTBEPXKICHHE O PABEHCTBE MHTECPBAJIOB MUHU-
MaJbHOH M MaKCHUMAaJIbHOM MOIIHOCTEN CHUCTEMBI OTOI-
neHus. Ha MHTYNTHBHOM YpOBHE PEXKHM IPEPHIBUCTOTO
YIPaBJICHHUSI, COOTBETCTBYIONIHI OCHOBHBIM TTOJIOKEHUAM
TEOPHUH ONTUMAIBLHOTO YIIPABICHUsI, OITiCaH B pabote [4].
N3 Bcex paboT B 3TOM HANpPAaBICHUH MOXHO BBIACIUTH
uccienosanue [5], B koropoM Hanboee yaauHO OTPAXKEHBI
OCHOBHBIC KJIIOUEBBIC MOMEHTBHI IOCTAHOBKH 3a]a4u
omtumaibHoro ympaenenus PITIO. Tak B [5] B kauectBe
MaTeMaTHYeCKOH MOJeNI MpoLecca paccMaTpuBaeTCs
KOHEYHOMEPHAsi MOJIENb TEIUIONPOBOIHOCTH Yepe3 MHOTO-
CIIOHHOE OTpaKACHHE, a TAKXKe COCPENOTOYCHHbBIC JUHA-
MHYECKHE MOJENH BHYTPEHHETO BO3/yXa U IEPeropoloK
31aHusA. HecKoNbKO HETOYHBIM MPENCTaBISIETCS BHIOOD
MHHHUMH3HPYEMOTO (QYHKITHOHAIIA, BKIIOYAIOIIETO KBaIpa-
TUYHYI0O MTpagHy (GYHKIHUIO Ha TPaBOM KOHIE OT
TEeMIIepaTypsl BHYTPEHHETO BO3myxa. Jleqo B TOM, 4TO
Tpebyemas TemMIeparypa BO3Lyxa MOKET ObITh TJOCTUTHYTA
W TOTAa, KOTJa BCE OCTalbHBIE TEMIICPaTyphl, OIpe-
JICTISFOIINE TIOMHBIA BEKTOP COCTOSIHHS CHCTEMBI OYayT
UMETb 3HAYCHHs, OTIMYHBIC OT HOMUHAJBHBIX 3HAUCHHUI,
YTO TPHBENET K MOCICAYIOEMY HM3MEHCHHIO TeMIiepa-
TYpBl BO3[yXa B HOMelleHMH. KpoMe TOro nmpuMeHeHHe
OPSIMBIX METOJOB ONTHMH3ALMU BPSI JIM CIEAyeT HpH-
3HATh ONpPABIAHHBIM, IOCKONBKY HPHBOIUT K HaXOXK-
JCHHUIO JIOKAIBHOTO OJKCTpeMyMma. OTO MpHBEIO K
OmMOOYHOMY pe3yabTaTy, B TO BpeMsSl KakK TPHUHIIUII
MakCHMyMa JUISi JaHHOM MOCTAHOBKM 3amadd  JaeT
OYEBUIHOC PEIICHHE HAa TPAHUIAX OOIACTH IOYCTHMBIX
yrpasienuii [6].

B pabGore [6] Ha OCHOBE  YIpPOIIEHHOU
MaTeMaTHIECKOW MOJIENTH TEIUIOBBIX IMPOIECCOB 3/IaHMUIA,
MOJIyYEHHOW B MPEAIONIOKCHUH OONBIIUX DPa3NUYUid B
MOCTOSIHHBIX BPEMEHH HarpeBa (OXJIaXICHHs) BHELIHErO
OrpaXKIIeHHUsI, BHYTPEHHErO 3alOJHEHUS M BHYTPEHHErO
BO3[yXa Ha OCHOBE MPHUHIMIA MAaKCUMyMa IOJYYCHBI
OINTHUMAJIbHBIC 3aKOHBI YIPABICHHS TEIJIOBO MOIIHOCTHIO

CHCTEMbl OTOIUICHHS, II03BOJSIOLIME ONTUMH3UPOBAThH
TEIJIOBYI0  3((EKTHBHOCTh  PEKHUMa  MPEPHIBUCTOTO
ororieHus. [lojydeHHble pe3yibTaThl MO 3KOHOMHHU
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TEIUIOTH HA MHOKECTBE MapaMeTPOB, XapaKTEPHU3YIOLINX
PIIO, noaTBepanian CHUXKEHUE PAcX00B TEIUIOTHI Ha 1,5—
20% 1o CpaBHEHHIO C COOTBETCTBYIOIUM CTallHOHAPHBIM
pexxumoM. T. e. IKOHOMHUS TEIJIOTHI B MEPHOJA CHUKEHUS
YPOBHS TEIJIOBOM MOIIHOCTU BBHIINIE YEM €€ PacXxojd B
NepHO NOCIEAYIOLIETO BEIXOAA HA CTALIMOHAPHBIN PEXKUM.
CyIIeCTBEHHBIM HEZIOCTATKOM paboThl [6] MOXKHO caHUTATH
mpeHeOpekeHNne aKKyMYJIHPYIONMMHA Ka4eCTBAaMH BHYT-
PEHHHX TIEPETOPOJOK, a TakXkKe TIPEAINoJOKEeHUH 00
OTCYTCTBUH CYTOUYHOTO U3MEHEHHUS TEMIIEPATYphl OKpYXKa-
IOLLEr0 BO3yXa.

Taxum 00pa3oM, 11eNIbI0 HAaCcTOSIIEH PaOOTHI SIBISIETCS
CUHTE3 ONTUMAJIbHOTO 3aKOHA YIPAaBJIEHUS TEIIOBOM
MOII[HOCTBIO C YYETOM NPHUBEICHHBIX BBIIIE HEAOCTATKOB.

ITocTanoBKa 3a1a4u uccaenoBanusa. bynem xapak-
tepuzoBath PI1O 3naHus nporpamMmHON (GyHKIHMEH nepe-
kitouenus (I1DIT), mpemocrapisitomeii coO0l KenaeMbIit
TEeMIEpaTYpHBIA TpapuK H3MEHEHUS TEMIEePaTyphl ToMe-
wenus T, (t).

[I®IT mmeeT CTPYKTYypy HEepHOAMYECKON (YHKIHH,
COCTOSILIEN U3 MOCIEN0BATENBHOCTH MPSIMOYTOJIbHBIX UM-
yJ1bCOB C 3aJaHHBIMH MAKCUMAIbLHBIM T, U MHUHHMAJIb-
HbIM T, YPOBHSAMU TeMIIEpaTyphl BO3LyXa IIOMELICHHUS.

TB npu (P(t) =1,

T, mpu ¢(t) = 0, M

70 =

rae @(t) — BpeMeHHas QYHKIHS IEPEKIIOUCHHUIM PEKUMOB
IIPEePBIBAaHMS OTOILICHUS

1amave € (T;(t) =T,),

0 st Vt € (TB*(t) = IB). )

o) =

B kadecTBe MaTeMaTH4eCKOW MOJENH TEMIOBOIO
mpouecca 31aHMA  OyneM paccMaTpuBaTh MOJENb B
Oe3pa3MepHBIX MapaMeTpax momobus u BpemeHu [10],
HMEIOLIEN BUA:

aT

Pt —bT + pT, + q + T,
dr, 3
d; = CT - C_:dTa + (q + CmToc'

T, =alq+ T+ pT, + oT,.),

rne T, T,, T, u T, — TeMIIepaTypbl BHEIIHETO OTPAKICHUS,
BHYTPEHHUX TIEPETOPOJIOK, BHYTPEHHETO BO3AyXa U
OKpY>Karollel cpeibl COOTBETCTBEHHO.

Koappunmentsr B cucreme
BBIUUCIISIOTCS B BUJIE

ypaBHeHud  (3)

a=0+p+0),b=1+2(p + o), @)
c=1+p+20,d=1+o0.

9=t/t/(1+p+ w) — Ge3pasmepHoe Bpems, T —
IIOCTOSTHHAA BpeMeHI/I BHCUIHETO OFpa}K}leHI/Iﬂ, p —
OTHOIIEHWE TEIIOBLIX CONMPOTUBIEHHH OrPaKACHUS |
BHYTPEHHHX MEPErOPOJOK, ® — OTHOUIEHWE TEIUIOBBIX
CONPOTHBIIEHUN OTPAKICHUS U OCTEKIEHHs, { — OTHO-
[IIEHHE MTOCTOSIHHBIX BPEMEHH OTPAKICHHUS U IIEPETOPOJIOK,
q — TEIUIOBOM IMOTOK OTONHTEIBHBIX NPUOOPOB, BhIpa-
JKEHHBIM B IIEperaje TeMIeparyp Ha TEIIOBOM COIpPO-
TUBJIEHHU BHEIIHETO OIPasKICHHS.

Kak BumnHO u3 (3) u (4), maremaruyeckas MOJCIb
HCCIIEYEeMOT0 TEIUIOBOTO IMpoIlecca MPEAICTaBIIeT co00it
JUHEHHYIO CTAI[HOHAPHYIO0 cucTeMy IuddepeHInanbHbIX
YpaBHEHUH 2-TO MOPSJIKA, CO CKATSIPHBIMU YIPaBICHUEM
q(t) u Boamymienuem Ty (t).

Kpurepuii  kadecTtBa  yImpaBiIIEMOro  Ipolecca
BEIOEpEM B BHIIE
1t .
J =3, (T, = T)? + pg?ldt, )

rze L — BeCOBOH KOA(D(HHUIHEHT.

Kpurepuii (5) yuuThiBaeT ABa MEPBUYHBIX KPUTCPHSL:
TOYHOCTh BBIIIOJHCHUS 3aJaHHOM mporpammsl T, TO
TEeMIIepaType BO3yXa B MOMEIICHUY, U 3aTPAThl TCILIOBON
SHEPIUH Ha €¢ BBITIOJHCHUE.

H3MeHeHrne TeMIepaTypsl OKpPYKAIOMIeH Cpeabl B
MEPBOM MPHUOIIKEHUU OYyeM Mpe/rnoiaraTb rapMOHUYEC-
KHM:

T..(%) = T,. + AT sin Q9 (6)

rae Kpyromasi yactora {1 ONpenensercs COOTHOLIEHHUEM
MEXKIy pealbHBIM t 1 Oe3pa3sMepHbIM ) BpeMEHEM

Q = 2nl,

rae | — KOMM4YecTBO CyTOK B MHTEpBAJE, COOTBETCTBYIO-
IIeM eAMHUIlEe 6e3pa3MepHOro BpeMeHu 3.

B xauectBe orpaHmueHuil OyneM paccMaTpHBAaTh
OrpaHHYEeHUE Ha MAaKCHMAJIbHYIO TETIIOBYIO MOIHOCTb

0<q< G- (7)

Takum  oOpa3oMm, HEOOXOAWMO HAWTH  3aKOH
yrpasieHust q(t), yAOBIeTBOpsomuiA orpanudeHnio (7) u
MUHHMU3HPYIOIUN KpuTepuit (5).

CuHTE3 ONTHMAJILHOIO 3aKOHA ynpasJjeHus. /s
pelleHns  MOCTAaBIEHHOW  3aJayd  BOCIOJb3YEeMCS
CTaHIapPTHOM Mpoleaypoi mpuHIMIa Makcumyma [11].
[MpencTaBnenue 3ajadd ONTHUMHU3AIMU KaK 33/a4d CO
CBOOO/IHBIM NPABBIM KOHIIOM I103BOJISIET BOCIIOJIB30BATHCS
OJHUM M3 caMbIX 3((EKTHBHBIX METOJOB YHCICHHOIO
pelIeHns] 3aa4d ONTHUMHU3ALUK YIPABICHHS METOJIOM
Yepuoycbko [12]. Orpanuyenue na ynpasiuenue (7)
YYHUTBIBAJIOCH METOJOM IUTpadHbIX QyHKLIMHA. B kauecTBe
mrpadHoit QyHKIMH ObUTa BEIOpaHa QYHKITHS BHIA

2M
29—
(I’(q) — ( q Qmax) 1 (8)
Gmax
rre M — 60iIpII0e T0I0XKUTENBHOE ENT0e YHCIIO.
Bxirouenue nuddepernnpyemoit mrpadHOit

¢ynkimu (8) B kpuTepuit KayecTsa (5) MO3BOJIMIIO penaTh
33724y MaKCUMM3aIH T'aMIJIbTOHHAHA MIPOCTHIMH aHaJIU-
TUYECKMMH METOJIaMH OTBICKaHHUSI 0€3yCIOBHOTO 3KCTpe-
MyMa.

HauanbHble ycioBus A1t HHTETPUPOBAHUSI CUCTEMBI
(3) B mpsMOM BpeMeHHM BBIOMPAIHMCH MCXOIS W3 CTa-
TUYECKOU Moaenu

T(to) =5 (T; (to) — Tee(to)),
T, (to) =Ty (to),

C nocjacayromuMm  UTCpaluOHHBIM  YTOYHCHHCM  II0
COOTBETCTBHMIO HAYaJbHBIX M KOHEUHBIX 3HAYCHHM
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T(ty) =T(ty), Ty(ty) = T,(t;) B cuny mepHOIUYHOCTH

M ' [ (5] Microsoft Excel - Keura1 [
nporpaMmuoi  Qyskiuuun T, (t) ¥ BO3MYLIAIOLIETO = :
o liﬂ Gafin  [paska Bea Boaska ®opuar Cepenc  Jawseie Oxwo  Cripaees - & x|
Bosefictis Toc(0). EEREF WETEEE E RIS
IIporpammuoe oOecnedenue. [ pemeHus 3anad % 13.1765622504943
] C D E ; G H =
ONTUMM3ALUK MPEPBIBUCTOIO PEKUMa IMpoLecca OTOoIIe- | 1 Hiscon MNM,,‘ ! ) =
Hus pa3paboTaHO U PEaTn30BaHO IPOrPaMMHOE 0becTede- 2d ta2r3 I
- 4T Ta JX] A2 Te T Tout qOld g
HHUEC, OCHOBAHHOC Ha I/IzepaHI/IOHHOM METOAC IIOCICIO o s AT B 5 5 P vl a6
BaTENFHBIX MpUONMKkeHuil. [IporpaMma mo3BoseT pemarh | 6| 5304775 15.254 0 0 290576 12 13.98543) 0553511 0,
7] 6357422 15,2077 0 0 28118 12 1394634 0558303 0
3ajady ONTUMM3ALMM Al [POHM3BOJIBHOTO Habopa 8 540053 1516168 0 0 27174 12 1390875 0563151 0
o N 9 | 5.404001] 1511595 0 0 262337 12 1287088 0568054 O
HapaMeTpoB MOJ00Us 3/aHus, TPeOOBaHMK K CyTOYHOH (10| 54081 150705 0 0 252946 12, 13,83331| D.573016 0
11| 541256 1502635 0 0 : 0578037 0.
nporpamMme MH3MCEHCHUSA TEMIICPATyphbl, K IapaMeTpaMm SN oo a0 oS Ea ey

3aKOHAa M3MEHEHHs TeMIepaTypbl OKpYXaroleil cpensl, a roras
TaKKe MaKCHUMaJbHO JIOIYCTHMMOM BeNIWYMHE TEIUIOBOH ‘
MouiHocTH. OCHOBHO# MHTepdelic nporpaMMBbI IPeICTaB-

JIeH Ha puc. 1

Puc. 3. MeH0 HACTPOEK MpOorpaMMbl

r ~ 2
) Heating Regulator 0.0,19 w
Hanawryeasng °
2
w |0125 (2 n |1 c Cn |3 ¥ Tn {12000 12 qMin |0000 2 "
p [8000 (=] AT [3000 12 10 fopo0 = Timex [20000 21 oMex [30.000 = .
u [oooe & Ao B o [wo & vrwes 00 B o [oon
g [s000 # 7o [1000014] o o010 % TrmaEnd {0750 M oM [0 ‘¢ *
m [1000 1] Te0 [200001% max 00 2 o0 [10000 4] qmax [0 % s " = = - o P s - =
Chvexerring Ofuwrcossmli ||
He ofivexsro Puc. 4. I'paduk n3MeHEHUS TEMIIEpaTyphl OKPYKAIOLIEH Cpelibl
OOmexe0 HepiS=0CTRML
B Ofuexe~n LTPATHIIO TYHAUD Lom 2
20
19
\ 18
17
16
Puc. 1. OcHoBHOI1 nHTEpDEiic 1
14
Kpome mnepeyuciieHHbIX MapamMeTpoB pPacyeTHOTO "
12
PIIO HEoOXOaMMO BBECTH P MapaMETPOB, PETYIHPY- N

IONINX CXOIWMOCTh TIPOIIECCa ONTHMHU3AINHN TaKHX Kak
crerieHs mrpadHON (QyHKIME M, CTapTOBBIC 3HAYCHUS
TEMIEpaTyp OXJIaXICHUS H TMEPeropoiok, TOYHOCTH
3aMplkaHns nukiaa PIIO mo HadaabHBIM UM KOHEYHBIM

3HAUEHMSIM TeMIlepaTyp, Iar HMHTEIPUPOBaHHS W Psijl z: X/‘ J‘,N\_‘\
JPYrUX MapamerpoB. N
[TporpamMma UMEET PEKUM HACTPOEK, MO3BOIAROIMNA
BBIBOJIMTH HA dKpaHe HeoOXoaumble rpaduku, BeiOMpats
sI3bIK MHTEp(deiica, a TakKe pa3Mepbl rpaduKoB. .
0 0,1 02 03

Puc. 5. Temneparypnas nporpamma PITO

7 —
© Hesting Regulator 10019 [N o o4 o8 08 o o8 o
Hepewryeanms | o
| b = = Puc. 6. OnTuManbHbIH PEXKUM U3MEHCHUA
T
Mota > T2 T (12000 B aMpy 0000 R TertoBoit MourHoctu pu PI1O
Poamipn rpadixa (500 x 200) A Trmax 20,000 1= qMax 30 000 1= 21
p 00N |2 A 5000 |2 D 2 maxRzn 0250 |2 qe 0010 |2 20
5 BT Te *
g 4000 2] 710 10000 |2 D exEd 0750 2] oM 30 ©
i S 3 18
m 1000 (& Ta0 20000 |5 i Tl Tout SMIt3 TEMNEPATYpi HAEKSMLINEIFD COPEATENLLLD. | .
COmexen g qold O6wecaop=mi | 1
He obmexzHo L: 9 15
O6mekc0 HEDITHOCTRVM 14
3 Pomnouamm

8 (Bmeweo wipadnow Eyruicn 13
12
"

\! 00 01 02 03 04 05 06 07 08 09

Puc. 7. I'paduk m3MeHEeHUs TEMIIEpaTyphl IIOMELICHU
Puc. 2. MeH10 HacTpoeK MpOrpaMMbL

3akaouenue. [IpemnoxxenHoe B pabote mporpamm-
HOe obecreueHne MO3BOJISET IOIyYaTh IKCIPECC-OIEHKN
s¢pdextuBroctr PI1O. Beicokas CKOpOCTh BBIYUCICHHIH, a

Pe3ynbTaThl BBIYUCICHUN 3aHOCSTCS B QJIEKTPOHHYIO
Tabauiy puc. 3, a TaK)Ke NPEICTaBICHbI B BUE rpapKOB
puc. 4-7.
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TaKKe HADIAJHBIH HMHTEp(EHC C IIMPOKHMMH BO3MOX-
HOCTSIMHU TIPEJCTaBJICHUSI pe3yabTUpYoLield HH(POpMaIIK
MO3BOJISIIOT TTOJIb30BAThCsl HACTOSIIEH NporpaMmMod Ha
JTamne NpeJBapUTEIbHOrO BEIOOpa MapaMeTpoB KOHCTPYH-
pyeMoro mnomemnieHusi, 00ecIeunBaONIero HaWIy4Ilue
COYETaHHs IapaMeTPOB IONOOMS 3IaHUS IO KPUTEPUSIM
KoMGpOpTHOCTH ¥ 3HeproddpdexTuBHOCTH. [lomydeHHBIE
pe3yIbTaThl KOMITBIOTEPHOTO MOJICIUPOBAHUS OPUEHTHPO-
BaHBI Ha HCIIOJIb30BAHUE B ABTOMATU3HUPOBAHHbBIX HHIUBH-
IyalbHBIX ITyHKTAaX.
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YIPABJITHHS B OPTAHIBAIIIMHUX CUCTEMAX
YIIPABJIEHHUE B OPI'TAHU3AIIMOHHBIX CUCTEMAX

MANAGEMENT IN ORGANIZATIONAL SYSTEMS

YK 004.272.34 DOI: 10.20998/2079-0023.2021.01.07
10.J1. IPOHYAKOB

MOJEJIOBAHHSA PO3TAIIYBAHHSA BIPTYAJIBHOI'O PO3IOAIVIEHOI'O BUPOBHHUIITBA
B YMOBAX OBMEXXEHUX MOKJIUBOCTEM PO3BUTKY IIJIMIPUEMCTBA

CraBUThCS Ta BUPILIYETHCS 3aa9a JOCIIKEHHS i IPUEMCTB IIPU PO3MIIIEHHI 1X Ha HOBHX IUIONIAaX. AKTYalbHICTh 3a/[adi 0B s13aHa 3 MOPAJIbHIM Ta
(i3MYHUM CTapiHHIM BHPOOHUYNX CUCTEM, 110 IPU3BOJHUTH 10 HEOOXIJHOCTI iX MoziepHizamii Ta peimkuHIpHHTY. {11 pO3BUTKY ITiANPHEMCTBA OTPiOHI
HOBI IUIONIi /TSl PO3MIILIEHHSI CY4aCHOTO TEXHOIOTiYHOro obnaaHanus. Uepes auBepcubikaiito AiSIBHOCTI MiIPUEMCTBA 1 MOSBH HOBUX 3aMOBJICHB
JIOLILHO Ha HOBUX IUIONIAX PO3MIII[yBaTH Cy4acHi BAPOOHMYI JTiHiT 3 BACOKHM CTYIIEHEM aBToMaTu3allii. BUMOTH 111010 opraHizaiiii HOBUX BUPOOHHIITB,
3 ypaxyBaHHsM KoHnenuii Industry 4.0, npu3Benn 10 CTBOPEHHS MiANPHEMCTB Y BUIJISI BipTyaJbHHX BHPOOHMITB, SIKI OPI€EHTOBAHI Ha CTBOPEHHS
HOBHX iHHOBaliiHMX BHPOOiB. Llimo poboti € po3pobka Mozeneil paioHaIPHOrO PO3MIIIEHHS BipTYaJbHOrO BHPOOHMIITBA HA HOBHX IUIOIIAX B
yMOBaX OOMEKEHHX MOMIHBOCTEH IigNpUeMcTBa. 3-3a CKIQIMHOCTI 3a/adi, M0 BUPILIy€THCS, JOCITIKEHHS IPOBOAUTLCS Y TPH €TaIll: ONTHMIi3allis
PO3MIIleHHsT Ha 3eMHil ITOBEpXHi; (hOpMyBaHHS KOMYHIKaWiifHOI iHQPACTPYKTypH BipTyaJIbHOTO BUPOOHHIITBA; MOJCIIOBAHHS BUPOOHHYOTrO LIUKITY
BIPTyaJIbHOTO MiANPUEMCTBA. PalioHalbHE DPO3MIIICHHS BIPTYyalbHOTO BHUPOOHMIITBA IPOBOAUTBHCS 3 BUKOPUCTAHHAM SIK JIOKaJIbHOI, TaK i
OaraTokpuTepiabHOI onTUMizanii. st popMyBaHHS KOMYHIKAIIHHOT iHPPACTPYKTYpH BipTyaJIbHOTO IiIPHEMCTBA 3 HCHIOETECS BUOIP ONTHMAIBHOL
TpacH INpPOKIAAKU MaricTpayi. MozmenroBaHHS BHPOOHHYOrO IMKIY 3IIHCHIOETBCS 3 ypaxXyBaHHSIM YacOBHX 3aTPHMOK Ta 4Yepr HPH BHKOHAHHI
TEXHOJIOTIYHUX orepauiil. HOBUM HayKOBHM pe3yibTaTOM € PIIleHHs 3a1a4i PO3MILIEHHS BipTyaibHOI BUPOOHHYOI CHCTEMH Ha 3eMHill MOBEPXHIi 3
ypaxyBaHHSIM 3allPOIIOHOBAHUX IOKA3HHKIB Ta 0OMEKeHb, sSKi BKIIOUAIOTH BapTiCTh OpeHAW (NpHAOAHHS) 3eMENbHHX IUITHOK, a TaKOXX BUTPATH,
TIOB’s13aHi 3 TIPOBEICHHSIM 3eMENbHHX Ta OyIiBHUX poOiT. BukopycTaHi MaTeMaTHIHI METOH: IIJTOYHCEIbHA ONTHMI3aNis, iMiTaIliifHe MOJEIIFOBAaHHS,
areHTHE MOJICITIOBAHHS.

Kuirodosi ciioBa: BipTyalbHe TANPUEMCTBO, ONTHMI3allis PO3MIIEHHS TEXHOJIOTIYHMX 00’€KTiB, KOMyHIiKaliliHa iH(ppacTpyKTypa
IiANPUEMCTBA, IMiTaliiiHe MOJIETIOBaHHS, aT€HTHE MOJICITIOBAHHSL.

10. JI. IPOHY4AKOB

MOJIEJIUPOBAHUE PASMEIIEHUSA BUPTYAJIBHOI'O PACITPEAEJIEHHOT O TPOU3BOACTBA
B YCJIOBUSIX OTPAHUYEHHBIX BO3SMOXKHOCTEM PASBUTUS IIPEANPUATUSA

CraBuTCs U pelaeTcs 3aj1a4a UCCIEI0BaHUS MPEANPUATHI PU pa3MEIEHUH UX Ha HOBBIX IUIOIIAAAX. AKTYaJIbHOCTh 33aa4H CBsI3aHA C MOPAJIbHBIM 1
(u3uveckuM CcTapeHHeM IPOH3BOJCTBEHHBIX CHUCTEM, YTO NPUBOJUT K HEOOXOAMMOCTU MX MOJEPHHU3AIMH U PEUHKUHUPHHTrA. [l pa3BUTHA
MIPeIIPUATHS TPEOYIOTCS HOBBIE TUIOMIAAN IS pa3MelIeHNs] COBPEMEHHOTI0 TEXHOIOIHIECKOro 00opynoBaHus. 13-3a TuBepcHpHUKaNy AeITETEHOCTH
MIPEIIPUATHS U TIOSIBIICHUS. HOBBIX 3aKa30B IIENEecO00pa3HO Ha HOBBIX IDIOMIAIAX Pa3MelaTh COBPEMEHHbBIE IPOH3BOACTBEHHBIC JIMHUH C BBICOKOH
CTereHblo aBToMaTH3anui. TpeGoBaHusl [0 OpraHU3allK HOBBIX IPOU3BOJICTB, ¢ yueToM KoHuentuu Industry 4.0, npuBenu K CO3IaHHIO IPEANPUS TN
B BHJIC BUPTYAIBHBIX IPOU3BOJICTB, OPHEHTHPOBAHHBIX HA CO3[aHHE HOBBIX HHHOBALMOHHBIX M3/emuil. Ilenpio paGoThI sBIsteTcs pa3paboTka Mozenel
PaLMOHATIBHOTO Pa3MEILEHUs] BUPTYalbHOIO MPOU3BOJICTBA HA HOBBIX IUIOIIA/AAX B YCIOBUSX OIPaHHUEHHOCTH BO3MOXKHOCTEH mpeanpustus. M3-3a
CIIO)KHOCTH pelIaeMoil 3aJadd, HCCIEAOBAaHME IPOBOJHUTCS B TPU dTama: ONTHMH3AIMS Pa3MEIICHHs Ha 3e€MHOHM INOBEPXHOCTH; (HOpMHpPOBAHHUE
KOMMYHHKAIIHOHHOW HMH(PACTPYKTYpBsl BUPTYAIFHOTO NPOU3BOACTBA; MOJEIMPOBAHUS HMPOU3BOJACTBEHHOIO IHKJIA BHUPTYAIBHOTO MPEIIPHATH.
PanuonansHOe pazmelieHre BUPTYaJIbHOrO IPOU3BOICTBA IIPOBOUTCS C UCIIOIB30BAHUEM KAK JIOKAIBHOM, TaK U1 MHOTOKPUTEPUAIIbHOW ONTUMHU3ALINH.
Jlnst bopMupOBaHUST KOMMYHUKAIIHOHHOH HH(PACTPYKTYPHl BUPTYAIbHOTO MPEIIPHATUS OCYIIECTBISCTCS BHIOOP ONTHMANIBLHOH TPAcChl MPOKIAIKH
Marucrpanu. MojenupoBaHie NPOU3BOACTBEHHOIO IHMKJA OCYIIECTBIISIETCS C y4YETOM BPEMEHHBIX 3aJiepKEK M odepenedl NpH BBINOJIHEHUM
TEXHOJIOTHYECKUX onepalridi. HOBbIM Hay4HBIM pe3ysIbTaTOM SIBJISETCS PEIISHUE 3a/1aud Pa3MEIeHUs] BUPTYalbHON MPOU3BOJICTBEHHON CHCTEMBI Ha
3eMHOIf IOBEPXHOCTH C y4eTOM HPeIJIOKCHHBIX IOKa3aTeleld U OrpaHMYeHHH, KOTOphIe BKIIOYAIOT CTOMMOCTD apeH/bl (IIPHOOPETeHNs) 3eMeIbHBIX
YYaCTKOB, a TAK)KE PACXOJIBI, CBSI3aHHBIE C IPOBEICHHEM 3EMEIIbHBIX U CTPOUTENBHBIX paboT. VIcIob30BaHbl MAaTeMaTHYECKHE METO/IBI: IIEJIOUNCIICHHAS
ONTUMU3AINS, UMUTALIMOHHOE MOJICTMPOBAHUE, areHTHOE MO/ICIMPOBAHHE.

KiroueBble cj10Ba: BUPTyadbHOE IPEIIPHUATHE, ONTUMHU3AIHS PA3MEIICHHS TEXHOIOTNIECKUX 00bEKTOB, KOMMYHHUKAI[HOHHAS HHPPACTPyKTypa
MPEANPUSATHS, UMUTALIMOHHOE MOJICTMPOBAHUE, areHTHOE MOJIEJIUPOBAHME.

Yu. L. PRONCHAKOV

SIMULATION OF VIRTUAL DISTRIBUTED PRODUCTION LOCATION UNDER CONDITIONS
OF LIMITED POSSIBILITIES OF ENTERPRISE DEVELOPMENT

The task to research the enterprises when locating them in the new areas is posed and solved. The relevance of the problem is related to both moral and
physical aging of production systems, which leads to the need for their modernization and reengineering. For the development of the enterprise, new
areas are required to accommodate modern technological equipment. Due to the diversification of the company's activities and the appearance of new
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orders, it is advisable to place modern production lines with a high degree of automation in new areas. The requirements for the organization of new
industries, taking into account the concept of Industry 4.0, have led to the creation of enterprises in the form of virtual industries focused on the creation
of new innovative products. The aim of the work is to develop models for the rational location of virtual production in the new areas in conditions of
limited enterprise capabilities. Due to the complexity of the problem being solved, the study is carried out in three stages: optimization of location on
the earth's surface; creation of the communication infrastructure for virtual production; simulation of the virtual enterprise production cycle. The efficient
location of virtual production is carried out using both local and multicriteria optimization. In order to create the communication infrastructure of the
virtual enterprise the selection of the optimal route for highway laying is carried out. Simulation of the production cycle is carried out considering time
delays and queues when performing technological operations. The new scientific result is the solution of the problem of virtual production system
locating on the earth's surface, taking into account the proposed indicators and restrictions, which include the cost of land plots renting (acquiring), as
well as the costs associated with earth and construction works. Mathematical methods were used: integer optimization, simulation modeling, agent-based

modeling.

Keywords: virtual enterprise, optimization of technological objects location, communication infrastructure of the enterprise, simulation modeling,

agent-based modeling.

Beryn. Bipryansna BupoOnmya cuctema (BBC)
MOBUHHA BiAMOBigaTu BuMoram kowuemniii Industry 4.0,
JUTA 9OTO HEOOXiTHO I i1 peasti3alii pillieHHs [MiI0To ALY
mpobnem [1, 2]. Oxgna 3 mpobiem HOB’s3aHa 3 paIlioHab-
HHUM PO3MIIICHHSAM HOBHX BHPOOHHYUX Ta TEXHOJIOTIYHUX
00’€eKTiB, AKi BXoaATh 10 ckiaxy BBC [3, 4]. AkTyanbHICTh
poOIeMH, 0 PO3TIIAAAETHCS, TIOB’ 13aHa 3 HEOOXiTHICTIO
BIIPOBA/DKCHHS  IHHOBALliHHUX  pIMICHb 3a HOBHMH
TEXHOJIOTIYHUMH MPOLECAMU Y BUIJBIII TEXHOJIOTTYHHX
00’€eKTIB 3 pOOOTU30BAaHUMHU JIIHISIMU 3 IHTEJIEKTYaJIbHUM
iHpopManiiHuM ynpasniHaaM [S]. Haiigactime, ekoHo-
MIYHO HEJOIIBHO POOUTH MOJCPHI3AII0  CTapHX,
MOpaJbHO Ta (PI3UYHO 3aCTAPUIMX BUPOOHHYHMX Ta TEXHO-
sorigHuX 00’ekTiB [6]. ToMy akTyaipHa TeMa MPOIOHO-
BaHOI IMyOJIiKaIlil SIKM CTABUTHCS Ta BHPIITYETHCS 3ajada
paIliOHATFHOTO  PO3TAllyBaHHA OO0 €KTIB  BipTyaibHIN
BHPOOHMYIN PO3MOJUICHIH CHCTEMH Ha HOBHX IUTAIIaX 3
ypaxyBaHHs OOMEXEHHX MOXIIMBOCTEH MiIIPHEMCTBA, 110
PO3BHBAETHCA.

IocTaHoBKa Ta Wb 3amavi gocaimkenns. im0
pobOTH € JOCIHIIKEHHS! PallioHAJIBHOTO PO3TAIIyBaHHS
BUPOOHMYMX Ta TEXHOJIOTIYHUX O00’€KTIB BipTyaJbHOT
BUPOOHMYOT CHCTEMH Ha HOBHX IUIOIIAX BUXOISMYU 3
noTped PO3BUTKY MIANPUEMCTBA, SIKI BUHHUKAIOTH IPH

NporHo3yBaHHi Ta (OpMyBaHHI HOBUX IOPT(eniB
3aMOBJICHb [7].
IIppy  po3mimieHHI  HOBHX  BHpPOOHMYMX  Ta

TexHoyorivHnX 00’ektiB BBC, HeoOXigHO BpaxoByBaTH
BUKOPHCTAaHHS JJOPOTOTO 3€MENBHOTO pecypcy, SKui, y
MOJJANTBIIIOMY, HEOOXiTHO OpeHIyBaTH (TpUmbatw) s
MIPOBEICHHS POOIT MOB’SI3aHUX 3 IMIATOTOBKOI 3€MEIbHHIX
TIJSTHOK JIJIsi OpraHizaiii BUpOOHUIITBA. 3-3a CKIATHOCTI
3alpONOHOBAHOI 33j1a4i Ul NPOBEACHHS pO3TalllyBaHHS
BBC HeoOximHO BpaxoByBaTH OCOOJMBOCTI 3€MEITbHUX
NUISHOK, CKJIaJHICTh TEXHOJOTIYHOro oOJagHaHHA, a
TaKO)X HEOOXIJHICTh IPOBEAEHHS IHXEHEPHHX pOOiT,
OB SI3aHNX 31 CTBOPEHHSIM KOMYHiKauiitHO1 iH}pacTpyk-
TypH BipTyalbHOTO BUpOOHHUITBA [8, 9].

[ocraBnena 3aaya BUPILIYETHCS y TPH €TaITy.

1. OnTumizanis po3MilieHHsT BUPOOHUYHX Ta TEXHO-
JIOTIYHUX 00’€KTIB Ha BIIOKPEMIICHHX IUTOMAX It Qop-
MYBaHHS BipTyaJIbHOT BUPOOHHYOI CHCTEMHU.

2. ®opMyBaHHS KOMYHIKAI[IfHUX 3B’SI3KIB MK PO3-
MIIIEHUMH BUPOOHWYMMHU Ta TEXHOJOTIYHUMH 00’ €KTaMHU
BipTyaJIbHOI BUPOOHWYO1 CHCTEMH.

3. MozenmoBaHHs BAPOOHHUYOTO [IUKITY y BIpTyalbHii
BHPOOHUYIH cucTeMi.

Onrumizanisi po3MillleHHs: BUPOOHUYNX Ta TEXHOJIO-
riyHUX 00’€KTIB Ha BIZOKPEMJICHUX IUTOLIAX Uil GopMy-
BaHHS BipTyaJbHOI BUPOOHNYOI cucTeMu. [ BUpieHHS
3aadi po3MilleHHS BUPOOHNYHX Ta TEXHOJOTIYHUX 00’€-
ktiB (BTO) Oymemo BHKOPHCTOBYBATH HACTYIIHI ITOKa3-
Huku [10]:

— BUTpaTH Ha OpeHOy (TpuadOaHHA) 3eMEIbHUX
IUITHOK 1t BUuKopucTanHs BBC — Z;

— BUTpaTH Ha IPOBEJCHHS 3EMeNbHUX Ta Oyi-
BEJIBHUAX POOIT, MOB’A3aHUX 3 MIATOTOBKOI JO PO3Mi-
menus BTO — P;

— BUTpPATH Ha po3MimieHHs Ta MoHTaxk BTO — W;

— yac BUTpaueHHUH Ha MpUB 53Ky Ta po3mimenHs BTO
y HOBiit BBC — T,

— pU3WKH TIOB’si3aHI 3 po3TamyBaHHAIM BBC Ha
3eMeNbHIN moBepxHi (Y TOMY 4HCTi ekonoriyhi) — R.

Juis pamionansHoro po3MimenHs BTO Ha 3emMmenbHIX
JIIITHKaX, CKOPHCTA€MOCS METOJIOM  I[JIOYHCENTHLHOTO
JMHIHHOTO TPOTPaMyBaHHS 3 BHKOPHCTaHHAM OyJIEBHX
aminnux [11]. st BuGopy j-i 3emenbroi gimstaku (3/1) s
posmimiennss i-ro BTO OyneBa 3minna Oyne Matu
HACTYITHUU BUTIISL;

1 — 9K JJ1s i — ro TEXHOJIOTIYHOTO 00’ EKTY
o6paHa j — Ta 3eMeJibHa [iJISTHKa;
0 — B iHIIOMY BUNIAZIKY,

xi]' =

[Ipu ubomy

mi

inj = 1,

j=1

0 3HAYUTh OOOB’SI3KOBHMH BHOIp ONHIET AUISHKH T
posmimienns i-ro BTO, ne mMi — KiIBKICTh MOMXIIMBHX
3eMENIbHUX JIISHOK JUIst po3mimienss i-ro BTO.

3 ypaxyBaHHSM OyJeBHX 3MIHHHX Xij HOKa3HUKH JUIS
BUOOpPY BapiaHTy po3mimeras BBC Ha 3eMHiil oBepxHi
OyzmyTh IpeJCTaBIICH] y BUTIIS:

n m
i=1 j=1
n m
P = Z Z XijDijs
i=1j=1
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Jie N — MHOXMHA MOKITUBUX JIUISTHOK JUTS PO3MIIICHHS yCiX
BTO, sxi Bxoas1h 10 ckinagy BBC.

Jns BupimieHHs MOCTaBieHOI 3aaavi HEoOXigHO
MPOBECTH ONTUMI3alil0 SK 332 OKPEMHUMH (JOKAILHUMH)
MMOKa3HUKAMH, TaK 1 32 KOMIUIEKCHUM KPUTEPIEM, 10 KOO
BXO/IATh OKpPEeMi MOKa3HUKH. B sKOCTI pUKIIaay T0KaIbHOT
ONTUMI3aIlil PO3MIITHEMO  3aJady MiHIMI3allii BHTpAT,
IIOB’sI3aHUX 3 OPEHAOIO (MIPUA0AHHIM) 3eMENBHUX TUITHOK
quts po3mimenHs BBC Ha 3eMHil TOBepxHi.

Heo6xigno:
n mi
minZ, 7 = ZZ xijZij,
i=1 j=1

3 YpaxyBaHHSIM BHUMOT, IOB’A3aHUX 3 OOMEKCHUMH
MOXJIUBOCTAMHU HiZ[HpI/IEMCTBa, 10 pO3BHUBAETHCA:

n m
P<PP=) > xym,
i=1j=1
n m
w< W’,W = ZZXUWU,
i=1j=1
n m
T<T,T= Z Xijtij, 2
i=1 j=1
n m
RSR.R=) Y xym,
i=1 j=1

ne Z', P', W', T', R' — MmakcuMasibHO OTYCTHUMi 3HAYCHHS
nokasuukis Z, P, W, T, R.

Y pesymbraTi MiHiIMi3amii JIOKaJbHUX MOKAa3HUKIB
OTPUMAEMO ONTHUMAJbHI 3HAYCHHS Y BUIIAN Z*, P*, W*,
T*, R*.

s BupinieHHs OaraToKpuTepialbHOI 3aaadi ONTH-
Mizamii y BUDIAJl TMOIIYKY KOMIIPOMICHOTO DillIeHHS 3a
po3mimenas BBC Ha 3emHill moBepxHi 3 ypaXyBaHHAM
JOMYCTUMUX 3Ha4YeHb ycix mokasuwkiB Z', P, W', T', R',
HEOOXIIHO 3a7aTH, 3 JOMOMOTOI0 eKcrepTiB ((axiBiiB y
rayly3i  opradizamii HOBHUX BHUPOOHHIITB),  «Barm»

(3HaYMMICTB) OKpEMHX IIOKAa3HUKIB Qy, Up, Ay, AT, AR.
IIpu usomy:

az+ap+aw+aT+aR=1. (3)

Jis  momryky KOMIPOMICHOTO pillleHHS Oynemo
BUKOPHCTOBYBATH Halmpocriie MpPe/ICTABICHHS
KOMIUIEKCHOTO [TOKAa3HUKY Y BUIIISAII 3TOPTKU JIOKAJbHUX
MTOKA3HUKIB (3Ba)KCHE aJIUTUBHE MIPEICTABICHHS):

K = a22+app+aww+aTT+aRﬁ = 1, (4)

ne Z, P, W, T, R — mpoHOpMOBaHi 3Ha4eHHS [TOKa3HHUKiB
(0...1) 3 ypaxyBaHHsSM MpPOBEICHOI ONTHUMI3allil 32 BCiMa
JIOKaIbHUMH nokaszHaukamu Z, P, W, T, R:

ZA_Z—Z* A_P—P* A_W—W*
_ZI_Z*’ _PI_P*’ _WI_W*’ (5)
7 T—-T* . R-R"
ST =T R —R*"

HeoOxinHo 3HalTH MiHIMaJIbHE 3HAYEHHS KOMIUIEKC-
HOI'O [TOKa3HUKa:

min K, K = a,Z + apP + ay,W + a;T + agxR, (6)

3 ypaxyBaHHSIM BUMOT Ta 0OMEKEHb!
m;
Z x,-]- = 1,
j=1
i ycix i=1..n, Z<Z' P <P W<W,T<T,R<R"

@®opMyBaHHS KOMYHIKAUiiHUX 3B’A3KIiB Mix
po3MilllecHUMH BHPOOHMYMMHM Ta TEXHOJOTTYHUMH
00’ekTamMu BipTyajbHOi BMpOOHMYOI cucTtemu. s
dopMyBaHHS  KOMyHiKamiii Mix okpemumu BTO
HEOOXiTHO  BpaxoByBaTW  BHUTpaTH, NOB’s3aHi 3
(GbOpMyBaHHIM MariCTpaIbHUX KaHAJIIB, sKi 3B’S3YIOTh
BTO y enuny crpykrypy BBC. Lli BuTpatu 3anexaTh Bif
JIOBXHH Marictpai Vie, sSKi 3B’13y10Th i-if Ta j-it BTO mo
e-ii Tpaci mpoknmaakd. 3B’s3kM Mk i-M Ta j-M BTO
MPEACTaBUMO y BHUIIISALI MaTpuui M, y sKii Ha HepeTuHi
i-1 cTpoku Ta j-ro cToBOILA cTOiTh 1, a60 0, 1m0 BKa3ye Ha
HasBHICTH 3B 513Ky BUxomy i-ro BTO 3i Bxomowm j-ro BTO,
i#), i,j=1...n, xe n — kinekicts BTO, siKi BXOJATH 10 CKIIAIy
BBC.

Bgenemo OyneBy 3MiHHY VYije -

1 — akuo A5 38’s93Ky i Ta j-ro BTO
06paHo e-# BapiaHT Tpacy,
SIKUM NO€ESHYE (-1 Ta j-U By3.U;
0 — B iHLIOMY BHIA/IKY,

Toxi BUTpaTH Ha NPOKJIANIKY Tpac IJIsl KOMYHIKauii y
BUTJIAJI MaricTpajei, K HoeIHy0Th Mix coboto BTO s
3a0e3nedeHHs 3aBIaHb YHPABIiHHA Ta iH(OpMaIiifHOMY
oOMiHy y BIpTyalbHOMY BUpPOOHHMLTBI, OyayTb MaTu
HACTYITHUH BUTJISL

YVije =
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Z YijeVijeles @

ne le — BapTicTh mpokTanku 1 KM Tpacu st €-T0 BapiaHTy
TPACH MPOKJIaIKH.

HeoOxigHo MiHimMizyBatn BuTpatd Q, moB’s3ani 3
MIPOKJIAJIKOIO TPACH JAJIsl MaricTpajen:

n n
min @ = Z Z YijeVijeles (®)

j=1i=1

3 ypaxyBaHHSIM 0OMEXEHb 32 CTPOKaMH BUKOHAHHS POOIT,
OB ’sI3aHMUX 3 OPraHi3ali€l0 KOMYHIKAIlifHIX B3aeMOIii
mix BTO y BBC:

n o n
S SS”S zzzyijesije, (9)

j=11i=1

II€ Sije — Yac MPOKIAJKH MariCTpajJbHOTO KaHalIy MO e-i
Tpaci MPOKNIAAKH, sika oeHye i-if Ta j-it By3on BBC.

[Micns BupimeHHs mepimoi Ta qpyroi 3amavi TOCITiA-
KeHHs Oynme copmoBaHa apxitekrypa BBC (MHOXHHA
BTO 3 xKoMyHIKaifHUMH 3B’S3KaMH MK HHMH), 3
ypaxyBaHHS IPHUB’sI3KK 00 €KTIB 710 3¢MEJIbHUX TUISHOK Ta
MOJIMBUMH TpacaMu Ajis noenHaHHA okpemux BTO 3a
JIOTIOMOT'OI0 MaricTpaJlbHUX KaHaJiB.

MopenwBaHHs BHPOOHMYOr0 HUKIY Yy BipTya-
JbHi BUpPOOHUYiii cucTemi. [ MoaentoBaHHS BUPOO-
Huyoro 1ukiay BBC OynemMo BHKOpPHCTOBYBAaTH areHTHE
imitariiiine MmonemoBanHs Ha miardpopmi JADE [12].
BimokpeMuUMO HACTYITHI areHTH y MOJEII:

1 — areHT «TeHepaTop 3aMoBIeHR» BBC;

2 — areHT «TeXHOJIOTIYHUI MapIIPyT», SKUA BiIIOBI-
Ja€ 32 BHUKOHAHHA 3aMoBiIeHb moxo BBC y surmanmi
nocnigoBHocti BTO, Ha SKMX BHKOHYIOTBCS OCHOBHI
TEXHOJIOTIUHI Onepartii;

3 — areHT «yacoBa 3aTPUMKa TEXHOJIOTIYHUX OIepa-
it (TO)», sikuit BiAMOBIAa€e 3a YaC BUKOHAHHS OCHOBHHUX
TEXHOJIOTYHUX onepauiii B okpemux BTO;

4 — areHT «4acoBa 3aTPHMKa TPAHCIOPTYBaHHS BaH-
taxiB (TB)», skuil BiAMOBiae 3a 4ac TPaHCIOPTYBAaHHS
BaHTaXiB MK okpemumu BTO npu BukoHaHHI 3aMOB-
JICHHS;

5 —areHT «uepra» BinnoBigae 3a (GopMyBaHHS Yepr
Ipu 00CITyroByBaHHS 3aMOBJIeHb Ha okpemux BTO;

6 —areHT «pe3yJabTaTH MOJEIIOBAHH» (3aBaHTa-
xernHs BTO, mpocroroBanust BTO, po3mip depr, KiTbKiCTh
BUKOHAaHMX 3aMOBJICHb, CEpelHii 4Yac BHUKOHAHHS
3aMOBJIEHHS TOIIO);

7 — areHT «MOHITOP» BINIMOBIZA€ 3a IMJIAHYBaHHS Ta
peaizariito moiii, ToB’s3aHUX 3 BUKOHAHHSIM 3aMOBJICHb,
Kepy€e CHCTEMHHM 4acoM Y MOJICITIOBaHHS;

8 — arenr «apxirekrypa BBC» Bianosinae 3a ¢popmy-
BaHHs MHOKMHU BTO Ta 3aB’s13KiB MK HUMH.

Ha puc. 1 npencraBiena cTpyKTypa areHTHOI MOJIEII.

8. Arenr 5 A
1. Arenr «apXiTeKkTypa - AATCHT
«TEXHOJIOTIYHU
«TeHepaTop BBC» .
# MapmpyT»
3AMORITEHBY
A
4. Arent
3. ArerT |4 7. Arent R
«MOHITOP» «4JacoBa
«JacoBa \
3arpumka TB»
3aTpHMKa l
TO» \
6. AreHr
«pe3yIBTaTH 5. Arent
MOTIETHORAHH S «qepra»

Puc. 1. CtpykTypa areHTHOI MoJemni

BHUCHOBKHM, NUIIXM TNOJAJBIIHUX JIOCHiIKEHb.
3anpornoHOBaHUI MiJIXiJ JOUUILHO BHKOPUCTOBYBAaTH Ha
MOYATKOBUX €Tarax, MoB’s3aHUX 3 (JOPMYBaHHSIM HOBUX
BUPOOHMYMX Ta TEXHOJIOTIYHUX OO0 €KTIB y BHUIIISAIL
BIpTYaJIbHOTO BHPOOHHMIITBA, KOJM HEOOXITHO OI[HUTH
BUTpPATH, MOB’s3aHi 3 OpEeHI00 (MPUIOAHHIM) 3eMEIbHUX
OUITHOK 1 1X TMIOrOTOBKOK IIISXOM  IIPOBEICHHS
3eMeNBHUX Ta OYIIBHHX pOOIT Ui pO3MIIICHHS HOBHX
BUPOOHNYHX 00’€KTiB, BUTPATH MOB’s13aHi 3 (HOpMyBaHHIM
KOMYHIKaIlifHUX ~ 3aB’s3KiB  MDK BHPOOHHYNMH Ta
TEXHOJIOTIYHAMH 00’€KTaMH BipTyaJbHOTO BHPOOHHUIITBA,
IUIAaHYBaTH CTPOKM BHMKOHaHHS MIiATOTOBYMX POOIT,
OLIIHIOBATH MOJKIJIMBI PH3HKH, IOB’SI3aHi 3 PO3MILICHHIM
BipTyaibHOI BAPOOHNYOT CUCTEMH Ha 3€MHIl MTOBEPXHI.

[onanbuii nocnipkeHHst OyIyTh PUCBSIYEH] 3aBJaH-
HSM MOJICTFOBaHHs YNPABIIHCBKUX i Yy BIpTyasbHIH
BUPOOHHYIH CHCTEMI, JJOTICTUYHUM B3a€EMOJIISIM MIX OKpe-
MHUMH HiJIPHEMCTBAMH BipTyalbHOI CHCTEMH, PH3UKaM
OB’ 13aHAM 3 JIOBIUMH JIOTICTHYHUMH JIAHIIOKKAMHU TI0-
CTa4aJIbHUKIB, PU3HKAMH, 5K BUHUKAKOTh 3-32 MOXKJIMBHX
3arpo3 Ta Bpa3lMBOCTEH Y PO3NOALIEHOMY BipTYaJbHOMY
BUPOOHHMIITBI NIPY BUKOHAHHI HOBUX 3aMOBJICHb.
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MATEMATHUYHE I KOMIPIOTEPHE MOJAEJIIOBAHHA

MATEMATHYECKOE 1 KOMIIBIOTEPHOE MOJIEJIMPOBAHUE

MATHEMATICAL AND COMPUTER MODELING

uUDC 004.9 DOI: 10.20998/2079-0023.2021.01.08
S. V. OREKHOV, H. V. MALYHON

MODELLING SEMANTIC KERNEL OF WEB RESOURCE

The article presents an attempt to describe mathematically the effect of the semantic kernel of a web resource on the Internet. In accordance with the
theory of marketing, the product that we want to sell on the network is characterized by the following basic properties: price, time and place. In other
words, a potential buyer wants to receive a given product in the right place at a given time. To satisfy this need, it is necessary to use the classic component
of marketing, product promotion. However, this component is now becoming a fully virtual instrument. This tool functions in a hypertext, video and
image environment. Therefore, the user analyzes the meaning of these elements in order to get the desired product. The results of web projects carried
out in this area indicate the emergence of a new phenomenon, which reflects the main meaning of virtual promotion — this is the semantic core. The core
is a short annotation of the main properties of the product, its location and time of appearance. Therefore, the purpose of this article is both a presentation
of a new object of research and a mathematical description. It is assumed that the semantic core is formed on the basis of natural language terms. In other
words, the semantic core is a set of keywords that are grouped by meaning. We propose to use data mining approaches for clustering to group terms.
The classic clustering method at the moment is k-means. The article presents a model of the semantic core based on this method. This method and its
distance function are considered as the second stage of web content processing. At the first stage, web content is converted into a semantic web. However,
the k-means technique has significant drawbacks when modeling the semantic core. Therefore, in the development of this idea, the work shows an
alternative way to modeling the kernel. As an alternative approach, the construction of clusters based on the concept of maximum flow is considered.
This approach has the significant advantage that the type of links in the semantic network overlaps with the type of distance function in this method. As
a result, on a real web project, the effect of the connection between the semantic core model and the level of new users of the web resource was
demonstrated over the past five years.
Keywords: semantic kernel, keyword, k-means, max flow.

C. B. OPEXOB, I'. B. MAJTUT OH
MOJIEJIOBAHHSI CEMAHTNYHOI'O S1/IPA BEB PECYPCY

VY crarTi npeacraBieHa cnpoba OMMCATH MAaTEeMaTH4HO e(PeKT CEeMaHTH4HOro sapa BeO pecypcy B cepepoBuili InTeprer. Biamosimno mo teopii
MapKeTHHTY TIPOIYKT, SIKHHA MU Ga)kaeMO IPOJATH B MepeXi, XapaKTepU3yIOThCsl TAaKMMHI OCHOBHUMH BIACTHBOCTSAMH: IliHa, Yac i micue. [HmmMu
CJIOBaMH NOTEHIIMHUK MOKymenp Oaxae OTpUMAaTH 3aJaHUi TOBap B MOTPiOHOMY Micui B 3amaHuid 4ac. 11106 3amoBonbHUTH LIO moTpely, Tpeda
BUKOPUCTOBYBATH KJIACHYHY KOMIIOHEHTY MapKETHHIY IPpOCyBaHHs ToBapy. OJJHaK 3apa3 Iisi KOMIIOHEHTA CTA€ IOBHICTIO BiPTYaJlIbHHM IHCTPYMEHTOM.
Lleit iHCTpyMEHT (YHKIIOHYE B CEpEIOBHIII TilEpPTEKCTIB, BiJleo Ta 300paxeHs. ToMy KOpHCTyBad aHaIli3ye 3MiCT JaHHX €JIEMEHTIB, 00 OTpUMaTH
OaxaHuii ToBap. Pe3ynpTaTi BUKOHAHMX B 11il 00s1acTi BeO MPOEKTIB CBiYaTh MPO MOSIBY HOBOT'O SIBUINA, SIKE BiJOOpaKa€ OCHOBHUI 3MiCT BIpTYyaJIbHOTO
IPOCYBAHHS — [ CEMaHTUYHE SPO. SIpo siBisie cOO00 KOPOTKY QHOTAIliI0 OCHOBHUX BJIACTUBOCTEH TOBApy, HOT0O MicIie pO3TallyBaHHS i 4ac MOSBH.
ToMmy MeTOr0 JaHOi CTATTi € SIK NPEe3EHTalliss HOBOrO 00'€KTa JOCHI/UKEHHS, TaK i MaTeMaTW4HMH omuc. Ilependadaerses, MO CEMAaHTHYHE SIPO
(hopMyeThCs Ha OCHOBI TEPMIHIB IPUPOIHOI MOBH. [HIIMMH CIIOBaAMH CeMaHTHYHE SAPO — Iie 6e3mid KIFOYOBHX CIIiB, SKi 3rpymoBaHi 3a 3mMicToM. Mu
MIPOIOHYEMO BUKOPUCTOBYBATH IS YTPYILyBaHHs TEPMIHIB Miixoqu TexHouoril Data mining o kiactepusanii. KitacnaHuM MeTo10M KiacTepusallii Ha
JIaHUI MOMEHT € K-cepesiHiX. Y CTaTTi NpecTaBiIeHa MOJETh CEMaHTHYHOTO s/[pa Ha OCHOBI JaHoro Merony. Lleit merox i #ioro dyHkmii aucranmii
PO3IIIANAIOTECS SIK APYTUid eTan oOpoOku BeO koHTeHTy. Ha mepromy erarri Be6 KOHTEHT KOHBEPTYEThCS B CEMaHTHUHY Mepeky. OnHak Metonuka k-
CepeJHIX Ma€e CyTTEBI HEJIOJIKH TPU MOJIETIOBAaHHI CEMaHTHYHOTO sapa. ToMy B pPO3BUTKY JaHOi inei B poOOTi MOKa3aHUil albTEepPHATUBHUI IUIAX JI0
MOJICITIOBaHHS sA/Ipa. B SKOCTI aIbTepHATUBHOTO MMiIXOTy PO3IIIAIA€THCS MOOYJOBHU KJIACTEPiB HA OCHOBI KOHIIEMIIIT MAKCUMAILHOTO MTOTOKY. Lleit minxin
Mae iCTOTHY IepeBary, sike MoJisira€ B TOMY, IO THII 3B'SI3KiB B CEMaHTHYHOI MePEeXi HEePeryKyeThes 3 THIOM (YHKLIT TUCTaHLii B JaHOMY MeToni. B
pe3ynbTaTi Ha peabHOMY BeO MPOEKT POIEMOHCTPOBAHHH e(eKT 3B'I3Ky MiXkK MOZIEIITIO CEMAHTHYHOTO S17Ipa i piBHEM HOBUX KOPUCTYBauiB BeO pecypcy
MPOTATOM OCTAHHIX IT'SITH POKIB.
Kaio4oBi c10Ba: ceMaHTHYHE SIPO, KIIOYOBE CIOBO, METOJI K-Cepe/iHiX, MAaKCHUMAIbHUI TOTIK.

C.B. OPEXOB, I'. B. MAJIBIT OH
MOAEJIUPOBAHUE CEMAHTHYECKOI'O SI/IPA BEb PECYPCA

B cratbe npencTaBiieHa NOMBITKA OIMHCATh MaTeMaTHIecku 3 deKT ceMaHTHIeCKOro sipa Beb pecypca B cpene MutepHeT. B cooTBeTcTBHE C Teopuel
MapKeTHHTa NPOIYKT, KOTOPBIH MBI JKeJIaeM IPOJIaTh B CETH, XapaKTEPU3YIOTCS CIIEAYIOIINMI OCHOBHBIMH CBOMCTBAaMH: IIeHa, BpeMsl K MecTo. [{pyrumu
CJIOBaMH, MOTEHNUATbHBINA MOKYIATeNlb JKeJlaeT IMOIyYHTh 3aJaHHBIH TOBap B HYXKHOM MeCTe B 3aJaHHOE BpeMs. UTOOBI yHOBIETBOPUTH JaHHYIO
MOTPEeOHOCTH, HAJO HCIONB30BAaTh KIACCHUECKYI0 KOMIIOHEHTY MapKeTHHTa NpOABIDKeHHe ToBapa. OIHaKko ceidac 3Ta KOMIIOHEHTa CTAHOBHUTCS
TIOJTHOCTBIO BUPTYaIEHBIM HHCTPYMEHTOM. DTOT HHCTPYMEHT (YHKIIMOHHUPYET B CpeJie TUIIEPTEKCTOB, BHIEO U H300paxeHuii. [1oaToMy nmosp3oBarens
aHANIU3UPyeT CMBICH [JaHHBIX DJIEMEHTOB, YTOOBI MONYYHTh JKETAaeMbIil ToBap. Pe3ynbTaTsl BEHINONHEHHBIX B JTOH 00IacTH BeO HPOCKTOB
CBHJETENBCTBYIOT O OSBICHUI HOBOTO SIBJICHHUS, KOTOPOE OTPAXkaeT OCHOBHOII CMBICI BUPTYaJIbHOTO IPOBIDKEHHS — 3TO CEMaHTHIECKOe sApo. Sapo
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HPEACTaBIACT COO0H KPAaTKYI0 aHHOTALMIO OCHOBHBIX CBOICTB TOBapa, €ro MECTONOJIOKECHHUE M BPeMs MOsBIeHHsA. [103TOMy Iienbio JaHHOI cTaThH
SIBIIICTCSI KaK IIPE3eHTaIMs HOBOIO 00bEKTa HCCIeN0BaHNU, TaK M MaTeMaTHIecKoe omcanue. [Ipenmonaraercs, 4To ceMaHTHIECKOE PO (hOPMUPYETCS
Ha OCHOBE TEPMHHOB €CTECTBEHHOIO sI3bIKa. JIpyrMHU CI0BaMU, CEMaHTHYECKOE SIIPO — 3TO MHOXKECTBO KIIIOUEBBIX CJIOB, KOTOPbIE CIPYIIIUPOBAHBI 110
cMbIcity. MBI IIpe/ijiaraeM HCIob30Bath Vs IPYIIIMPOBKH TEPMHHOB MOIX0ABI TexHOIornu Data mining no kiacrepusauuu. KitaccuueckuM MeTosoM
KJIACTepH3alli Ha JaHHBIA MOMEHT sBIIsieTcs K-cpefHuX. B craThe mpezncraBieHa MOJeNb CEMaHTHYECKOTO siipa HA OCHOBE NAHHOTO METOAa. JTOT
METOA U ero (pyHKIMY AUCTAHIUH PACCMATPHBAIOTCS KaK BTOPOHU dTam oOpaboTku Be6 koHTeHTa. Ha mepBoM dTame BeO KOHTEHT KOHBEPTHPYETCS B
CeMaHTHYEeCKyI0 ceTb. OHaKO METOAMKA K-CPeIHHX MMEET CYyIIECTBEHHBIC HEJOCTATKU IPU MOJCIMPOBAHMU CeMaHTHueckoro sijpa. Ilosromy B
Pa3BUTUM JAHHOM M7eH B paboTe MOKA3aH albTCPHATUBHBINA MyTh K MOJICIHPOBAHUIO s]pa. B kauecTBe aJbTepPHATHBHOTO MOAXO0A PACCMATPUBACTCS
MIOCTPOEHHUS KJIACTEPOB Ha OCHOBE KOHISTIIIMY MaKCUMAJIBHOTO MOTOKA. DTOT MOAXO0J MMeeT CYIECTBEHHOE IIPEUMYIIECTBO, KOTOPOE 3aKIII0YAeTCs B
TOM, YTO THII CBsI3eil B CEMAaHTHIECKON CETH MEePEeKINKAeTCs ¢ THIIOM (yHKIMH IUCTaHIMK B JAHHOM MeToze. B pesynbpTaTe Ha peanbHOM BeO MPOEKTE
HIPOIEMOHCTPHPOBAH 3 (EKT CBA3U MEXK/Y MOJICIBIO CEMaHTHYECKOTO si/ipa M YPOBHEM HOBBIX I10JIb30BaTelEH BeO pecypca Ha MPOTSHKEHUH MOCIIEIHUX

IIATH JICT.

KuroueBble c10Ba: CEMaHTUIECKOE AAPO, KIIFOYEBOE CIIOBO, METOX k-CpeZ[HI/IX, MaKCUMAaJIbHBIN ITOTOK.

Introduction. The semantic kernel is a hew concept
based on the assumption that the modern Internet
environment is a semantic global network [1-2]. We
assume that every web resource on the web is a particle or
book in a global virtual library. The challenge is to find
knowledge in such a library. But there is another problem,
in what place and how to place our knowledge, for
example, about a product or service, so that this knowledge
is found, read and accepted by potential customers.

Our scientific work is based on the assumption that
since the Internet is a semantic network, and in terms of
artificial intelligence, it is a kind of knowledge base.
Together with the search server, the Internet can then be
regarded as a kind of expert system. Therefore, for this
system to function, it must be trained.

According to the classics, the learning process takes
place in a mode with a teacher and without him [3]. The
second option is the most acceptable in this situation, since
we kind of directly invest knowledge into the system,
which actually happens when a programmer creates and
places a web resource on the network.

To train an expert system, three elements are required:
a training method, a stopping criterion, and a training
sample. We propose to consider the semantic core of the
web resource as a training sample for our global semantic
network.

We will assume that the semantic kernel of a web
resource is a short annotation in the form of a set of
keywords. These words define the main meaning of the
web content of the web resource in question.

Then there is an urgent problem of automatic
formation of such a semantic kernel. To solve it, it is
required to propose a method for modeling the semantic
core in mathematical or algorithmic form.

Problem statement. Let's assume that web content
contains several semantic cores. Why? The fact is that, as a
rule, a web resource is created with the aim of promoting
one or more goods or services. In addition, if the current
core does not provide a sufficient level of sales, then they
try to either replace it or change it. Therefore, the content
management system of a web resource contains several
versions of web content. This is a typical situation for many
content management systems: Wordpress, Opencart,
Drupal, ModX, and others.

Thus, we believe that the semantic core is a certain
cluster that combines keywords according to some
marketing sales strategy. Then the problem of constructing
a semantic core is formulated as the problem of identifying
an unknown number of clusters or a clustering problem

when the finite number of clusters is unknown. In addition,
we do not know the shape of the clusters, that is, semantic
cores can contain a different number of keywords, and it is
also possible to overlap.

Let us consider the k-means method as the basic
algorithm for the formation of the semantic core. This
approach meets almost all of the above requirements at the
moment. In addition, it is convenient to consider it as the
first attempt to solve the clustering problem. It is also
convenient for software implementation.

Letitbe X = {x;} a set of keywords from web content.
C = {c;} is a set of cluster centers (semantic kernels). Then
the measure of error:

B0 = ) Il — il ®

where ¢; — closest to x; cluster center.

In this case, the algorithm itself will include the
following actions. The first step is to initialize the cluster
centers C = {c;}. We will assume that the centers of the
clusters are those keywords (terms) that reflect either the
names of goods and services, or related goods.

Until the belonging of the terms stops changing, we
perform one of two actions. Determine the belonging of the
term to the cluster by the formula (2). Next, determine the
new center of the cluster by formula (3).

cluster; = arg min f(x;, ). )
cec

where  f(x;, c) — distance function to cluster center.

c= z:]'=1 clusteri:cfj(xi)
-

©)

Zj=1 cluster;=c

where f — the function of term definition as cluster
center.

The main disadvantage of such an algorithm for
constructing a semantic core is that the number of clusters
must be known. However, this condition is not always
feasible.

To fulfill this condition, we can use at the first stage
the algorithm for constructing a semantic kernel proposed
in [1]. As centers of clusters, we will take only those terms
that have the maximum frequency of occurrence in the text,
or that have the maximum number of links with other terms.
There are two ways to define a function f.

The function of the distance between the terms is also
proposed to be selected on the basis of the semantic
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network representing the web content. In this case, both the
weight of the link and the number of edges between terms
in the network can be taken into account. This will be the
way to define the function f(x;, c).

Proposed approach. An alternative approach to
constructing clusters of terms and, accordingly, semantic
kernels will be the clustering technique based on the search
for the maximum flow [4]. This approach does not require
knowing the number of clusters in advance. In addition, the
semantic network obtained at the first stage is a graph
indicating, in essence, the weight of an edge. Therefore, it
is proposed to use the following assumptions.

Let the semantic network SN = {V,, E;} obtained
using the algorithm [1] be given. V; — the set of vertices of
the network, and E, accordingly the set of its edges. We
will understand the distance d(i, j) between two vertices i
and j, as the weight of the edge that connects them. If there
is no edge between the vertices, then the distance is infinite.
Then the bandwidth of the edge (i, j) is represented as:

c(i,j) = (4)

d(i,j)
We will consider a group of vertices with a beginning
at the top s and end at the top t as the semantic kernel. This

group of vertices is characterized by the maximum flow v.
Stream this function, defined as follows:

f:E - R*. (5)
The function (5) is being satisfied the conditions:

@) <c@p. (6)

v,i=Ss
PIOEDWIDE {o,i el ()

no) B® —v,i=t
AW ={j €V:(i,j) € E}. (8)
B(i)={jeV:(ji) € E}. 9

To obtain the maximum flow, it is required to
maximize the value under constraints (6)—(7). Then we will
assume that the semantic kernel is a sub-network of the
semantic network obtained by the algorithm [1], with the
maximum flow in the sense of (5). In our case, the
maximum flow should be interpreted as the maximum
number of connections of the “isa” type. In other words, the
maximum number of rules that bind terms in our semantic
kernel [4].

The MaxFlow algorithm that implements this
approach was presented in [4]. The paper proposes to apply
this algorithm to the construction of a semantic kernel by
clustering terms.

Future work. A significant drawback of the proposed
approach to the construction of a semantic core is the
insufficient consideration of the semantics of words and
possible plot lines [5]. The advantage of the proposed
approach is to take into account the relationship between

the terms by applying the algorithm [1]. The resulting
semantic network is further processed.

As a continuation of the research, one should focus on
the application of the genetic algorithm [6-8] and the
presentation of the process of constructing a kernel based
on the methods of hierarchical clustering [9-12].

The fact is that the semantic network obtained at the
initial stage contains edges with different types of links:
“isa”, “kindof” and “part of”. These links can be interpreted
as rules between terms corresponding to different types of
distance function: single link, full link and medium link [9—
12].

Summary. The above approach was applied to the
analysis of the semantic kernel of one of the sites of the
project for the presentation of a psychological portrait of a
personality. To do this, the data from the Google Analytics
service was compared with the constructed semantic
kernels. It turned out that in this project, the semantic kernel
was created once, and then changed in 2017-2018
(figure 1).
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Fig. 1. Semantic kernel changes

As can be seen from the data in Figure 1, changing the
kernel leads to a surge of interest in the web resource from
new users. That is, the creation of a new version of the
semantic kernel leads to the coverage of a certain group of
users. Thus, the kernel reflects the interest of a given user
group in this web content. Or in other words, this semantic
kernel reflects the knowledge, wishes or preferences of a
certain group of Internet users.

Consequently, this example confirms the assumption
that the semantic kernel is a so-called training sample
according to the assumption that in order to promote a
product or service, we need to train the virtual space to
recognize our web resource on the Internet.

Our research also shows how much the traffic of a
web resource depends on such an effect as the aging of the
semantic kernel [2].
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O.M. HIKYJIIHA, B. I1. CEBEPHUH, H. B. KOIIIObA, A. 1. BYBPHOB

MO/EJIIOBAHHS TEIIJIOBUX ITPOLIECIB TIAPOT'EHEPATOPA AEC JJ151 IH®@OPMA LIMHOI
TEXHOJIOI'TI ONTUMIBALIL YIIPABJITHHSA

Po3pobneni MatematnuHi Mozeni TerioBux mpoueciB y ¢opmi Komi B mpocropi craHy 3 BiJHOCHMMH 3MiHHMMH maporeHeparopa I1I'B-1000
€HeproOJIOKy aTOMHOI eleKTpUYHOi cTaHii 3 simepHuM peakropom BBEP-1000 nuist BukoprcTanHs Mozeseit B iHhopMarliifHiii TeXHOJIOTiT onTuMizarii
YIIpaBIIiHHS HaporeHepaTopoM. PosrissHyTo poboui Teriosi npouecu B maporeneparopi I1I'B-1000, siki moB’s13aHi 3 miABEICHHAM 0 HHOTO KUBHIEHOT
BOJM BiJ CHCTEMHU BOJSHOI MiATOTOBKH 1 TEIUIOHOCIS BiJl SIEPHOrO peakTopa Ta BiIBEACHHSIM MapH y TOJOBHHII mapoBuil kosnekrop. IlpencrapieHa
pO3paxyHKOBa cXxeMa MaporeHepaTtopa, ska BimoOpaxkac poOodi Mpolecd B HbOMY MiJ J3€pPKaloM BHIIAPOBYBaHHSA i Hajy HUM. Ha ocHOBI
nudepeHnialbHIX PIBHAHD TEIUIOBOTO 0OalaHCy TEIUIOHOCIS B NMapOTeHepaTopi Ta B METaleBUX TEIIOOOMIHHHMX TPyOKaX BUKOHAHE MOJECTIOBaHHS
Teruionepeaayi BiJ TEIUIOHOCIS A0 JKUBWIBHOI BOAM B maporeHepartopi. PospobieHa monenb Terwionepenadi y BUNLIL JIHIHHOI cucTeMH
nudepeHiaTbHUX PIBHSIHD Y BIJHOCHUX 3MIHHUX CTaHy. PO3IVISIHYTI MpOLECH NAapOyTBOPEHHsS MNP HArpiBaHHI >KMBHJIBHOI BOAM IOBEPXHEIO
temnonepenadi. CkiaaneHi audepeHIiansHi piBHIHHSI MaTepiaJbHOTO 1 TEIIOBOro OalaHCiB AMHAMIYHHX MPOIECiB MAPOYTBOPEHHS B MaporeHepaTopi,
sIKi He € piBHSHHAMHE y dopmi Korui. BukoHaHi nepeTBopeHHs nudepeHialbHIX PiBHIHb MaTepialbHOrO i TEIIoBOro OaiaHciB B MapOreHepaTopi A0
tdopmu Korui. OtprmMana HemiHiliHA cucTeMa mudepeHianbHIX PiBHSIHB OaaHCy MapOyTBOPEHHS Y BiJHOCHUX 3MIHHUX cTaHy. OO4HCIIeH] 3HAUYCHHS
NOCTIIfHUX MapameTpiB Mopeneil it maporeHeparopa [1I'B-1000. MaremaTtnuna Mozens TeIDIOBUX IpoleciB B maporeHepatopi I1I'B-1000, sixa
HPECTABJICHA Y BUIISII CHUCTEeMH AU(EPEHIiaIbHUX PIBHAHD 1 BKIIIOYAE MPOLECH TEIUIoNepeadi Ta IapoyTBOPEHHs, 3a JOOMOro iHdopMamuiiiHol
TEXHOJIOTI1 ONTUMI3allii T03BONUTH BUKOHATH iA€HTH(DIKALIIO T4 ONTHMI3ALiI0 CHCTEMH YIIPABIiHHS [aPOr€HEPATOPOM.

KaiouoBi cioBa: aromMHa eNeKTpHYHA CTaHI(s], IAPOTeHEpaTop, TEIUIOBI IPOLECH, MaTeMaTHYHAa MOAENb, AU(EepeHIialbHI PiBHAHHS,
OINTUMI3allisl, yIpaBIiHHs, iHGOpMALiiHA TEXHOIOTISL.

E.H HUKY/IUHA, B. II. CEBEPHH, H. B. KOLJIObA, A. U. BYBHOB

MOJEJUPOBAHHUE TEIIJIOBBIX TPOLNECCOB ITAPOI'EHEPATOPA A3C JIUIA
WH®OPMAIMOHHOM TEXHOJIOT'UU ONITUMMU3AILIUU YITPABJEHUS

Pa3zpaboTanbl MaTeMaTHYeCKHE MOJEIM TEIUIOBBIX IpoueccoB B (opme Komm B NPOCTPAHCTBE COCTOSHUS C OTHOCHTEIbHBIMH IEPEMEHHBIMH
naporeneparopa III'B-1000 sHeproGiioka aTOMHON 3JIEKTPOCTAHLMH C saepHbIM peakropom BB3OP-1000 s ucrnonb3oBaHus Mojeiedl B
MH(OPMALIOHHON TEXHOJIOIMY ONTHMU3AIMU yIPaBJICHUS ITaporeHepaTopoM. PaccMoTpeHs! paboune TeIuoBble poneccs B naporeHeparope [1I'B-
1000, cBsi3aHHBIC C MOABEJCHHEM K HEMY MHUTATEIbHOH BOJBI OT CHCTEMBI BOISHOI MOATOTOBKU M TEIUIOHOCUTEIS OT SIAEPHOTO PEAKTOPA H OTBOAOM
napa B IJIaBHBII napoBoii koswiektop. [IpencraBnena pacueTHas cxemMa naporeHepaTopa, KoTopasi OTpakaeT paboyre MPOLECChl B HEM I10]1 3€PKajioM
ucrapeHust ¥ Hax HUM. Ha ocHOBe nuddepeHnnanbHbIX ypaBHEHHI TEIUIOBOTO OallaHCa TEIUIOHOCHTENS B IIapOreHepaTope M B METaUTMYeCKHX
TEMIO00OMEHHBIX TPYOKax BBIMOJHEHO MOJETHPOBAHKE TEIUIONEPENay OT TEIJIOHOCUTENS K IHTATENIbHOH Boje B maporeHepatope. Paspaborana
MOJIeJIb TEIUIONepeaayr B BUJE JIMHEHHOW cucTeMbl qud(epeHIaIbHbIX YPaBHEHUI B OTHOCHTENBHBIX MEPEMEHHBIX COCTOSHHUS. PaccMoTpeHbl
IpoIecchl MapooOpa30BaHMs NPU HarpeBaHWH HMHTATENHFHOH BOABI MOBEPXHOCTHIO Terwonepenadn. CoctaBieHsl auddepeHnHanbHble YpaBHEHHS
MAaTepHaIbHOTO M TEIIOBOrO OANAHCOB AUHAMIYECKHX IIPOLIECCOB ap0o00Opa30BaHusl B TApOreHepaTope, KOTOPBIE HE SBISIIOTCS yPAaBHEHUSIMH B hopme
Komn. Beimosinensl npeodpa3oBanus AudQepeHInanbHbIX YpaBHEHUH MaTepUalbHOIO M TEIIOBOro OanaHCcoB B maporeHepatope k ¢opme Komm.
IMoydena HenuHelHas cucTeMa U GepeHIMaIBHEIX YpaBHEHHH 6anaHca MapooOpa3oBaHHs B OTHOCHTEIEHBIX IEPEMEHHBIX COCTOSHHS. BEIYUCIeHBI
3HAYEHHMs [TOCTOSIHHBIX [TAPAMETPOB MojIelei st aporenepaTopa ITI'B-1000. MaTematrueckas MOJIENb TEIUIOBBIX IIPOIECCOB B aporeHeparope I1I'B-
1000, xoTtopasi mpencTaBieHa B BHIE CHCTEeMbI AU(depeHInanbHBIX YPaBHEHHH M BKIIOYACT MPOILECCH TEIUIONEepPeAadyd H mapooOpasoBaHMs, C
MOMOIIBI0 HH(OPMAITMOHHONW TEXHOJIOTUHM ONTHMH3AIlMM II03BOJHT BBINONHUTh HMIACHTH(DUKAIIMIO W ONTHMH3ALMIO CHCTEMBI YIIPaBJICHHS
MapOreHepaTopoOM.

KuoueBble cJI0Ba: aTOMHas SJIEKTPOCTAHIINSI, TAPOr€HEPATOP, TEIIOBBIE POIIECCHI, MATeMATHYECKast MOZIENb, AU(depeHInaTbHbIe YPABHEHHS,
ONTHMHM3ALNSL, YIIPaBIeHHE, HHPOPMAIHOHHAS TEXHOIOTHSI.

O. M. NIKULINA, V. P. SEVERYN, N. V. KOTSUBA, A. 1. BUBNOV

SIMULATION OF THERMAL PROCESSES OF A NPP STEAM GENERETOR FOR INFORMATION
TECHNOLOGY OPTIMIZED CONTROL

Mathematical models of thermal processes in the form of Cauchy in the state space with relative variables of the steam generator PGV-1000 of the power
unit of a nuclear power plant with a nuclear reactor VVVER-1000 have been developed for the using of models in information technology for optimizing
the control of a steam generator. The working thermal processes in the PGV-1000 steam generator associated with the supply of feed water to it from
the water treatment system and the coolant from the nuclear reactor and the removal of vapors to the main steam header are considered. The design
diagram of the steam generator is presented, which reflects the working processes in it under the evaporation mirror and above it. On the basis of
differential equations of the heat balance of the heat carrier in the steam generator and in the metal heat exchange tubes, the simulation of heat transfer
from the heat carrier to the feed water in the steam generator is carried out. The heat transfer model in the form of a linear system of differential equations
in relative state variables is developed. The processes of vaporization during heating of feed water by the heat transfer surface are considered. Differential
equations of material and heat balances of dynamic processes of vaporization in a steam generator are compiled, which are not equations in the Cauchy
form. Transformations of the differential equations of material and heat balances in the steam generator to the Cauchy form are carried out. A nonlinear
system of differential equations for the balance of vaporization in relative state variables is obtained. The values of the constant parameters of the models
for the steam generator PGV-1000 are calculated. The mathematical model of thermal processes in the PGV-1000 steam generator, which is presented
in the form of a system of differential equations and includes the processes of heat transfer and steam generation, will make it possible to identify and
optimize the steam generator control system with the help of information optimization technology.

Keywords: nuclear power plant, steam generator, thermal processes, mathematical model, differential equations, optimization, control,
information technology.
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Beryn.  EHeproOiiokn  aTOMHUX — €NEKTPUYHHX
cTaHuii 3 saepHumu peakropamu BBEP-1000 excruty-
aTylIOThCSl Ha IPOTSA3i JecATHpid 1 MOTpeOyroTh Mo-
nepwisariii [1-5]. [Taporenepatop (I1I") [II'B-1000 € ogaum
3 HaWBaXJMBINIUX eJIEMEHTIB eHeprodmoky AEC 3
peaktopom BBEP-1000, y sxoMy NpOTIKalOTh CKIAAHI
TEIUIOBI TIPOLECH, IO MOXYTh CHPUYMHUTH aBapiiHi
curyarii [6-9]. ToMy MojeNOBaHHs TEIUIOBHX TPOIIECIB
maporerepaTopa [1I'B-1000 enepro6moxy AEC sik 06’ekTa
VOPaBIiHHA € aKTyaJbHOIO0 3amadero. s MOXIHUBOCTI
BHKOPHCTAHHSA MAaTEeMAaTHIHHUX MoJesel B iHpopMamiiHii
TEXHOJIOTIT ONTHUMI3alii yrnpaBIiHHSI MOJIENi IOBUHHI OYTH
B MPOCTOPi CTaHy BiJTHOCHUX 3MIHHHX Yy ¢opmi Komii, mo
JI03BOJIUTh PO3B’sA3aTH 3ajaui ijeHTHdiKaunii Ta onTumi-
3ariii mapametpiB mozeneit [10-12].

Meta nmaHOi CTaTTi MOJSIrae B poO3polIi Mmare-
MaTH4yHUX Mojened y ¢opmi Komri B mpoctopi crany
BITHOCHUX 3MIHHHX TEIUIOBHX IIPOIIECIB IaporeHeparopa
[I'B-1000 mis BUKOpUCTAaHHS MoJenei B iHpopMamiiHii
TEXHOJIOTI1 ONITHMI3allii yIpaBTiHHS.

[ [OCATHEHHA TIIOCTaBICHOI METH PO3MITHYTO
poboui nponecu B maporeneparopi [II'B-1000 ta mpex-
CTaBJIeHa iX pO3paxyHKOBa CXeMa, PO3IIIAAAI0THCS TEIUIOBI
MPOLIECH B NAPOT'€HEPATOPI Ta BUKOHYETHCS MOACTIOBAHHS
TEIUIOTepeiavi BiJi TCIUIOHOCIS 10 JKUBHIBHOI BOJH B
MaporeHepaTopi y BHUIJISAI CHUCTEMH IU(EpeHINaTbHIX
piBasHb (CJIP), BHKOHYEThCSI TIEPETBOPEHHS DIBHSHb
MaTepiabHOTO 1 TEMJIOBOr0 OajlaHCiB MapOyTBOPEHHS Ta
OynyeThcs HeNMiHilHA cucTeMa Au(epeHIliaTbHIX PIBHIHD
Oanancy mapoyrBopeHHs y ¢opmi Komi B mpoctopi crany
BITHOCHHX 3MIiHHHUX.

PozpaxyHkoBa cxema a8 MOJEJIOBAHHSA
naporeneparopa. PoGounii mnpomec maporeHeparopa
TII'B-1000 moB’a3aHuii 3 MiOBEAEHHAM O HBOIO
YKMBUJIBHOI BOJM 1 TEIJIOHOCIS Ta BifBeJAeHHSIM mapu [6].
IMaporenepaTop sIK 00’€KT yMpaBIiHHS MOIUIAETHCA Ha
BOJISTHHY 1 MapoBHi akymyisitopu. Poboue cepenosuiie —
KMBWJIbHA BOJIa HAJXOJHUTh Y BOJSIHHUN aKyMyJsTOp, A€
3MIHIOE CBil arperaTHU CTaH 3a PaxyHOK Temsa, sSKe
MepeaeThCsl MOBEPXHEI TPYOOK TemaoHociss. OCKUIbKU
MIPOLIEC MAPOYTBOPEHHS BiAOYBAETHCS 1O BChOMY 00’eMy
TPYOHHX MYUKiB, TO MiJ A3epKaioM BumapoByBaHHS (/IB)
MICTUTBCS  TapoOBOAsHA  cyMmim, TOOTO  TapoBHH
aKyMYJIATOP YaCTKOBO 3HAXOJHUTHCSI BCEPEAMHI BOISHOTO
aKyMmyniaTopa. [HIIy dYacTHHY mapoBOTO aKyMyJsiTOpa
yTBOpIOEe mapoBuii mpoctip Hax [IB. HasBricTe mapm y
BogsgHOMY akymyisaTopi [T obymoBmoe pyx pobodoro
CepeNoBUIa B NHUPKYJSAMIMHOMY KOHTYpi, SKHH B CBOIO
4Yepry BHKJIHMKAE MEpexij mapu 3 MapoBOro akyMmyJssTopa
mix JIB B maposuii akymyssitop Hag 1B [3, 6].

Po3paxyHkoBa cxema Uil MOJEIIOBaHHS HaporeHe-
paropa, IO OIMCYe POOOYMH IpOLEC, SKUA B HHOMY
BiZI0yBa€THCH, IPpEACTaBlIeHa Ha pyc. | 1 BKIIIOYae pyxoMuii
B TemIooOMiHHMX Iryukax TtemoHocii (TH), wmeran
TETIOOOMIHHOI TIOBEpXHI, KOJEKTOp Iojadi >KUBHIBHOI
Boau (KB), Boamsnumit axymynstop III', JIB, maposuii
akymyssarop min JIB, mapoBuii akymynsarop Han JIB, Buxin
mapu 70 TOJIOBHOTO MapoBOTO KoJeKTopa. TemmoHociit —
Boma macu M,, o0’emy V;, mIIBHOCTI pP; 1 CEPETHBOIO
TEMIIEpPaTypolo t; Mepeaae TEIIOBY MOTYXKHICTh @ MeTary
TpyOHUX mydkiB. Lleli Meran i3 3aranbHOI0 Macow M,,,

00’eMoM V},,, TYCTHHOIO Py, Ta CEPEAHBOIO TEMIIEPATYPOIO
t,, Tepelae TEIUIOBY TOTYXHICTh @, 4epe3 IMOBEPXHIO
TEIUI000OMIHY IUTOII Fy,, )KUBUIIBbHIN BOJI, sSIKA HAJXOUTH B
II" gepe3 xonexrtop KB i mMae macoBy Burpary G, Ta
eHTaJbMIiIo j,. [Ipu HarpiBanui Macu Boau M,, 06’emy 1,
3 MIUBHICTIO Py, CEPEeAHBOI0 TEMIepaTypor t,, i
SHTaJIBII€IO I, YaCTHHA BOJY BUIIAPOBYETHCA W y BUIIIAAL
napy HaJXOJWTh 3 MAacoBOIO BHUTpaTolo G, B HapoBUi
akymynsitop mig JIB, mo mae macy M,, ob’em V,
IIJIBHICTD Pg 1 GHTaNbMio ig. B pesynbpraTi mupkymnsmii
nmapoBofsgHoi cymimi mix JIB BinOyBaerscs uepez /B
wromi F, mepexix mapu 3 mapoBoro akymyiitopa mig B 3
MacoBOIO BUTparoro G, B mapoBuil akymyssTop Haa /B,
mo Mae macy M,, 00’eM V,, IiNBHICT Pg 1 CHTANBIIIIO .
PiBenb /IB xapakTepusyeThcst aOCOIIOTHOIO KOOPANHATOIO
piBas /IB H. i Bu3HayaeTbcs 00’emoM V. mapoBonsHOT
cymimi mix JAB. Ilicna Buxony 3 III' Hacuuena mapa 3
MacoBOIO BUTPATOI0 (¢ HAIXOIUTh B TOJIOBHUU MapOBHIA
KOJIEKTOp, a TIOTIM ITOAa€ThCS B TAPOBY TYypOiHY.

TMapa-#ag- B M,

F,
A

Puc. 1. Po3paxyHkoBa cxema IaporeHeparopa

Moge/oBaHHsl Teruionepeaayi Bil TenjaoHocis 10
JKUBUJIBLHOI BoM. 3a po3paxyHkoBoi cxemoro I1I', mpen-
CTaBJICHOI Ha pHUC. 1, pO3TIIHEMO TpoIeC Terlonepeaadi
BiJl TETJIOHOCISI, IO TIOCTYTAE Bif[ AIEPHOTO peaKkTopa, 10
xuBmiIsHOI Boau B 1l Ta cxiragemo mudepennianbHi piB-
HSHHSI TETUIOBOTO OallaHCy, Ha MiACTaBi SIKHX PO3POOHUMO
MaTeMaTHYHy MOJIEIb IIPOLIECy TeTUIonepeaadi.

Bci tpy6ku TerutooominHOTO myuka 11" npencraBumo
OJIHIEI0 EKBIBAICHTHOIO TPYOKOIO, KA MPEICTABISETHCS
00’€KTOM 3 30Cepe/DKEHUMHU IapaMeTpaMH — OJHUM
CYLUIBHUM 00’€MOM TEIUIOHOCIS, OTOUYCHUM METAJICBOIO
00os10HKO10. Maca TeruioHocist B eKBiBalleHTHIN TpyOIi M,
JIOPIBHIOE CyMapHii Maci TeIuIoHOCisl y BCiX TpyOKax, ii
00’em — V;, MIUIBHICTS — p;, CEpEOHs Temmeparypa — t;.
Maca mertaneBoi OOOJIOHKH TETUIOHOCIT M, NOpPIBHIOE
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CcyMapHiii Maci BCix MeTaleBHX TpyOok, ii 06’em — V,,
MITBHICTD — Py, CEPEAHS TEMMepaTypa — t,, (puc. 1).

[puiiMemo fomymieHHs, IO NPOLECH Tepeadi Ter-
JIOTH BiJl TEIUIOHOCISI O METally €KBIBAJICHTHOI TPYOKH 1
Bi MeTaxy a0 >kuBmibHOI Bomu B I1IT BinOyBaroThes Oe3
BTpAT, TOMY B cTatulli @, = Q (puc. 1). Pyx Temonocis B
TEIUIOOOMIHHMX ~ TpyOkax  TypOymeHTHmHi.  I[lmommi
METaJIeBOi MIOBEPXHi 3 OOKY TETUIOHOCIS 1 3 OOKY >KHBUIIb-
voi Bomu B III' omgmakoBi # piBHI F,. Ilpu po3rmini
TEIUIOBUX MPOLECIB MUTOMI TEIUIOEMHOCTI TETJIOHOCIS C; 1
MeTany Cp, mocTiiHi. Takox TOCTIiHI KoeQIIlieHTH
TEIUIONPOBIAHOCTI Ta Koedimientu TemaoBigmayi [11].
I'pamienTamMu TemmepaTypu 3a O0’€MOM TEIDIOHOCISA 1
TOBIIMHOIO METAJICBUX TEIUIOOOMIHHUX TPYOOK HEXTY€EMO.
TenmoBi XapakTepUCTUKX 1 OIIIBHOCTI TEIUIOHOCIS Ta
MeTally OJHOPiJHI i He 3aJeXaTb BiJ MPOCTOPOBUX KOOP-
JIMHAT.

3armmmremo audepeHnianeHi piBHIHHES ([P) Tero-
nepezayi BiJi TSIIOHOCISI 10 dKUBHIILHOI BOH. 3aMIiHIOIYN
Bci TpyOku mporikanHsa TemoHocis B IIIT onHiero
€KBIBAJICHTHOIO TPYOKOIO 1 BBa)kalouM ii 00 €KTOM 3
30CepePKCHUMH IapaMeTpaMu, 3aliIIeMo PiBHSIHHS Tel-
JI0BOTO OanaHcy TeruoHocis (puc. 1):

ceMidt /dt = Q — aynFp(te — t), (1)

e Oyp — KOGQIIEHT TeIUIOBiANavi BiJ TEIUIOHOCIS 1O
TpyOKku. HexTyroun rpafieHTOM TEMIIEpaTypu 3a TOBIIH-
HOI TpPYOKH, 3aIiIIeMO PIiBHSHHS TEIUIOBOTO OallaHCy
eKkBiBaseHTHOI TpyOKH (puc. 1):

Mo dty, /dt = apm Fp(t — ty) — @y Fp(ty — ty), (2)

e o, — KoedilieHT TeruioBianayi Big TPYOKH JO XKH-
BIUIbHOT Boau B I1T.

Mopens Temomepenadi y BiIHOCHHUX 3MIHHHX.
[epefinemo 10 BITHOCHUX 3MiHHHUX:

1= t/tb' q= Q/le et = tt/Tb' (3)
Om = tm/To, O = tw/Tp,
me t, , Qo 1T, — 0a30Bi 3HAUEHHS Yacy, TEIUIOBOI

MOTYKHOCTI Ta Temmepatypu. [Ipupisutotoun B [IP (1)1 (2)
MOXIJHI JI0 HYJISl, OTPUMAEMO CTATHYHI 3aJIE)KHOCTI:

Q = athm(tt - tm)’ OLt'mFm(tt - tm) =
= oy B (tn — tw)-

3 1UX 3aJIEKHOCTER MAEMO:
tn =tw + Q/(U'WFm)! tp=1tm t Q/(athm)' (4)

Y HOMIHATBHOMY pPEXHMI CepeiHi TeMIeparypu
MeTalry TpyOKH 1 TemmoHocis 3a ¢popmyinamu (4) npuitma-
10T 3HAYCHHS:

tom = tow + Qo/ (0, Fn), tor = tom + +Qo/
(o, Fn)-

IIpu upomy

Qo = tgmFn(tor — tom), 0Lthm(tOt - tOm) =
= OtWFm(’tOm - tOw)-

3 BupasziB (3) mnpeacTaBMMO TEMIIEpaTypu uepe3
BIJHOCHI 3MIHHI:

Q=09 t:=Ty0, tyn=T,0
tW = Tbew

t= th, m

[MincraBumo ui Bupasu B piusHus (1) 1 (2):

T,d6
Ct tTth = Qpq — A Fn T, (0, — 0,,),
T,do
Cm de;n = OgmFn Ty (et - em) -

- ameTb (em - ew)

Po3zminumo o0unBa piBHSIHHSA Ha KOCQII[IEHTH Mepes
MOXITHAMH JTIBHX YaCTUH 1 MO3HAYMMO IMOCTIHHI y3araib-
HEHI ITapaMeTpH:

O Fnt t
Qe = tmim b/CtMt’ btq = Qp b/CtMth’ (5)

Fat Fat
At = Otm'm b/CmMm’ Ay = Oy I'm b/CmMm' (6)

3 LUMH TapaMeTpaMy OTPUMAEMO TUHAMIYHY MOJICITb
TEeIUIoNepeadi B BITHOCHUX 3MIHHAX Y BUIIIAAi Kormi:

do./dr = btqq — A (0 — 6), (7)

dOp/dt = ap (0 — 01) — Qw0 — 04)- (8)

Ls Momens Temumomepenadi MpeACTaBIAE JHIHHY
CJIP. Ins HOMiHAJTBHOTO PEeXUMY rmodaTkoBi ymoBu CIIP
HyJIbOBi. BXITHOIO BEJIMYMHOIO CIY)KHTh 3MiHA TEIUIOBOI
MOTYKHOCTI TEIUIOHOCIS, BUXITHOIO BEJIMYMHOIO — BiJTHOC-
HE 3HA4YEHHS CepeNHbOi TemrmepaTypu Boau. Y Tabm. 1
NPE/ICTAaBICHI 3HAUEHHs BHXIJHHUX I[apaMeTpiB MoOJeni
temtonepenadi (7) i (8), oduucnenux 3a popmynamu (5) i
(6) Ha OCHOBI KOHCTPYKTHBHHX 1 TEXHOJIOTIYHHX Mapa-
metpis I1I'B-1000 [4-9].

Tabmums 1 — [Mapamerpu CJIP Temmonepenauqi

[Tapametp | 3nauenns | [lapamerp | 3HaueHHs
btq 0,12 Aim 0,78
At 1,34 A 2,70

PiBHsinHsl 0asiaHcy poGouoro cepeaoBumia. Pos-
ITITHEMO TIPOLIECH IMApOyTBOPEHHS IPH HArpiBaHHI JKH-
BWJILHOT BOAM TOBEpXHEw Teruionepenadi. [y 1poro
cknagemo JIP matepianpHOTO 1 TeruioBoro OamanciB. Ha
MiICTaBI IMX PIBHSHb PO3POOMMO MaTeMaTHUHY MOJENb
NpOLIECY NapOyTBOPEHHSI.

Temneparypa nBodasnoi cymimi B III' nopiBHIOE
TEeMIIepaTypi HACHUCHHS 1 3MIHIOETHCS TIPH 3MiHI THCKY. B
INI" mBuaKocTi poboyoro Tina, a OTXKeE, 1 Hepenaan THCKY,
BHUKJIMKAHI TiIpaBJiYHUMHU OTIOPaMH, BiIHOCHO HEBEIHKI,
TOMY BB@)KAEMO, IO 3HAYEHHS THUCKY P Y BCIX TOYKax
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pobouoro Tina Bcepeauni o0’emy III' omnaxose. Kpim
TOTrO, BBaXKAEMO, L0 Bcs Boja i Bes mapa B 1IN maroTh
TEMIIEpaTypy, piBHY TeMIeparypi HACUUCHHS t,, 1 3aJIKHY
Bij THCKY [3, 6].

Enranemis i, Boaum B III' mpakTW4HO JOpIBHIOE
SHTaJIbITii KHITIHHA BOAM MIPH THCKY P 1 TemMnepaTypi t,,, Ha
muil HacmuenHs. Ockinpkn B IIIT XuMBWMIBbHA BoOIa
HAJXOOUTHb 3 CHTANBIIEIO j,,, BIANOBIMHIN BETUKOMY
HEJIOTPIBY /10 KUIIiHHS, BBa)KA€EMO, 10 XMBWIIbHA BOJa
noBoauthest o kumiHHg B III7 3a paxyHok minmirpiBy ii
TEIJIOM, HOIINPIOBAaHUM I10 METally TpYOOK, 1 32 paXyHOK
3MilllyBaHHS 1i 3 mapoto 1 Bojoro mifx JIB.

KinbkicHO mapoyTBOpEHHs 1 pyX apOBOISHOT CyMiliI
B TPYOHMX MydYKax BiJOyBalOThCS MO-PI3HOMY MO psaax
TpyOOK i o TpyOKax oxHoro psxy. Lli sBuima ycepeaanmo,
TOOTO 3aMiHMMO TPYOHI IYYKH OIHI€I0 TPyOOIO, €KBiBa-
JICHTHOIO BCIM ITyYKaM 3a IIBUIKOCTSIMH PyXy poOOTOTo
cepenoBuma i 3a o00’emMoM. BBaxarouwm, mo QyHKIT
3aHypeHoro nipyacroro jmcta (31JI) mo BHpiBHIOBaHHIO
HaBaHTaxeHHs J[B 1 QyHKII mpucTpoiB cemapaii mapa
YaCTKOBO BUKOHYIOTHCS YCEPEJHEHHSIM 3HaueHb NapameT-
piB [T, BrumBoMm 3/1J1 i mpucTpoiB cenapauii Ha AUHAMIKY
III" HexTyeMmo.

TemnoBi XapaKTepPUCTHUKH Ta IIJIBHOCTI YACTHH BOJIH
i Mapy OJIHOPIHI Ta HE 3aJIeXkKaTh Bill MPOCTOPOBUX KOOP-
IUHAT. Y MapoBUX aKyMylsiTopax mmix i Hax B minpHICTh
Tapy pg 1 HOro eHTanpIris ig oguakosi. LI{inmpHOCTI BOITH P,
i mapu pg, a TAKOXK TX €HTANBMII iy, 1 [ 3aJIe)KaTh TITBKH BiJ
TUCKY P Ha JiHii HacuueHHs [3, 6].

[Mpouecamu mpoaysku B ' Ta iHImIMMH BTpaTaMu
Boxu 1 mapu B [1I" HEeXTyeMO, TOMY B CTaTHYHHX PEKHMAX
BUKOHYETHCSI PIBHICTH MACOBUX BUTpAT BOIM 1 napu: G, =
Gy, = G, = Gq.

Ha 3miHy piBHA B JHHAMIYHHAX PEXHMaX BIUIUBAIOTh
TITBKH TiApaBIivHI 1 TerioBi mporecu BcepenuHi I, a
TaKOXX 3MiHa TEIUIOBOi IOTY)XKHOCTiI TEIUIOHOCIS @Q i
MacoBHX BUTpaT >KUBHJIBbHOI Boau G, 1 cBiXOI mapu Gj.
Cran III' MOBHICTIO BW3HAYAETHCS CEPEAHIMH TeMIIe-
parypaMu TeIuIoHoCis t; 1 MeTany t,,, THCKOM P mapo-
BOJISTHOT cyMili, 00’ emamu Boau V,, i mapoBoAsHOT cymiri
V., a Takox BuTparor napu G, gepes JIB (puc. 1).

Pisens /IB B I1I', a Tako>k BUTpATH KUBHIHHOT BOIH 1
CBXKOI TTApH BUMIPIOIOTHCS JaTYMKAMH 0e3 CTaTHYHHUX 1
JMHAMIYHUX TOXUOOK. CTaTW4HI XapaKTEpUCTHUKU pery-
JIIOIOYMX KJIAIaHIB JIHIHHI.

Hdus mopnemoBanHs nguHaMiku [T BUKOpHCTaEMO
piBHSHHS MacH, eHeprii Ta 00’eMy. PiBHSIHHS 30epexeHHs
Mmacu pedosund B I1I" [3, 6]

dM,, + My)/dt = G, — G5 — Gy, 9)

ne Mg — maca mapu B III'; G, — MacoBa BuTpata Ha

NPOIYBKY.
PiBusiHHs 30epexenHs eHeprii [3, 6]
d(My, iy, + Mgig)/dt = Qp + Gyjw — Gsis — Gyiy,. (10)

Ockinbku cymapHuid 06’eM Boau 1 mapu B IIIT V
noctidnuii i Vy, + V,, =V, 10

4 (M ) o
dt\p, P,

Benmmuunn i, i, Py, Ps € QYHKIISIMH THCKY D .
[Micns audepenniroBanus niBux gactuh JP (9)—(11) sk
CKIamHUX (YHKIIH Ta micis NepeTBOPEHb WX PIBHSIHB
oTpumaemo [1P:

dP _ KewGy — KGpGp — KgsGs + KQQO

dt KywVy + KysVs 12

dv,/dt = (G, — Gy — G, — pg,,pcV) /P, (13)

dVs/dt = (Gg — Gs — pg,pcVs) /Py, (14)

Gy = [Qm - ( twpp, Vi + isppSVS) Pe — GWAiWW] (15)
/75,

dv./dt = [p,p(V = V) ~G, — Gy /p,. (16)

1€ Kew, Kepr Kesr Kom» Kvws Kvs, Psps bwps Lsps Ts — IOCTIiHHI
napameTpH, siki 00UYHCITIOITHCS 3a MapaMeTpaMy PiBHSIHb
(9)-(11).

Otpumano dotupu [P (12)—(14) Ta (16) mua
YOTHUPHOX HEeBiTOMEX (YHKIIN 9acy — THCKY p(t), 00’eMy
BOIM Y BoJsiHOMY akymyisitopi V, (t), 00’emy mapu B I
V(t) i 06’emy mapoBoasiHoi cymimi mig JAB V.(t).

PiBHsHHS ~OajgaHCy po00OYOro CepeloBHIA Y
BITHOCHHX 3MIHHUX. BBeaeMo BigHOCHI 3MIHHI:

Tp = p/Po éw = Vo /Vow, (:S = Vs/Vos, (17)
Z;C = Ah¢/hy,
9w = Gy /Go, g5 = Gs/Gy, 9g = Gg/GO'
Ja = Ga/Go, Gm = Qmn/Qo,

1€ Po» Vows Vos 1 hge — 3HAUCHHS THCKY, 00’€MIB BOIHU Ta
NapH, a TaKoX JO0IMYCTUMOTO PiBHS BOAM B HOMIHAJBHOMY
PEKHUMI.

B pesynbpTarti mepeTBOpeHs piBHAHD MaTEPialbHOTO i
terooro Gamancis I1I" (12)—(16) 3 nosuauennsmu (17) i
(18) otpumani piBHSHHS Y BIAHOCHUX 3MiHHHUX:

bpwgw + bpsgs + dm
apWéw + a?’Sés

g = bgq‘]m - (agwéw + agsés)npt - bgggw:

(18)

dnp _
dr e

TCpt

(19)
déw/d'[ = bwg 9w — gg) - awpéwnpt'
dés/dt = bsg (gg —9s) — aspésnpt'
déc/dr = (¢ — accéc)ﬂpt + bcg(gs — Ja)-
it CHAP  BigmoBimaroTh  IOYATKOBI  YMOBH
HOMIHAJIBHOTO PEXUMY:
() =1, £,0)=1, £(0)=1, £(0)=0. (20)
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VY Ttabn. 2 mpeacTaBiIeHI 3HAYCHHS BHUXIIHHUX Iapa-
merpiB ' anst piusub Oanancy (19), oGumcnennx 3a
¢dopmymnamu (5) i (6) Ha OCHOBI KOHCTPYKTUBHUX 1 TEXHO-
noriunux mapamerpis [1I'B-1000 [4-9].

Ta6mums 2 — [Mapamerpu CJIP 6anancy

ITapamerp | 3nauenns | Ilapamerp | 3HaueHHA
byw -0,119 Awp 0,048
by -0,881 bsg 0,125
Apw 19,080 asp 1,120
Aps 7,540 Ce 11,990
bgq 1,187 Acc 1,120
Agw 23,370 beg 2,550
ags -0,380 bgg 0,187
byg 0,010 - -

OtpumaHi piBHsIHHS OanaHcy (21) MicTATh HEBiTOMY
BIZIHOCHY 3MiHHY BuTparu mnapu uepe3 B g,. Hdua il
BU3HAUCHHS MOTPIOHO PO3IJISSHYTH NPOLEC LUPKYJALii
mapoBoAIHOT cymimi mix IB.

BucHoBkm. [laHa cTaTTsa MpUCBSIYEHA PO3pOOLIi MaTe-
MaTHYHUX MOJEJNel TeruoBux mporeciB y Gopmi Komri B
NpPOCTOpi CTaHy BIZHOCHHX 3MIHHHX HaporeHeparopa
[I'B-1000 mis BUKOpUCTAaHHS Mojeneil B iHpopMamiiHii
TEXHOJIOTIT ONTUMI3aIll yNpaBIiHHSI TapOTCHEPATOPOM.
Pe3ynbTaTy npoBeaeHUX JOCHIHKEHb JO3BOJISIOTH 3p0oOHu-
TH HACTYIHI BUCHOBKH.

1. Posrnsinyto poGodi TpoliecH B MaporeHeparopi
TIT'B-1000, noB’s13aHi 3 miABEIEHHIM 10 HHOT'O KUBHILHOT
BOJM 1 TEIUIOHOCIS Ta BimBeAcHHsAM mapu. IIpeacraieHa
pO3paxyHKOBa CXeMa MaporeHeparopa, M0 BigoOpaxkae
poOoui mporecH, Mo B HHOMY BiIOYBAIOTHCS.

2. Ha ocHOBI piBHSHB TEIIIOBOTO OAIAHCY TETUTOHOCIS
BCEpEMHI TaporeHepaTopa Ta METAICBHX TEIIO0OMIHHUX
TpyOOK BHUKOHAaHE MOJCIIOBAHHSA TeIUIoNepeaayi Bix
TEIUIOHOCIST 10 JKMBWIIBHOI BOOM B MaporeHepaTopi.
Po3pobneno mojens Temionepesaadi maporeHeparopa y
BUTJISI JIiHIMHOT cucTeMH AM(eEepeHLliaIbHUX PIBHSHb Y
BITHOCHMX 3MIHHMX CTaHy Ta OOYHCJICHI 3HAYCHHS
napaMmeTpiB Mojelli Teruionepenavi sl maporeHeparopa
I1I'B-1000.

3. BukoHaHi mepeTBopeHHs qudepeHIiaIbHUX PiB-
HSHb MaTepialbHOTO 1 TEIJIOBOro OanaHCiB JUHAMIYHHX
NPOLIECiB MAPOYTBOPEHHsI B IaporeHepaTtopi. OTpuMaHa
HelliHiHHa cucTeMa MudepeHIialbHuX PiBHAHB OallaHCy
MapOyTBOPEHHS Y BITHOCHUX 3MIHHUX CTaHy Ta 00UHCIICH]
3HAUEHHS MOCTIHUX MapaMeTpiB i€l CUCTEMH JUIs T1apo-
reneparopa I1I'B-1000.
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A. C. MABMAHHUIIIBUJIN, H. I'. PEIIIETHAK

MPOJIOJIbHAS JIOBYIIKA SJIEKTPOHHOI'O ITYUKA B IOTEHIIAAJILHOM SIME
MAT'HUTHOTI'O COJIEHOUJAJIBHOI'O ITOJIA

PaccMOTpeHO LMIHHAPUYECKOE MarHUTHOE IOJIE ABYXMOJOBOTO BH/A, OTEHIHAI KOTOPOro uMeeT MUHUMYM. OOBEKTOM IaHHOW PabOThI SBISETCS
H3yYeHHE TapaMeTPOB AIIEKTPOHHOT'O ITy4Ka IIPH ero ABIKCHHH B COJICHOHIATFHOM IOJIE C TIPOJOJIBHOM JIOBYIIKOM, 00pa30BaHHON MarHUTHBIM IIOJIEM,
U TOCTPOCHUE BBIYUCIUTEIBHONW MOJENHU JBMKEHHS JJIEKTPOHHOrO MOTOKa. [locTaBieHa 3aja4a 00 yCTOMYMBOCTH JIBMIKEHUS 3JIEKTPOHOB B TaKOM
COJICHOMIAJIbHOM MarHUTHOM mouie. M3ydeHa BO3MOXKHOCTD MOJTy4eHHUsI KOJIeOATeIbHBIX PEKHUMOB ABIDKEHUS YacTull. [loaydeHo, 4To ams KonebaHuii
YaCTHI[ C JHEPrueil B JECSITKH KUJIODJIEKTPOHBOJBT B MOTECHLHAIBHOU siIME HEOOXOAMMO IMOJIe aMIUIUTYIOK B IECATKH Thicsu Opcren. s
COJICHOUJIAJILHOTO MarHUTHOTO TOJIS COJICHOMJA U3y4eHO (OpPMHPOBAHME ITydKa 3JIEKTPOHOB C SHeprued 55 k9B B MponONBHOM M paaHalbHOM
HANpaBJCHUAX MPU €ro TPAHCIOPTHPOBKe. B kauecTBe u3nueckoro o0bEKTa HCMOIb30BaHA CEKLMsI MATHETPOHHOW MmyIki. OHUM U3 BO3MOYKHBIX
HAMpaBJCHUI SBISIETCS KOMOHMHALMS [BYX COIVIACOBAHHBIX MATHUTHBIX CHCTEM ITYIIKH AJIsS CO3[AHUS MOTCHIMAIBbHOH SIMBI MAarHHTHOIO MOJISL.
TTokaszaHo, 4TO Uil BBHIOPAHHBIX YCJIOBHU JBM)KEHHIO 3JIEKTPOHOB MOXKHO COIOCTABHTH MOJENb TPEXMEPHBIX ocUMLIALMHA. B paboTe Ha ocHOBe
raMIIbTOHOBa (hopMasi3Ma JABIDKCHHS DJIEKTPOHOB B MArHHTHOM IIOJie M aJrOPUTMa YHCICHHOTO HAXOXKICHHS pelleHui auddepeHiraibHbIX
YpaBHEHHUI TUHAMUKH [TOCTPOCHO IPOrPaMMHOE CPEICTBO, ITO3BOJISAIONIEE MOJIY4YaTh MACCHBBI 3HAUCHHI TPACKTOPHii YacTHILl B 00beme. Mcronb3oBanue
MPOrpPaMMHOI'0 CPEICTBA a0 BO3MOXHOCTh IIPOMOJICIIUPOBATh OCHOBHBIC 3aBUCUMOCTH JBMKEHHS JICKTPOHHOTO MyYKa B 3aIAHHOM JIBYXMOJIOBOM
COJICHOMIAIbBHOM MAarHUTHOM moie. [IpencraBieHbl pe3yibTaThl YUCICHHOTO MOCIUPOBAHUS TPACKTOPHI JJIEKTPOHOB B IPAAUCHTHOM MAarHHTHOM
0JIE C TOYEYHBIM BTOPUYHOIMUCCUOHHBIM KAaTO/IOM, PACIIONIOKEHHBIM B cepeinHe cucTeMbl. PaccmoTrpeHo hopmupoBanue mydka ¢ sHeprueit 55 kaB
B PaJMaibHOM M TPOJOJILHOM HAIPABJICHUSX TPH €ro TPAHCIIOPTUPOBKE B COJCHOMJAIBHOM MAarHUTHOM I0JI€ C OOJIBIIUM TpazueHToM. Jlist
3HAYUTENBHBIX BPEMEHHBIX HHTEPBAJIOB MOKAa3aHa BO3MOXKHOCTh TPEXMEPHBIX KOJCOAHHI U MOTydeHBI PEKUMBI PAGOTHI MATHHUTHOW CHCTEMBI, PH
KOTODPBIX YAaCTHIIA HCIBITHIBACT YCTOIYHMBBIE TPEXMEPHbBIC OCLIUBLMA. V3ydeHo BIMsHHE HAYaJbHBIX YCIOBHH HPH dMUCCHHA HA BO3HUKHOBCHHE
BO3BpaTHO-KosiebaTenpHoro sddekra. ITokazaHo, YTO NpPU 3aJaHHOM SHEPTUH DJICKTPOHA M (UKCUPOBAHHOM MATHHTHOM IIOJIE TapameTpoM,
OIPEIENSAIOIEM OTPAKCHHE YACTHIIBI, SIBJISACTCS MOJSPHBIA YroNl BieTa OTHOCHTENBHO OCH IMIHHAPUYECKOro MarHuTHOro mois. HccrmemoBaHa
3aBHCHMOCTh (hOPMHUPOBAHHSI HTOrOBOrO PACIPEACICHHsSI YACTHI[ OT AMILUTHTYABl M IPAJUEHTa MArHUTHOIO IMOJIS BAOJb OCH CHCTEMBI. [IpuUBOISTCS
Pe3yNbTaThl YHUCICHHOTO MOJICIMPOBAHMUS 10 JBHXKEHHUIO JJIEKTPOHHOTO MOTOKA. Ha OCHOBE MO JBIKCHUS JICKTPOHHOTO MOTOKA PACCMOTPEHBI
XapaKTEPUCTHKH PE3yJIbTUPYIOIIETO AJICKTPOHHOrO Iydka. [loiydeHHbIe pe3yibTaThl MOJCIMPOBAHHUS IMMOKA3bIBAIOT HA BO3MOXKHOCTH B YCIIOBHSX
IKCIIEPUMEHTA YCTAHOBUTH SIBJICHUE KOIeOaTEeIbHO-BO3BPATHOTO IIPOJOIBHOTO ABMKCHHS.

KuroueBble ¢J10Ba: 3JICKTPOHHBIN Iy4OK, MarHETPOHHAS MYILKa, TPEXMEPHbBIC KOJeOaHUsI, TUHAMHKA JJICKTPOHOB, TPAJIMCHTHOS MarHUTHOE
0JIe, MAaTEMaTHYECKOE MOJICITUPOBAHHE.

0. C. MASMAHIIIBIIIL, M. I'. PEHLIETHAK

MO3I0BKHSI TACTKA EJJEKTPOHOT'O ITYYKA B IOTEHIIVHINA SIMI MATHITHOT'O
COJIEHOIJAJIBHOI'O OJISI

Po3risiHyTO IUIIHAPUYHUN MarHiTHE 1ojie JIBOMOJIOBOTO BHUJy, MOTEHIlial SKOro Mae MiHiMyM. OO'eKToM JaHOI poOOTH € BHBYEHHS MapamMeTpiB
€JIEKTPOHHOTO ITy4Ka MPH HOTro pyci B COJICHOIAAIbHOMY MOJI 3 MO3/I0BXHBOIO MACTKOI0, yTBOPEHOT MarHiTHUM TOJIEM, i MOOY/10Ba 00UUCITIOBAIBHOT
MoJIeNi PyXy eIeKTPOHHOTO IoToKy. ITocTaBiIeHO 3aBJaHHS PO CTIHKICTh PyXY €IEKTPOHIB B TAKOMY COJICHOiNaIbHOMY MarHiTHOMY Toii. BusueHo
MOJKJIUBICTb OJIepyKaHHs KOJIUBAIBHUX PEXUMIB PyXy 4aCTHHOK. OTpUMaHO, 110 /IS KOJIMBAHb YAaCTHHOK 3 CHEPri€l0 B ACCATKH KITOCIEKTPOHBOMIBT B
MOTEHIIHOI sIMi HEOOXiHO MMOJIe aMILTITY0I0 B AeciaTKH Tucsa Epcren. st coneHOInaabHOr0 MarHiTHOrO MOJISI CONICHOIAA BUBYEHO (DOPMYBaHHS
IydKa EIEKTPOHIB 3 eHepriero 55 keB B M0o3/10BXKHBOMY 1 pajiadbHOMY HalpsMKax IpH HOTO TpaHcmopTyBaHHI. Sk di3ndHMiA 00'eKT BHKOpHCTaHA
CeKI[is MarHeTpoHHii rapmatH. OJHUM 3 MOMIIMBHX HAIPSAMKIB € KOMOIHAIlis JBOX Y3TO/KEHHX MArHITHHUX CHUCTEM TapMaTd Uil CTBOPEHHS
MOTEHIIHHOT M1 MarHiTHOro 1osi. [lokazaHo, 110 A1t 0OpaHUX YMOB PyXY €JIEKTPOHIB MOYKHA 3iCTaBUTH MOJIEIb TPUBUMIPHUX OCHMIIALINA. Y poOoTi
Ha OCHOBI F'aMHJIFTOHOBOTO (hOpMai3My pyXy €IeKTPOHIB B MarHITHOMY IIOJIi Ta aJTOPUTMY YHCEIHHOI0 3HAXOMKEHHS PO3B'SI3KiB AU(epeHIiaTbHIX
PIBHSIHB JAWHAMIKH MMOOYZOBaHO MPOTPaMHUI 3aci0, 110 JO3BOJISE OTPUMYBATH MACHBU 3HAYE€Hb TPAEKTOPIH YacTHHOK B 00cs3i. BukopucranHs
HPOTrPaMHOT0 3ac00y a0 MOKIMBICTH IPOMO/ICTIOBATH OCHOBHI 3aJI)KHOCTI PyXy €ICKTPOHHOTO ITy4Ka B 3aJ[aHOMY IBOMOZIOBOMY COJICHO1IaIbHOMY
MarHiTHOMy momni. IIpencraBieHi pe3ylbTaTH UYHCETLHOTO MOJETIOBAHHS TPAEKTOPIH ENEKTPOHIB B IPaJi€HTHOMY MArHiTHOMY IIOJi 3 TOYKOBUM
BTOPIHHOEMICIITHUM KaTOZOM, PO3TAIIOBAaHUM B cepeiiHi cucTeMu. Po3riisiHyTo popMyBaHHS MyyKa 3 eHeprieto 55 keB B paiaibHOMY i 10310BKHbOMY
HanpsIMKax IpH HOro TPAaHCIOPTYBaHHI B COJICHOINAIILHOMY MarHiTHOMY TIOJIi 3 BEIMKUM rpajieHToM. J{Js 3HaYHMX 4acOBUX IHTEpBaJiB MMOKa3aHa
MOJKIIMBICTh TPHBHMIpPHHMX KOJNMBAHb i OTPHMaHi PEXMMM POOOTH MArHIiTHOI CHCTEMHM, TNPH SKHX YacTKa BilUyBa€ CTiliKi TPUBUMIPHI OCIIMIAILI.
BuBYeHO BIUIMB MOYATKOBHX YMOB HpH eMicil HA BUHHKHEHHS 3BOPOTHO-KOJIMBaJbHOTO edekty. [lokazaHo, 1m0 NpH 3a/aHiid eHepril eIeKkTpoHa i
(hikcoBaHOMY MarHiTHOMY TI0JIi TApaMeTPOM, L0 BU3HAYAE BiTOOPAKEHHS YaCTKH, € TIOJIIPHUH KYT BIBOTY 1100 OCI HMJIIHIPUYHOTO MarHITHOTO OIS,
JlocTipKeHOo 3alIexHICTh (OpMyBaHHS IiZICYMKOBOTO PO3IIOALTY YaCTOK BiJl aMILTITY/IH 1 rpaiieHTa MarHiTHOTO HOJISI Y3I0BXK oci cucteMu. HaBoasTbest
Pe3yIbTaTH YHCETBHOTO MOJCIIOBAHHS MO PyXy €JIEKTPOHHOTO MOTOKY. Ha OCHOBI Mozeni pyXy €IeKTPOHHOTO MOTOKY PO3IVIIHYTI XapaKTepH CTHKH
PE3yJIBTYI04Or0 EJIEKTPOHHOrO My4ka. OTpHMaHi Pe3yIbTaTH MOJICTIOBAHHS [TOKAa3yIOTh HA MOXKJIMBICTh B yMOBaX €KCHEPHMEHTY BCTAHOBHTH SIBUILC
KOJIMBAJIbHO-TIOBOPOTHBOT'O TTO3/I0BXXHBOTO PYyXY.

Knio4oBi ci10Ba: eNeKTPOHHUI Iy4OK, MarHeTPOH rapMmara, TPHBHUMIDHI KOJNMBAHHS, JUHAMiKa €JIEKTPOHIB, IpaJicHTHE MarHiTHe IoJe,
MaTeMaTHYHE MOJICTIOBAHHSL.

0. S. MAZMANISHVILI, M. G. RESHETNYAK

LONGITUDINAL TRAP OF ELECTRON BEAM IN POTENTIAL PIT MAGNETIC SOLENOIDAL
FIELD

A two-mode cylindrical magnetic field is considered, the potential of which has a minimum. The object of this work is the study of the parameters of an
electron beam when it moves in a solenoid field with the longitudinal trap formed by the magnetic field, and the construction of the computational model
of the motion of an electron beam. The problem is posed of the stability of the motion of electrons in such solenoid magnetic field. The possibility of
obtaining oscillatory modes of particle motion has been studied. It was found that for oscillations of particles with an energy of tens of kiloelectronvolts
in the potential well in a well, the field with the amplitude of tens of thousands of Oersteds is required. For the solenoid magnetic field of the solenoid,
the formation of electron beam with an energy of 55 keV in the longitudinal and radial directions during its transportation is studied. A section of a
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magnetron gun was used as the physical object. One possible direction is to combine the two matched magnetic systems of the gun to create the potential
magnetic field well. It is shown that, for the chosen conditions, the motion of electrons can be associated with the model of three-dimensional oscillations.
In this work, on the basis of the Hamiltonian formalism of the motion of electrons in a magnetic field and an algorithm for numerically finding solutions
to the differential equations of dynamics, a software tool is constructed that allows one to obtain arrays of values of particle trajectories in the volume.
The use of the software made it possible to simulate the main dependences of the motion of the electron beam in a given two-mode solenoid magnetic
field. The results of numerical simulation of electron trajectories in the gradient magnetic field with the point secondary emission cathode located in the
middle of the system are presented. The formation of the beam with energy of 55 keV in the radial and longitudinal directions during its transportation
in a solenoid magnetic field with a large gradient is considered. For significant time intervals, the possibility of three-dimensional oscillations is shown
and the operating modes of the magnetic system are obtained, in which the particle undergoes stable three-dimensional oscillations. The influence of the
initial conditions during emission on the occurrence of the reciprocating oscillatory effect has been studied. It is shown that for a given electron energy
and fixed magnetic field, the parameter that determines the reflection of a particle, is the polar angle of entry relative to the axis of the cylindrical
magnetic field. The dependence of the formation of the final distribution of particles on the amplitude and gradient of the magnetic field along the axis
of the system is investigated. The results of numerical simulation on the motion of the electron flow are presented. The characteristics of the resulting
electron beam are considered on the basis of a model of electron flow motion. The obtained simulation results show that it is possible to establish the

phenomenon of oscillatory-return longitudinal motion under experimental conditions.
Keywords: electron beam, magnetron gun, three-dimensional oscillations, electron dynamics, gradient magnetic field, mathematical modeling.

Brenenne. DeKTpOHHbIE MAarHETPOHHBIC IYIIKH C
XOJIOAHBIMH BTOPHUYHOSIMHUCCHOHHBIMU KaToJaMH
MEPCIEKTUBHBI JAJIs1 HCIOJIB30BaHUA WX IPH CO3JaHUHU
MotnHbBX CBUY-mpuOopoB, B YCKOPUTEIHHON TEXHUKE B
CBSI3M CO CTAaOWJIBHOCTBIO 3MHCCHHM KaTO/OB, BBICOKOW
IJIOTHOCTHIO TOKa U T.A. [1, 2]. Ha ocHOBe MarneTpoHHO
MYIMKA OBUT CO3/aH YCKOPUTENb JJICKTPOHOB, KOTOPBIH
UCTIONB3YET OCEBOM AIICKTPOHHBIN MyYOK AT 0OIydeHHS
Meranueckux mumeHedt [3]. Kak ob6wvexkt s
IIPOBEACHUS UCCIICIOBAaHUM MarHETpOHHas IIyIIKa MMeeT
TO MPEUMYIIECTBO, YTO, C OJHONH CTOPOHBI, OHa MOXET
OBbITh MOIU(UIUPOBaHA AJISI IPOBEJCHUS IKCIIEPUMEHTOB
pa3IMYHOTO THIIA, C APYrod CTOPOHBI, HECMOTPS Ha
CJI0’KHOCTB BBINOJTHEHUS aHAJIUTUYECKOTO MCCIEIOBAHNUS,
— JUISL TIOJTyYEeHUS! KOJMMUYECTBEHHBIX 3aBHCHUMOCTEH SIBJISI-
eTcsi BO3MOXKHBIM  HCIIOJb30BAHWE  BBIYHCIHTEIIBHBIX
METOJIOB U CPaBHEHHS YHCIIOBBIX PE3yJIbTaTOB C JaHHBIMH
sKkcriepuMenTa. OTHUM U3 BO3MOXKHBIX HallpaBJIeHUH SIBIIS-
ercsi KOMOMHAIMs [JBYX COTJIACOBAHHBIX MAarHWTHBIX
CHCTeM TMYHOIKH JUIS CO3JaHUS ITOTEHIHAJIBHON SIMBI
MarauTHoro mnoJis [4, 5]. IIpu BeIOpanHOI TiTyOHHE TaKoi
SIMBI IBIDKEHUE TIOMEIIEHHOM B He€ YacTUIIbI OyIeT YCTOM-
YUBBIM [6].

OO0bekTOM JaHHOW pa0OTHl SBIAETCS H3yUEHHUE
IapaMeTpoB 3JEKTPOHHOIO IMy4yKa IPH €ro JIBIKEHHUH B
COJICHOMJIaJIbHOM ~II0JI€ € TIPOJOJIBHOM  JIOBYUIKOIA,
00pa30BaHHOI MarHUTHBIM TOJIEM, M TTOCTPOEHHUE MOZIEIH
JBIDKCHUS SJIEKTPOHHOTO TTOTOKA.

Heabio wuccienoBaHust OBIIO CO3JaHUE MOJICIH
JBIDKCHUSI 3JIEKTPOHHOTO ITy4Ka C SHEprHei B AecsSTKH k3B
B TPaJMEHTHOM MAarHUTHOM IIOJIe, M3y4deHue (OpMHUpO-
BaHUS TPAGKTOPUH 3JIEKTPOHOB, 3aBUCHMOCTH AMHAMHUKHU
YacTHUI] OT HA4YaJIbHBIX YCIOBHUH 1 paclpeaereHns] MarHuT-
HOTO TOJISI BAOJb OCH CHCTEMBI. [IpUBOIATCS pe3ynbTaTsl
MOJICIMPOBAHMSI TI0 JBIKEHUIO JIIEKTPOHHOTO ITOTOKA.
[Tomy4yeHHBIE pe3yAbTATHl MOEIHPOBAHUS IMOKA3BIBAIOT
Ha BO3MOYKHOCTh B YCIIOBHAX HKCIEPHMEHTa yCTAaHOBUTH
SIBJICHUE KO0JIeOaTeIbHO-BO3BPATHOTO IPOAOJILHOTO IBH-
KEHHUS.

1. MeToauka uccJief0BaHMIA.

VYcoBeplIeHCTBOBAHWE ~ MAarHeTpOHHOM — MYUIKH,
3aKJII0YaloIIeecs B MIPUMEHEHUH MHTEHCHUBHBIX
MArdUuTHBIX noneﬁ C TIOBBIIICHHBIM Fpa}lI/IeHTOM nx
HaINpsDKEHHOCTH, JAaeT BO3MOYKHOCTh PAacCMOTPETHh HOBBIC
SIBJICHHST B TIPOCTPAHCTBEHHOW KapTHHE 3BOJIOIUHU
AJIEKTPOHHBIX ITYYKOB.

PaHee B X0Jic YHCIICHHBIX 3KCIIEPUMEHTOB [7] ObLI
oOHapyxeH 3PPEeKT 00paTHOrO IBHUKCHHUS IJICKTPOHOB B
rpaJuUCHTHOM MarHuTHOM I10JI€ MaFHeTpOHHOﬁ ITyHIKH.

Pacnipeneneare TpOMOTBHOTO MAarHUTHOTO — TTOJISA
H(z) BHONMB OCH CHCTEMBl W KaHala TPaHCIIOPTHPOBKHU
KOTOpOE HCHOJNB30BAIOCh MPHU TPOBEICHUU YUCICHHOTO
MOJICNIMPOBAHMS, TMpuBeAcHO Ha puc. 1. Hcrounuk
ANIEKTPOHOB TmoMmenieH B 1eHtpe (z = 0), mpu >TOoM
YacTHUI[AM COOOIIaeTCs SHEPTHsl, paBHas 55 k3B.

Puc. 1. MaruutHoe none H

Ha ocHoBe rammiapTOHOBa (opMamu3Ma IBIKEHUS
3JIEKTPOHOB B MarHWTHOM I10JI€ TTOCTPOEHO NMPOrpaMMHOE
CPEICTBO, MO3BOJISAIONIEE TPOBECTH YUCICHHOE MOIEIHPO-
BaHUEC ITMHAMHKH JJICKTPOHHBLIX ITOTOKOB B I'PaAWCHTHOM
MarHuTHOM Tode. [7, 8].

2. MaremaTndeckasi MOJ€JIb.

JJis oCTpOCHHST MaTEMAaTHIECKOH MOIETH PEIICHUs
BOCIIOJIb3YeMCS aKCHAIIbHOW CHMMeETpuel 3ajgadu. B mo-
JSIPHOW cucTeMe KoopauHaT (7, Z, ) UCIONb3yeM TaMUIb-
TOHHUAH BHCKTpOHa B MAarHuTHOM I10JIC B HI/IHHH}lpI/I‘IeCKoﬁ
cucreme koopaunar [9, 10]

2 2 2
=M+L(p_ﬂ_eoA), )
2m\r

H
2m

rae ey, m — 3apsa]l U Macca IMOKOS JIEKTPOHA, Dy, Py,
Dy — KAHOHUYECKHE UMITYJIbChl, A — MarHUTHBIM MOTEH-
nurain. Ero ¢ ydyetoMm a3uMyTaibHOM CHUMMETPUHU IIOKa
sarmmeM B Bune A(r,z) = Brf(z), tne f(z) — dyHkius
MPOJAOJIBLHON KOOPAUHATHI, KOTOPOH PaCIOPSIANMCST HHKE,
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B — Haps?KEHHOCTb MAar"suTHOIO 110JIsA B
paCCManHBaeMOﬁ TOYKEC. ypaBHeHI/IH JBMKCHUA I
KOOpAUHAT U UMITYJIbCOB UMCIOT 06HII/II>1 BU.
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Puc. 2. [lpousBonnas dH /dz marautHOTO TIOMsT H

Kak BumHO W3 ypaBHeHuil (2), Ha (opMHpOBaHHE
TPaeKTOPUU YaCTUIBl BIMSET KaK paclpeleseHue
MarHuTHOTO 10Jisi H BJOJIb OCH Z, TaK U €ro Mpou3BOIHAS
dH /dz (puc. 2).

B cucreme (2) u3 6 ypaBHeHU# nepeiiieM, UCTIONIb3Ys
CKOPOCTb CBETa C, OT TEKYILETO BPEMEHH ¢ K IepeMEeHHOI
S =ct (umHa T1yTH, KOTOPBI NpoNUIa YacCTHIA),
MIPOM3BOJIHYIO 10 Hel OyneM o0o3Hauarh mTpuxoM. s
KaHOHMYECKHX HMITYyJIbCOB OCYIIECTBUM 3aMEHy P, =
eoBq,, p, =eyBq,, Py =eyBqy, TOrgja mnpuxoguM K
CUCTEME YPAaBHEHU

( T = uq,,
"= g,
v =u(-f@),
I —ur( -f@)(E+rm). O
d
@ =w (- ) f(z)
qé=0-

B ypasHenusix (3) U = eyB/mc, Bf (z) — pynxuwus,
OIMCHIBAIONIAs] HANPSDKEHHOCTh MarHUTHOT'O II0JISL BIOJIb
ocu z. AMIuUTYny B BeIOMpaeM Tak, 4ToObI MOXKHO OBUIO
nonb3oBarkest GyHkuueit Bf(z) Ha BceM uHTEpBaie

BO3MOJXKHBIX 3HaueHui z. K ypaBHenusim (3) HeoOXoaumo
MPUCOETUHNTD HaYaJIbHBIC YCIOBUS JJISL Ty, Zg, Jg, @ TAKIKE
IS Gros Gz0. go- YCTOMYMBOCTB alrOpUTMa pPELICHUS
CBs3aHa C 1WaroM As peweHus U napameTpom W. Torna
ycmoBue MAs < 1 Oyaer BBIIONHATBCH, ecam As K
0.0001 m. Utak, ¢ BBIUMCIUTEILHONU TOUKH 3pEHUS 3a7a4a
MOJKET OBITH COPMYNIHpOBaHA KakK 3a/1a4a HAXOXKACHUS Ha
3aJJaHHOM HHTEpPBaJie PELICHUS CUCTEMBbI OOBIKHOBEHHBIX
muddepeHMaNbHBIX  YpaBHEHUH C (UKCHPOBAHHBIMU
HavyaJIbHBIMU YCJIOBUSIMH. DTO 00€CTIeUnIIO BO3MOKHOCTh
MONy4YeHUs pemeHud cucteMmsl (3) B Bume 6-MepHBIX
MacCHBOB, OIIMCHIBAIOIIUX TPACKTOPHH.

3. YncieHHOEe MOAeIUPOBaHUeE.

Ha puc. 3-5 mpuBemeHBI pe3yibTaThl YUCICHHOTO
MOJICTIMPOBAHUS TPAEKTOPUIl JIICKTpPOHA C JHEPrUeH
E = 55 k3B B rpagneHTHOM CONIEHONIAIBHOM MarHUTHOM
TOJIC, BBIIIOJHCHHBIC MNPHU HAYaJbHBIX YCJIIOBUAX Zj = 0
MM, Ty = 21 MM, 9y = 0 st IOISIPHOTO yriia BieTa 1y =
—0.015 B cuctemy TpaHcnopTHUpOBKH. [lanee

1 |2E

qzlo == £’ qslo = T()Zf(zo) 4)
0

(Ey = 511 3B — sHeprus mokosi). Pe3ynbratel pacueros
Ha 3TUX PUCYHKaX NPUBOASATCS JJIsl TPEX JUIMH TPACKTOPHU
anekrpona S = 0.0,0.5,1.0 m.

Ha pwuc. 3-5: cneBa — Tpaektopus B 00BeMe,
MOCPEAANHE — 3aBUCUMOCTH TIPOJIOJIEHON KOOPANHATHI Z OT
mpoiineHHoro myTH S, cripaBa — (pazoBas kapta (z,1).

U3 puc. 3-5 BUIHO, 4TO C yBEIMYCHHUEM BPEMEHHU
npojyiera (JUIMHBI TPAaeKTOPHM) YacTHIla Koiebiercss B
o0beMe U yaAepKHBaeTcsi. TpexMepHbIe YCTOWYHMBBIC
OCLWULILMM 3JIEKTPOHA OCYLIECTBIISIIOTCS B  paiioHe
MUHIMyMa MarHuTHoro monsi H(z). B asrom paiione
pacmpezieneHre Mois BIOJNb OCH MOXKET NPHOIMKEHHO
NPE/ICTaBICHO MapaboJIMueckoil 3aBHCUMOCTBIO M0 Z.
[MponosnbHble KoJEeOaHWS 3JEKTPOHA B JAajbHeiieM
MHOTOKPaTHO IIOBTOPSIFOTCS, 4YTO OBLIO MPOBEPEHO
BBITIOJTHEHUEM CIIEIUATbHBIX pacueToB npu S = 30 m.

Ipu npyrux BBIOPAHHBIX yIiiax Ty, OMM3KHX K Ty =
—0.015, ux popma BUIOM3MEHSAETCS, HO THIT KOJICOAHUH U
nx YCTOWYHBOCTD OCTaroTCst HEM3MEHHBIMU.
[TpuBeneHHBIM  TPAEKTOPHSAM  DJIEKTPOHOB  MOXKHO
COTOCTaBUTh MOJIETb MPOXOXKJCHUS CBETOBBIX JIyueil B
cpene ¢ TPaJueHTHBIM KOd(p(HUIUEHTOM MPEIOMIICHUS,
3aBUCAIINM OT paauyca [5, 6, 11, 12].

BeiBoabl. 13 pe3ynbTaToB MOAEIMPOBAHUS CIENYET,
YTO NP BHIOPAHHBIX HAYAJIBHBIX YCIIOBHSX YaCTHI[ PEry-
JMPOBKA HAYaJIbHBIX YCJOBUH, B YaCTHOCTH yIja BieTa
JIEKTPOHOB, IIPH 33JJaHHON KOH(PUI'YPALlH I'PaJHEeHTHOTO
MarHUTHOTO IOJSl C TOTEHUUAJIBHON SIMOW BIUSET Ha
o01ue cBoiicTBa ABMKEHHS ITy4Ka. MTak, py IBHKEHUH B
KaHaJle TPaHCHOPTUPOBKH AJIEKTPOH UCIBITHIBAET YCTOMU-
YHBEBIE TPEeXMEpHbIe Konebanus. Takum oOpazom, mokaza-
Ha BO3MOXXHOCTb YJAEpXKaHWs yacTHLBl B siMe, o0Opaso-
BaHHOU MarHUTHBIM COJICHOUJAJIBHOM I10JIE C TIPOOJIbHOM
JIOBYIIIKOM.
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Puc. 5. Tpaektopust 2JIeKTpoHa B IPaJJUEHTHOM MarHUTHOM I10JI€; [UTHHA TpaekTopuu S = 1.5 M
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1.A. MAPHHHY, O. I0. CEPJJIOK

MOJEJIIOBAHHS CUCTEMHU ABTOMATHYHOI'O PEI'YJIIOBAHHSA PEXKUMY HATAIL'Y B
YOPHOBIN I'PYIII KJITEA HEHEPEPBHOI'O COPTOBOI'O CTAHY

IIpeamerom KOCIIIKEHHS € 0COOIMBOCTI MO/ICITIOBAHHS CHCTEMU aBTOMATHYHOTO KEPYBAHHS PEKUMOM HATATY YOPHOBOI IPYIH KIITEH, sIka BpaxoBye
3MIHH IIBHIKOCTI MPOKATKH HAa BUXOAI MONEPEIHbOI KIITi i BXOAI B HACTYymHY KiiTh. CHCTEMH YIPaBIiHHS IMIBHAKICHUM PEXKHUMOM MPOKATKH Ha
COPTOBHX CTaHaX, € HaifO1IbII BiIOBITaNbHUMU CUCTEMaMH, TaK K Bi iX poOOTH B OinbIIiii Mipi 3aJeXuTh Oe3aBapiliHa poOOTa IPOKATHOTO CTaHy.
[Min ympaBmiHHAM IMIBHAKICHUM PEKHMOM MPOKATKH PO3YMIIOTH PEryJIIOBAaHHS HATATY B YOPHOBIM Ipymi KiiTeil i crabiiizaliio mer i mpokatry B
YHCTOBHX Ipynax. BIUIMB TakuX TEXHOIOTIYHHUX (AKTOPIB sIK HEPIBHOMIPHICTh HAIrPiBY 3arOTOBOK, 3MiHAa PEKHMY OOTHCKY B KJIITSX 1 T. II. IPU3BOIHUTH
10 BUHHKHEHHsI CUJI HAaTATYy abo MiANOpyY, BIAXMICHHS NIETJIi IPOKATy BiJ 3aJaHNX 3Ha4eHb. [IpoKaTKa 3 HATArOM Ha BiAMiHY BiJl IIPOKATKH 3 METIICIO €
CTIHKHM peKXUMOM MpoKaTku. OnHak, (IpH 3HAYHUX BEIMYMHAX HATATY B MIPOKATi) TAKU PEKUM MPOKATKU IPHU3BOAUTH A0 Pi3HOI TOBLIMHH OTOBOI
MPOAYKLii. PeXHM MPOKATKH 3 METNICI0 € HECTIHKUM PEXXHMOM 1 He MOXIIHBHUiT 6€3 CHCTEM aBTOMATHYHOIO KepyBaHHs. SIK IpH PeXKUMI MPOKATKH 3
HATATOM, TaK 1 IPU PEKHUMI BIUTBHOI HPOKATKH 3 METICH0 HEOOXIJHO JOCII/UKCHHS CHCTEM aBTOMATHYHOTO KEPyBaHHS 3 METOK BH3HAUYCHHS
MOXKIMBOCTEH KOMIIEHcAlil 30ypIOI0YMX BIUIMBIB I OTPUMAaHHS HPOKATY 33/aHOi TOYHOCTI. TOMY OCHOBHHM 3aBIaHHSIM CHCTEMH aBTOMATHYHOIO
KepyBaHHs € ITiITPUMaHH PeKUMY HPOKATKHU 3 MIHIMAJIbHO MOXKIIMBUM HAaTArOM. JJJIst OCSATHEHHS IOCTAaBICHOIO METH Oe3M0Cepe/IHiil KOHTPOIIb HATATY
CMYTH TIPOKaTy Cy4aCHHMH TEXHIYHMMH 3acO0aMH JIOCHTh YCKJIQIHEHHH, i pob0oTa CHCTEM KEepyBaHHS HATATOM IPYHTYETBCS Ha HENPSAMHX METOIaX
HOro BUMIpIOBAaHHS, a JOCII/UKCHHS e)eKTUBHOCTI POOOTH CHCTEMH 3BOJMTHCS JI0 MOJICIIIOBAHHS caMOro mpouecy. Po3pobiena Mojens CKiIafaeTbes 3
TPHOX KIITEHl Ta ABOX MDKKJTITIBUX MPOMIXKKIB, TOMY LIO BOHA BPAXOBY€ 3MiHH IIBUAKOCTI MPOKATKH HA BUXOJI MOMEPEAHBOT KIIITi 1 BXOII B HACTYIIHY
ki1iTh. Came 3aBJSIKH [IbOMY OJIEPYKaHO a/ICKBATHI Pe3yJIbTaTH MOJICIIFOBAHHS HAOIMKEHHI 10 peabHOTO IPOLECY HPOKATKH.
Ka1040Bi c;10Ba: aBTOMAaTH3ALLis1, BAJIKH, KIIiTh, MDKKJTITIBHI IIPOMIKOK, MOZICTIOBAHHSI, HATSAT METI, IPOKATHUI CTaH, YOPHOBA IPYIIA.

H.A. MAPUHHUY, O. 0. CEPJIOK

MOJEJIUPOBAHUE CUCTEMbI ABTOMATHYECKOI'O PET'YJIMPOBAHUSA PEXXKUMA
HATSI’)KEHUS B YEPHOBOM I'PYIIIE KJIETE HEIPBIBHOI'O COPTOBOI'O CTAHA

TIpenmerom ucciienoBaHUs ABJISIOTCS OCOOCHHOCTH MOJICIMPOBAHMS CHCTEMbl aBTOMATHYECKOTO YITPABICHUS PEKUMOM HATSHKEHUS YEPHOBOM TPYIIIIbI
KJIETEH, KOTOpasi YYUTHIBACT M3MEHEHHs CKOPOCTH MPOKATKU Ha BBIXOJE MPEIBIAYIIEH KIETH M BXOZAE B CICAYIOIIYIO KiIeTh. CHCTEMbI YIpPABICHUS
CKOPOCTHBIM PEKMMOM IIPOKATKH Ha COPTOBBIX CTAaHAX, SBJIACTCS HanOoJee OTBETCTBEHHBIMH CUCTEMaMH, TaK KaK OT UX pabOThl B OOJIbIICH CTEICHH
3aBHCUT Oe3aBapuitHas paboTa MpokaTHOro craHa. [1oja ympaBieHHEM CKOPOCTHBIM PEKHUMOM IMPOKATKH MMOHUMAIOT PEryJIMPOBAHHS HATSHKCHUS B
YEPHOBO# IPyIIe KIETel U CTAOMIIM3ALMK TIETIH [IPOKATa B YUCTOBBIX IPyIIax. BiusHUe TAKUX TEXHOJIOIHYECKHX (HaKTOPOB KaK HEPABHOMEPHOCTH
HarpeBa 3aroTOBOK, H3MCHEHHE PEXUMa O0KMMa B KJICTSX M T. I. MPUBOAUT K BO3HMKHOBEHMIO CHJI HATSHKCHHS WIIM MOJIIOpPA, OTKIOHEHHE METIIH
MpoKaTa OT 3a/IaHHbIX 3HaueHHi. [IpokaTKa ¢ HATSDKEHHEM B OTJIIMYHE OT ITPOKATKY C METIICH SBIISIETCS yCTOWYMBBIM PEXUMOM NpokaTku. OHaKo, (pu
3HAYUTENIbHBIX BEIMYMHAX HATSDKEHUsI B IPOKATE) TAKOW PEKMM MPOKATKH IMPUBOIUT K PA3IMYHOMN TOJIMHE TOTOBOM MPOMYKIUH. PexX1UM npoKaTku ¢
MeTIIeH SBISETCS HEYCTONYMBBIM PEXKUMOM M HEBO3MOXKEH 0€3 CHCTEM aBTOMATHUYECKOTro yrpaslieHUs. Kak mpu pexxrMe MpOKaTKH ¢ HATSHKCHUEM, TaK
M TIPH PEKUME CBOOOTHOM MTPOKATKH C TIETIICH HEOOXOAMMO HCCIIeIOBAHNE CHCTEM aBTOMATHIECKOTO YIIPABJICHHSI C IIEJIbIO ONPEAEICHU BO3ZMOKHOCTEH
KOMIICHCAIIMM BO3MYILAIOUIMX BO3JCHCTBUM M MOJIydyeHHs NpoKaTa 3adaHHON TouHOCTH. [109TOMYy OCHOBHOW 3ajaueil cMCTeMbl aBTOMAaTHYECKOTO
YIpaBIeHUs SIBJISIETCS TOJJIEp)KAHWE PEeXUMa MPOKAaTKHM C MHUHHMAJIbHO BO3MOXKHBIM HAaTsDKEHHEM. [l JTOCTH)KEHHS IOCTaBJICHHOHN Iienu
HEMOCPECTBEHHBIN KOHTPOJIb HATSKEHHUS MOJIOCHI MPOKATa COBPEMEHHBIMH TEXHUYECKMMH CPEICTBAMHU IOCTATOYHO 3aTPYAHEH, M paboTa CHCTEM
yIpaBJeHHs HATSHKEHUEM OCHOBBIBACTCS HA KOCBEHHBIX METOJAX €ro M3MEpeHHus, a ucciemoBaHus 3(Q(EeKTHBHOCTH pabOThl CUCTEMBI CBOAMUTCS K
MOJICTIMPOBAHUIO CaMOT0 TIporiecca. Pa3paboTaHHasi MOJIENIb COCTOUT M3 TpeX KIETeH M JBYX MEKKJICTEBBIX MPOMEKYTKOB, TaK KaK OHA YYHUTHIBACT
M3MEHEHHUS! CKOPOCTH MPOKATKU Ha BBIXOJE MPEAbIIYIIEH KIETH M BXOJE B CIEAYIONIYIO KieTh. MIMEeHHO Onaroiapst 3TOMy IOJy4€HbI aJleKBaTHbIC
Pe3yNbTaThl MOJICTMPOBAHHUS IPUOIIMKEHHBIE K pEaIbHOMY IPOIECCY MPOKATKH.

KiroueBbie cj10Ba: aBTOMATU3aLUs, BAJIKH, KJIETh, MEXKKIIETEBOM IIPOMEKYTOK, MOIEINPOBAHKE, HATS)KEHNE METIIN, IPOKATHBINA CTaH, YepHOBas
rpymnmna

I. A. MARYNYCH, O. Y. SERDIUK

MODELING OF A SYSTEM FOR AUTOMATIC REGULATION OF THE TENSION MODE IN THE
ROUGHING GROUP OF STANDS OF A CONTINUOUS SECTION MIL

The subject of the research is automatic control system modeling features for tensioning of stands roughing group, which takes into account changes in
the rolling speed at exit of the previous stand and entrance to the next stand. Control systems for high-speed rolling on section mills are the most critical
systems, since the trouble-free operation of rolling mill largely depends on their work. Rolling speed control is understood to mean tension regulation in
the roughing group of stands and stabilization of the rolling loop in the finishing groups. The influence of such technological factors as uneven heating
of blanks, change in the crimping mode in stands, etc. leads to the appearance of tension or back-up forces, deviation of rolled loop from the specified
values. Tension rolling, in contrast to loop rolling, is a stable rolling mode. However, (at significant values of tension in the rolled products) such a
rolling mode leads to different thicknesses of the finished product. The loop rolling mode is an unstable mode and is impossible without automatic
control systems. Both in the tension rolling mode and in the free rolling mode with a loop, it is necessary to study automatic control systems in order to
determine the possibilities of compensating for disturbing influences and obtaining rolled products of the given accuracy. Therefore, the main task of
the automatic control system is to maintain the rolling mode with the lowest possible tension. To achieve this goal, direct control of the tension of the
rolled strip with modern technical means is rather difficult, and the operation of tension control systems is based on indirect methods of measuring it,
and the study of the system efficiency is reduced to modeling the process itself. The developed model consists of three stands and two inter-stand spaces,
since it takes into account changes in rolling speed at the exit of previous stand and the entrance to the next stand. It is due to this that adequate simulation
results are obtained that are close to the real rolling process.
Keywords: automation, rolls, stand, inter-stand spacing, modeling, loop tension, rolling mill, roughing group

Beryn. CyyacHu  pO3BHUTOK  COPTONMPOKATHOTO  OC3MEPEPBHUX  MPOIECIB, BHUCOKHMHU  IIBHIKOCTSIMHU
BHPOOHHUIITBA XapaKTepU3yeThCS BIIPOBA/DKCHHAM  TPOKATKH 1 3POCTaHHSAM BHUMOT JI0 TOYHOCTI TOTOBOL
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MpOAYKIl. 3aBIaHHS MiABUIICHHS TOYHOCTI IIPOKATY
MOXYTh OyTH BHUpIlIEHI SK 32 PaXxyHOK HOJIIIICHHS
TEXHOJIOTIT TMPOKaTKH, TaKk 1 MpU aBTOMAaTH3alil TEXHO-
JIOTIYHMX IIpOLEeCiB. YcmiliHa po3poOka i BIPOBAKEHHS
CHCTEM KepyBaHHS TEXHOJIOTTYHMMH HpOLEecaMH 3 BHKO-
PUCTaHHIM CYYacHHX 3ac00iB OOYMCIIIOBAJBHOI TEXHIKH
Moske OyTH 37iiicHeHa TiNBKH Ha 0asi sKicHOTO iH(popMa-
uiitHoro 3abe3nedenHs. OTpUMaHHSA pi3HOMaHITHOI iH(Op-
Marii mpo mpomec, aHami3 ii 3a momomororo EOM mae
MOJKJIMBICTh CHHTE3YBaTH €(EKTHUBHI alTOPUTMH YIpPaB-
JIHHS IPOKAaTHUM CTAHOM.

CucteMu  KepyBaHHS  IIBUJIKICHUM  PEXKHUMOM
NPOKaTKW HA  COPTOBUX  CTaHaX, €  HalOuIbII
BiJINIOBiJAILHUMH CHUCTEMaMH, TaK SK BiJ ix poboTu B
OinpLIii Mipi 3anexurts Oe3aBapiiiHa poboTa crany. Ilin
KEpYBaHHSIM HIBUAKICHUM PEXUMOM MPOKATKH PO3YMIIOTh
peryjloBaHHS HATATy B YOPHOBIM rpymi Kiited 1
ctabini3amiro MeTii MpoKaTy B YHCTOBHX Tpymax. Bruus
TaKAX TEXHOJOTIYHUX (HAKTOpPIiB SK HEPIBHOMIPHICTH
HarpiBy 3arOTOBOK, 3MiHa PEXKUMY OOTHCKY B KIITSX 1 T. I.
MPU3BOJUTH 10 BUHWKHEHHS CHJ Harary abo mizmopy,
BIZIXHMJICHHS IIETII MPOKATy BiA 3a7aHUX 3HaueHb. OCHOB-
HUM 3aBIaHHSIM CHCTEMH aBTOMATHYHOTO KEPYyBaHHS €
MiATPUMAHHS PEXKHUMY TPOKATKH 3 MiHIMAJILHO MOYKIJIUBHM
HaTsiroM. besmocepenHiii KOHTPOJIb HATATY CMYTH CydYac-
HUMH TEXHIYHUMH 3ac00aMy 3[IIHCHHTH BaXKKO, TOMY
poboTa cHUCTEMH aBTOMaTHYHOTO KEpPYBaHHS PEXUMY
HATATY IPYHTYETBCS Ha HENPSMHUX METOJaxX Ta MOJEIIO-
BauHi [1].

MonenroBaHHs Takoi CHCTEMH HalKpalie IpOBOIUTH
y nakerti y makeri Simulink, 1o BXxoauTs 110 ckiany nakery
MATLAB.

AHasi3 ocTaHHiX gochailkeHb i myOJikamii.
Po3Mmipu mo mmpuHI 3anexarh TOJOBHAM YHHOM BiJ
BEJIMYMHM PO3LIMPEHHsI METaly MPH MPOKATI, Ha TIpoLec
pPO3KaTy SKOr0 BHU3HAYAJIbHUU BIUIMB MAOTh MDKKIITIBI
sycwuis. ToMy, He BUNAAKOBO, Ha COPTOBHX CTaHax
3ac00M BUMIPIOBAHHS 1 yNPaBIiHHS MDKKITITIBUMU 3YCHII-
JSIMU 3afMalOTh BaXKJIMBE MICIe B 3aX0J[ax CHPSMOBaHUX
Ha IMiBUIIEHHS TOYHOCTI BUPOOIIeHOTO pokary. OmaHUM 3
OCHOBHHMX PEXHMIB, 1[0 BHUKJIIOYa€ BUHUKHEHHS HATSTY
MIX KJIITSIMH APiOHOCOPTOBHX CTaHIB, € TPOKATKA 3 TET-
JSIMH B MDKKIITIBUX MPOMDKKax. IcHye Benmka pizHOMa-
HITHICTb KOHCTPYKIIH IepeTBOPIOBAaYiB, OCHOBHUM HpH-
3HAYCHHSAM SKHX € YTBOPEHHS 1 cra0imizamis 3agaHol
BEITUYHMHU TIETIT

VY poborax [2—4] po3risHYTI BapiaHTH ICHYFOUHX
CHCTEM aBTOMAaTHYHOT'O PETYJIIOBAHHS HATATY y YOPHOBUX
Ta YHUCTOBUX Ipymnax KIiTeH, a TAaKoXK cUcTeMa cTadimizamii
HATATY 31 CTATHYHKUM TETIETPUMAYeM i JaTYNKOM HATATY.
Are HaJalITyBaHHS IIMX CHCTEM IPYHTYETbCS Ha
HeMpsiIMUX METoJax BHMIPIOBaHHA HATATy TeTI, a
Hanpukiag y podoti [3]y sikocTi OHOpHOI KiIiTi 6eperhbes
cepemHs KJIiTh Oe3mepepBHOI Tpynu (HANpUKIA®, Ul
TPYIH 3 CEMH KIIITeH ONOPHOIO € ueTBepTa). ToMy aHaii3
edexTuBHOCTI poOOTH Ti€l a00 1HIIOT CUCTEMH BCE OJHO
3BOJIMTHCS JI0 MOJICTIOBAaHHSI MIPOLIECY.

Mertor mi€i crarTi € moOymoBa Mojeni, sika Oyne
CKIamaTHCSs 3 TPbOX KIITEH Ta JBOX MDKKITITIBHX
NPOMIXKKIB JUIS OJepKaHHS aJeKBaTHUX pe3YJIbTaTiB

MOJICTIIOBaHHSI HAOMMKEHUX 1O pEAIBHOro Ipolecy
npokatku. CopMoBaHa TAKMM YHHOM MOJIEINb HA/IA€ Pi3HI
MOXIIMBOCTI JUIsl aHali3y pOOOTH CHCTEMHU KepyBaHHS
PEKMMOM HATATy, a caMe PEeryJjroBaHHS JOBXHHH MET
MPOKATy, MOXJIMBICTh 3MiHM HAaTATY B MDKBAJIKOBUX Bij-
CTaHAX 1 cTabimi3aIifo TeOMETPHYHUX PO3MIpIB Tepepizy
MPOKATy.

Metoauka ouinku MixkKiIiTiBOro Harary. Cta0inb-
HICTh TEXHOJIOTIYHOTO TPOIECY IPOKATKH B OiIbIIiil Mipi
3aJICKUTh BiJ HANPYKEHOTO CTaHy METaly MiX BaKaMHu
CYMDKHHX KITITEH.

3 wiei Touku 30py OyneMO PO3PI3HATH TPU IIBUJ-
KICHUX PEXHMU MPOKATKH:

® DPEXUM BUIbHOI IPOKATKH;

® DPEXUM HaTATY;

® PEXKUM CTUCHEHH (MAMOpPY).

Tolt un iHMMHA pEXKUM TPOKATKH BCTAHOBIIOETHCS
MPH TIEBHOMY CITiBBiTHOIICHHI MIBHUAKOCTEH MeTaly, a
BiJIIOBITHO 1 9acTOT 00epTaHHs JBUTYHIB BaJIKiB.

Jis mporecy TMpoOKaTKH Ha Oe3lmepepBHUX JpiOHO-
COPTOBHX CTaHaX B YOPHOBIM TpyHi MOXIHMBHH PEXHUM
MIPOKATKH 3 HATSTOM 1 3 TMAIOPOM TIPOKATy. Y TPOMIXKHII
1 YHCTOBIM rpymax KIiTeil XapakTEpHUH PEXKHUM BLIBHOT
MPOKATKH.

Y mepmmx KITAX YOPHOBOI TIpPYMH Cy4aCHHX
COPTOBHMX CTaHIB, uepe3 BEJIMKI KOJHMBaHHA pPO3MIpiB
MEepeTHHY 3aroTOBOK TMOB’SI3aHUX 13 3auyMIICHHIM iX
MOBEPXHI Ma€ MiClle MOPYIISHHS CTaJIOCTI CEKYHIHUX
00csTiB, MO MPU3BOAUTH 0 3HAYHHUX 3MiH MDKKIITIBHX
3ycuinb. Y CBOIO 4epry, 3MiHa IIO3JIOBXHIX 3YCHIb B
MEepIINX KIITAX Yepe3 BUIEPEHKCHHS METaIly IIPU3BOIUThH
JI0O TOPYIICHHS HAJIAIITYBaHb IIBHJKICHOTO PEXUMY
Bceoro crany [5]. ToMy BaxkiHuBICTE Oe3mocepemHbOTO
pPEeTYIIOBAaHHS MDKKJITIBHX 3yCHJIb B MEPIINX KIITAX
YOpHOBOI Tpynu OueBHAHA. B IHIIMX jKe MIKKIITIBUX
MPOMDKKaxX HeMa€e HEOOXiTHOCTI KOHTPOJIOBATH 3YCHILISL
Ha BCill JIOBXKHHI pO3KaTy, TaK sIK B IPOTUBHOMY BHIAJKY
HEOOXIHa KIIbKICTh TEXHIYHHUX 3aCO0IB 3HAYHO 3POCTAE i
po6ieMH, ToB’s13aHi 3 00CIYyrOBYBaHHSAM, BUCTYIIAIOTh Ha
TepeaHIN TITaH.

3MEHILIEHHS! KOJHMBaHb pPO3MIpIB 3aroTOBOK 3a
OCTaHHBOIO YOPHOBOIO KIITTIO 3HIHCHIOETHCS IUITXOM
cTabimizauii BUTSHKKH B MIEPUIIN KIIITI YUCTOBOT TPYIIH, JUIS
YOT0 IPOBOJUTHCS KOPUI'YBaHHS MDKKIITIBUX 3yCHIIb B
OCTaHHIX MpOMiKKax d4opHOBOi Tpymu [3]. Bemmumny
BUTSDKKH MPOKATY, [0 XapakTepH3ye i KoedillieHT MoXKHa
OTpUMAaTH, BH3HAYAIOYM IUIOLLY MOMEPEeYyHOro mepepisy
3arOTOBKH JIO 1 MMicJist 0OTHCKY B MpOKaTHil kiiTi. OfHak, B
JAaHWKA dYac 4dYepe3 TEXHIYHI CKJIATHOCTI e MEeTo.
HEMOXJIUBUH. Po3rissHeMo poOOTy MPUCTPOIO HEMPSIMOTO
BU3HAYCHHS Koe]illieHTa BUTSDKKH, poO0Ta SKOTO MoJIsrae
B HACTYITHOMY.

[IpupicT AOBXMHM TETJIi PO3KATYy BH3HAYAETHCS
HACTYITHOO 3JIC)KHICTIO [7]:

t

AL = j Vet = Vouar)dt, 1)

0

ne  Al; — IpupoIEHHS OBXHHHU T/ PO3KaTY;
Vi — IUBHJKICTb PO3KATy HA BUXOJI 3 i-1 KJIiTi;
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Vo,i+1 — IIBUOKICTb po3kaTy Ha Bxomi y (i+l)-ty
KIITB.

BupasuBId MIBUAKICTH PO3KATy dYepe3 YacToTy
obepTaHHS TPHUBOLIB, poOoUi pamiycH i BHIIEpEIKEHHS
otpumaemo [7]:

Ali wi+1dtf (2)

t t
Ri(1+ Si)f Rit1(1+ Siyq)
=— | wdt ———
ni J Ni+1Mi+1
ae R;, R;.q — pobouwmii paxiyc i-ii (i + 1)-1 xiiteid;

S; Siy1 — Bunepemxenns i-ii (i + 1)-i kmiTeit;

W;, W;j4q —9acTOTa O0EpTaHHA TPHUBOAIB i-i i
(i + 1)-i kuirei;

Mi, Nip1 — KoedimieHT mnepemadi
(i + 1)-i xuireit;

W;+1 — KoeiieHT nmooBkeHHs po3kary y (I + 1)-#
KJITI.

PosrastHyTHIT MeTon mependadae OJHAKOBICTH BHIIE-
pemwkenb B i-it 1 (i + 1)-i wiiTsax. binbmr TouHO MOXKHA
BU3HAYUTH BEJIMYHMHY BUTSHKKH B IEPUIIN 1O XOAY Ipo-
KaTKH KJITi, Y SIKii B CyMDKHMX MDKKJITIBUX IPOMDKKaxX
MPOKATKa BEJETHCS 3 NETICyTBOPIOBAYCM.

Y wMipy HapoCTaHHS HATATy LIBHIKICTE BUXOIY
Metany V; 3 BaykiB momepenHsoi kimiti 1 Oyme 3pocrarw,
NparHy4d 10 BEIMYMHM IIBHAKOCTI Vj, BXOAy MeTany y
BaJIKU IMOJANIBIINOI KIITI 2, sKa 3MEHIIYEThCS MPH 3011b-
LICHH] 3a7aHoro HaTsry [8].

Kpim edexty 3MiHN MIBHIKOCTI MPOKATKUA HA BUXOII
KTl 1 1 BXOIY B KIITh 2 332 paXyHOK IPYKHOTO TOIOB-
JKEHHsI TIPOKATy HATAT BIUIMBAE TAKOXK HAa 3MiHY BUIIEpE/-
JKEHHsI IPOKaTy 1 HOro BiJCTaBaHHS.

MaremMaTiuHUH ONMUC BIAHOCUTHCS 10 BHUMAAKY
MPOKATKU MPSIMOKYTHOI CMYTH B IHMJIIHIPUYHHUX BaJIKax.
ToMmy oOTHCHEHHS 1 IHIOI TEOMETPHYHI MapaMeTpu
PEKOMEHIYETBCSI PO3PAXOBYBATH 32 METOJOM HaBe/IeHOT
CMyTH.

B ymoBax mpokaTku B KaniOpax 3BUYaiiHi OKa3HUKU
nedopmarii cTaloTh 3MIHHUMH 110 OIHPUHI Kamiopy. s
PO3paxyHKy PO3LIMPEHHS 1 cepelHbOT BUTSKKH BUHHKAE
HEOOXIHICTh Y BH3HAYCHHI CEpeAHBHOTO abCONOTHOTO i
BiZITHOCHOTO OOTHCKY B KaniOpax. Ha mpaxkTuui BHKOpHC-
TOBYETBCSI IIOHSTTSI HABEACHOI MPSMOKYTHOI CMYTH, TOOTO
npodijb MPSIMOKYTHOTO TIONIEPEYHOro Mepepildy IUpUHa
SKOTO JIOPIBHIOE ITUPUHI 3aTOTOBKH [9].

Brok-cxema 1BOX CyMDKHUX MIKKIITIBUX IPOMIKKIB
KOHTYPIB pPETyJIIOBaHHS METJIi HaBeJeHa Ha pHc. 1.
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Puc. 1. brok-cxeMa KOHTYpIB CHCTEeMH CTabiTi3alii et y JBOX
IpoMiXKax:1— faBad nemti; 2 — ABUTYH IIPOKATHOI KIIiTi;

3 — cucTeMa peryioBaHHS LIBUIKOCTI IBUTYHA TPOKATHHUX
BAJIKiB; 4 — perynsTop netii

Ha puc.2 HaBeneHO CTPYKTypHY CXeMy, sKa
BiJNOBifae ONOK-cxeMi HaBeneHidi Ha pwuc. 1. IIpoOHi
BIUIMBH TIOJJAFOTHCS B JIAHITIOT 3aBJIaHHS IPUBOLY -1 KIIITI.
Ile BukIMKae 3MiHYy JOBXHH I@ETNII MeTaly B 000X
NPWIETIIMX MDKKITITIBUX TIPOMIDKKaX.
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Puc. 2. CTpykTypHa cXemMa KOHTYpIiB CUCTEMH CTabimi3aIlii meTi
y JIBOX MPOMIXKKaX

CyTTeBHM € Te, IO BEJIWYMHA BHIUICHHX 3MIHHUX
CKJIAIOBUX 3aJICXKUTH BiJl ApaMETPIB NPOKATKH TUIBKH B
MaHid KTl 1, TAKMM YHHOM, BIUIMB 3MIH HIBHIKOCTI
MeTally TIPH BHUXOAl 3 TOMEPEAHBOI 1 BXOIi B HACTYIHY
KJTiTh HA TOYHICTh BUMIPIOBaHHS BUTSDKKU YCYBa€ThCS.

Butskka BU3HAYA€ThCA SK BIAHOIICHHS 3MiHHHX
CKJIAIOBUX JOBXXMHH IETJ, B35ATa 3a aOCOJIOTHOK
BeMMUYKHOIO [5]:

Al
Mi+1 Al,_

. 3)

TakuM YHUHOM, 3MiHA BEJIMYHHU METII B MPOMIKKAX
YUCTOBOI TPYNH TIOB’s3aHa 3 HEPIBHOMIPHICTIO Teo-
METPUYHUX [apaMeTpiB, IO BHKIMKAIOTHCS 3acTO-
CYBaHHSIM HAaTATY IPH MPOKaTli B YOPHOBUX TIpyrax
kiiTel. [lpum perymroBaHHI JOBXKHHH TETIl BHXITHUH
CHTHAJI peryJsiTopa MeTJIi MOKe IMOOIYHO CIIY)KUTH TTOKa3-
HUKOM $IKOCTI HaJlalITYBaHb PEXUMY HATATY B MiXk-
KITTIBUX IPOMDXKKaX. PeryIroloun JOBKIHY METIi 3MiHOIO
HaTATY TPOKaTy B MIXBAJIKOBUX MPOMIXKKaX MOXXHa THM
caMuM CTabOuUTi3yBaTH 1 T€OMETPUYHI PO3MIpH Tepepi3zy
MpoKary.

MonaenioBaHHs pe:xkuMYy HaTArY. [Ipy MosentoBanH1
PEeXHMY HaTATy HEOOXiTHO BpaXxOBYBaTH 3MiHH IIBHIKOCTI
MPOKATKX Ha BUXO/I MONEPEAHBOT KIIITI 1 BXOJli B HACTYIHY
KJIiTh, 32 PAXyHOK IPYXHOTO MMOJOBXKEHHS IPOKATy HATST
BIUIMBA€E TAKOX HA 3MiHY BHIIEPEDKEHHS IPOKATy 1 HOTo
BigcTaBaHHA [6]. SIKIIO HATAT NMPOKATy B MIKKITIBOMY
MPOMIXKKY 301TBIIYETHCS, HATPUKIAJ, Yepe3 IMiBUIICHHS
MBUAKOCTI 00epTaHHS BaJKiB, HACTYMHOI KIiTi, TO
OJTHOYACHO 3 ITIUM 3POCTAE BiJICTABAaHHSI METay B il KJIiTi,
a TaKOX 3pOCTa€ BUIIEPEPKEHHS B BAJIKaX IONEPEAHBOT
KJIiTi. 30UTBIICHHS BUITEPEPKEHHS MPU3BEIE IO 3POCTAHHS
IIBHJIKOCTI TPOKATy Ha BUXOII 3 IOIEPEIHBOI KIITi, a
30UIBIICHHST BIJICTaBaHHSA - A0 3MEHIICHHS LIBHIKOCTI
NPOKaTy Ha BXOJI B HACTYIHY KJiTh. BHacmisiok 1mporo
JificHe 30UIBIICHHS HATArY BigOyAEThCS B MCHIIIHM Mipi,
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HDK e 0 MaJo Miclle MPU HE3MIHHINA BEIUYMHI BUIIC-
PEMXKCHHS 1 BiCTaBaHHS. TakuM YMHOM, BUIEPEIKCHHS
CIPUSE CAMOBHUPIBHIOBAHHIO HATATY.

Monenp npokaTHol KiiTi (puc. 3) BHUKOHaHa 3a
BIAMOBIAHMMY MaTeMaTHUYHNAM 3aJI€KHOCTSIMH 1 BKITIOYAE B
cebe OJIOKM pO3paxyHKy BHIIEPEDKEHHS 3 ypaxXyBaHHSIM
HATATY, pO3paxyHKY IIBHUAKOCTI MPOKATY Ha BXOI i BUXOI1
B KJIITh, MOMEHTY TNPOKATKH MPH MPOKATI 3 HATATOM i
PO3LIMPEHHSIM.

Bxin 1— gactoTta oOepTaHHS BaJKiB i-i KIiTi;

Bxig 2 — 3amHiit HATAT cMyTH -1 KITITI;

Bxin 3 — nepenHiit HaTAT cMyTH -1 KIIiTI;

Buxin 1— mBUIKICT CMYTH Ha BUXOJI 3 -1 KJIITI;

Buxinx 2 — mBHAKICTS CMYTH Ha BXO/I B {-Ty KIIITh;

Buxin 3 — MOMEHT MPOKATKH i-1 KJIiTi;

Buxin 4 — muprHa CMyry Ha BUXOJI 3 -1 KITITi.
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Puc. 3. Moaens mpokaTHOT KIIiTi

MopentoBaHHs MPOBOIMIOCE Y makeTi Simulink, o
BXOJUTh 110 ckiany makety MATLAB [12]. V 3B’s3ky 3
THM, IO TOCTIiHHI Yacy 3MiHM HATATY CKJIAJIH NPUOIU3HO
0,02 ¢ i Momens MOCHUTH CKIAJHA BBEICHHIA MacmTaly-
104Ymi KoedilieHT NoCcTiHNX Jacy. Takox Oyiu mpUAHATI
COpOINEHHS yMOB TIIPOKATKH, IUIsI OTPUMAaHHS OUTBII
NPUMHATHUX 3aJ1€KHOCTEH.

KiiTh i MDKKITITIBUA TPOMDKOK JJIsT JOCTiKEHHS
MepexiJHUX TPOIECIiB TPENCTaBICHI B aOCOMIOTHUX
onuHUNAX. TOMY B MICIIIX CTHKYBaHHSI CTPYKTYPHUX CXEM
B BIIHOCHHX 1 aOCOJIOTHHX OJMHHISX HeOOXixHi
KOE(QIIIEHTH MMEePEeBECHHS BiTHOCHOT YaCTOTH OOepTaHHS
Bally JBUTyHa B aOCOJIIOTHE 3HaueHHS 1 abCoNOTHE
3HAYCHHS MOMEHTY IBUTYHa B CTATHYHHHA CTPYM SKOPS
[10].

JInst 9uCOBUX PO3PAaxXyHKIB TIPU MOJIEITIOBaHHI
CHCTEMH KepyBaHHS HATATOM IIPOKATy MPHUHHATA CUCTEMA

BUTSDKHMX KamiOpiB oBay — kBaapar. Taka cucrema
KaJgiOpiB 3aCTOCOBYEThCS Ha COPTOBHX CTaHaxX JUIs
MOCJIIZIOBHOTO 3MEHILIEHHS TUIOLII MONEPEYHOr0 nepepisy
3aroToBkM. OCHOBHI mNapaMeTpy NEpIIOro, APYroro Ta
TPETHOTO KBAJPAaTHHUX 1 OBAILHHUX KalliOpiB HENEpEeBHOTO
COpPTOBOTO CTaHy, II0 BH3HAYAIOTh T€OMETPHUYHI PO3MipH
npokary [11] Gymu BUKOpHCTAaHI TP MOOYI0BI MOZIETI.

Tax sk MOAETh BHHIIIA TOCHTH TPOMi3IKa, TO BOHA
Oyma pearnizoBaHa 3a MomoMoror GiokiB Subsystem. Tak
HampUKJIag Ha pucC. 4. HaBEJCHO 300paXCHHS MOJei
kiiTi Ne3, a Ha puc. 5 ii noBHe 300paKeHHS.

Y in1 Out1

3 In2 Out2 p

Y In3 Out3

Y Ind Out4 [
Model kleti3

Puc. 4. biok Subsystem xriti Ne3

Jnst oTpUMaHHS aJeKBATHUX PE3YNbTATIB, MOJEINb
MMOBHHHA MICTHTH JIBa MIKKJIITHOBHX MPOMDKKH 1 BiJIO-
BITHO TPH KJITi, @ TaKOX OJIOKH PO3PaxyHKy BHUIIEPEII-
JKCHHSI 3 ypaxyBaHHSM HATATY, PO3PaXyHKY LIBHIKOCTI
MIPOKATY Ha BXOZI 1 BUXO/i B KJIiTh, MOMEHTY IIPOKATKH IIPH
MPOKATIIl 3 HATSATOM 1 PO3LIMPEHHSIM.

I
’—> 2 cutt ("2 )
B I3

‘ Y \Vxoda

Operageniz

Outi

»|T2

COr—ufn
@

Matygenie

Puc. 5. Monens xmiti Ne 3

Ha puc. 6 HaBeleHy MOBHY MOJCIb CHCTEMH, SKa
CKJIAJIA€THCS 3 TPHOX KITITEH Ta TBOX MDXKKJIITIBHX MPOMIXK-
KiB. BoHa Bkitouae B cebe OJOKH pO3paxyHKy BUIEPEI-
KEHHsI 3 ypaxyBaHHSIM HATATY, PO3PaxyHKYy IIBHUAKOCTI
MPOKATy Ha BXO/Ii 1 BUXO/i B KJIiTh, MOMEHTY ITPOKATKH IIPH
MPOKATII 3 HATSTOM 1 PO3IIMPCHHSIM.
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Puc. 6. IloBHa MOJ€ENL CUCTEMU

[lpum jmociipkeHHI CHUCTEMHM MOJEIIOBAJIOCS  JIBa
MDKKJTITIBAX MIPOMIXKKA 1 BIATIOBIAHO TPH KJIITi.

VY 3B’A3Ky 3 TUM, IO NOCTiHHI Yacy 3MiHM HaTATY
ckianu npuonuzHo 0,02 c. 1 MOIeNh JOCHUTH CKIIQJHA BBE-
JeHUH MaciuTaOyro4nii KoedilieHT NOCTIHHUX Yacy, HaBe-
neHnil Tpadik Mokasye poOOTy MPHBOAY IPH YCTAHOBII
MOYAaTKOBHX 3a30piB 1 3aXOIUICHHS] MeTajly Bajkamu Oe3
Harsary. Tak sIK PeryiasiTop MIBHIKOCTI BUKOHYETHCS Yy
BUTJISII POTIOPIIMHOI JIJAHKK CHOCTEPIraeThCsi HEBEIHKa
Mpocaika YacTOTH 00epTaHHs (IUB. pHC. 7).

[

Eampes Dassd [Ta10.008

Puc. 7. I'padix nepexiqHOro mporecy mno MmBHIAKOCTI O0e3 HaTATy

HageneHi cTpyMoBi fiarpaMu Ha JUITHKAX YCTAHOBKU
MOYAaTKOBHUX 3a30piB, 3axOIUIEHHS Mertamy. Tak sk
BCTaHOBJICHO PEXHUM OJIM3BKUHA 1O BIIBHOI MPOKATKH, TO
TP 3aXOIUICHH]I METay BaJIKaMH CTPYMH ABUTYHIB 1,213
MIPAKTUYIHO HE 3MiHIOBaJHCS. [IpH BCTAHOBIEHOMY PEeXKUMI
ONMM3bKOMY 10 BUIBHOT TPOKaTKM 3MiHA 3aBJaHHS
LIBUKOCTI IPYTOTO MPHUBOJLY POBOIUIIACS 32 JOTIOMOT OO
reHepaTropa rapMOHIHHUX CUTHAJIIB.

Ipu Takux NpoOHKUX BILTUBAX PO3IIUPEHHS IPOKATKU
B Apyrii kimiti (puc. 8, 6) 3minmnocs Ha 0,03 MMm., mIo

IIJIKOM JIOITYCTHMO B YMOBaX peajbHOI MPOKATKH.

[Ipu 3axoIUIeHHI BaJKaMu MPOKATy HPU 3allOBHEHHI
YOPHOBOI TPYMH KJITEH, MO Tepenaxy CTPyMiB SKipHOTO

JIaHIIora JBUTYHa OLIHIOETHCSI HACTPOMKA IIBHIKICHOTO
peKHMY TpOKaTKu. B pa3i HEBIPHOTO BCTAHOBICHHS
MOYATKOBUX YACTOT 0OCPTaHHs BAJIKIB KIITSH MIBUIKICHUIN

PEKHM IPOKATKH KOPUTYETHCS.
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Puc. 8. ITepexiguuii nporec, 10 XapaKTepU3ye PO3MIUPEHHS
CMYTH IPOKATy: @ — Ha BUXO/I MepIIoi KIIiTi, 6 — Ha BUXO.1
Ipyroi KIiTi
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Pexxum HaTAry npoKaTy NO3HAYaE€ThCS HA 3MiHI
BUTSDKKH TIPOKaTy 10 HOro AoBxuHi. Tomy Oinpln ToyHa
OILliIHKa SIKOCTI HaJalITyBaHb LIBHJKICHOTO PEXHUMY
NPOKATKN BU3HAYAETHCS 32 HENPSIMUMH OLIHKAMH IpU
3MiHI BEJIMYMHU TETII MPOKATy 33 YOPHOBOKO TPYIOIO.
HetowHoCTi HamamrTyBaHb KOMIIEHCYIOTHCS 3MIHOIO PEXKH-
My HATSTy B OCTAHHBOMY MDKKIITIBOMY IIPOMIXKY HOp-
HOBOi Ipynu. BmnuB perynsitopa HaTary Ha 4YacTOTy
o0epTaHHs TOJOBHUX HPUBOJIB 3IHCHIOETHCS Yepe3 CHC-
TeMy OU(QPOBOTO 3aBIAHHS 1 y3TOKEHHS YacTOT o0ep-
TaHHs TOJIOBHUX IIPHBOJIIB.

Ha puc. 9 300paxxkeHi cTpyMoBi Jiarpamu HpH Ipo-
KaTi 3 HaTsroM. [licist 3axoruIeHHsT MeTally BaJIKaMH JIpy-
TOI0 KJIITTIO B MIXKKIIITIBOMY ITPOMIDXKKY 1—2 CTBOPIOETBCS
HATAT.
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Puc. 9. TlepexiaHi mporecy 3a CTpPyMOM B IBOX MIKKIITIBHX
MPOMIXKKaX

Takuii HaTAr NPU3BOJUTH O 3MIHHM PO3LIMPEHHS
npokary Ab, = 0,13 MM. 3Ha4YeHHS CTPYMY SIKOpSI TIPHBO-
Jly B MEpILii KIiTi BIAJO HABITh 10 HYJILOBOI MMO3HAYKH, a
CTpYM SIKOpsI NIPUBOJY MepIIol KJIiTi 3pic A0 3HAYEHHs
piBHOTO 21[y4,.

Ha puc. 10 HaBeneHa miarpamMa 3MiHH 9acTOTH 00ep-
TaHHS TOJIOBHHX NPHUBOJIB IIPH pealbHIi TpOKATIi Ha
CTaHi 3 MUTOMUM HaTATOM ¢, = 4,84 H/M2.

8 . , ‘ . . ‘ . ,

(]

s
=

in

—

—

in

b

|l SR
in

")

L

n

ta

4

in

W

Puc. 10. ITepexinni mporecu 3a MIBUAKICTIO B TBOX MIXKJTITIBHX
POMIXKax

BunHo, mo micis 3axXOIUICHHS MeETaly BaJIKaMH,
4acToTa 00epTaHHs ABUI'YHA ITEPIIOT KIITI AEII0 3poca, 3a
paxyHOK CTBOpPEHHSl HaTIry NpOKaTy, a ApYyroi Brasia
Aw; = 0,15%, Aw, = 0,151%.

IIpn 3axomieHHi MeTamy BajJkaMH KITi 2
3amam’ATOBYETbCS CTPYM JIBUTYHa KJiTi 1 1 micmsa mporo
BH3HAYAETHCS 3MiHA CTPyMy B KiiTi 1. SKmo 3HavueHHS
CTPpyMY 3MEHIIIIACS, [II0 TOBOPHUTH IIPO PEXKUM HATATY, TO
PETYJIATOp HATATY BIUIMBA€E HA 3aBIAaHHS MIBHUIKOCTI KIITi

1 1o THX mip MOKH MOTOYHE 3HAYEHHS CTPyMy HE CTaHe
PIBHUM 3aJjaHOMY.

Ha puc. 11 mnpencrasmeni rpadik 3MiHM YacToOT
oOepranns kmited 1, 2 1 3 Ta 3MiHA MIBUIKOCTI y JBOX
MDKKJITIBUX TIPOMDKKaX 3 HATSATOM.
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Puc. 11. I'padiku nepexigHUX TPOLECIB LI KyTOBO1
HIBUKOCTI pobounx BajikiB Kiiteid (1-3) Ta 1Box
MIDKKITITIBUX TpoMikkax (4-5)

CrocTepiratoTbCss OUISHKA TPOCAAKHA MIBHIKOCTI
miciIs 3aXOIUICHHS METaly BaJKaMH MEepInoi KIITi, 3a10B-
HEHHS MDKKJITIBOTO MPOMIKKY PEryJIIOBaHHS BiJl 3HAUCH-
HI w; = 6pag/c 10 w,; = 6,8paa/c, mo 3abesneuye
PEeXUM OJIM3BKUI IO BUTBHOT IIPOKATKH.

BucHoBku. MaTeMaTUYHUI OIIUC [IPOLIECY TPOKATKU
Yy YOpPHOBIHM IpyImi KIITEH, SIKWi JIIr B OCHOBY MOOYAOBH
MOJIeTi MPOKAaTHOI KJIiTi, [0 BKJIIOYae B cebe OJIoKH
PO3paxyHKy BHIICPEIDKEHHS 3 ypaxyBaHHIM HATATY, pO3pa-
XYHKY MIBHIKOCTI TPOKATy HAa BXOJi 1 BUXOIi B KT,
MOMEHTY NpPOKATKH IIPH MPOKATLi 3 HATATOM i PO3IIH-
PEHHSM, MiATBEPAMB BIPHICTH PO3PaxyHKiB. Momenro-
BaHHS MPOBOJUIOCS JJIS JBOX MDKKIITIBUX IPOMIXKKIB 1
BiJITIOBIZTHO TPHOX KIIiTeH. /I CripomIeHHs cHcTeMH 0YIio
BpPAaxoOBaHO THN KalliOpIB KBaJIpaT, Tak SK BOHHM 3HAYHO
JIeTII JUIsl MOJICIIOBAHHSI.

AHani3 pe3ysbTaTiB MOJEIIOBAHHS CTBOPEHOI CHC-
TEMH, a caMe 3MIHM HIBUAKOCTEil Ta CTPYMIB HPHUBOJIB
TPBOX KIIITEH Ta ABOX MIXKKJIITIBUX POMIKKIB, IOKa3aB 110
po3pobieHa cuCTeMa aBTOMaTHYHOTO KepYBaHHS HATATOM
YOPHOBOI IPYIH KIITEil TOBHOK MipOKO € Mpae3aTHoO i
3a/I0BOJIBHSE 3aJAaHUM BUMOTaM.
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T. A. 3AHI[EBA, I. I. IIMEJIBOB

CYYACHI IIAXOIU 10 PO3B’SI3AHHS KOHTAKTHOI 3AJTAYI [IPO BTUCHEHHA
JIBO3B’SI3HOI'O IITAMITY B IPYKHII MMIBIIPOCTIP

Po6ota npucBsdeHa po3B’I3aHHIO 3a/1a4i PO BAABJICHHS B NPY)KHUI MIBOPOCTIP LITIHAPUYHOTO MITAMITY 3 INIOCKOIO OCHOBOIO IiJ] Ai€I0 BEPTHKAIBHOT
CHUIH, JIHis i1 IKOT MPOXOUTH Yepe3 LeHTp ocHOBH. [lonepeynuii mepeTHH mTamity 3aiiMae ABO3B sI3HY 001acTh, 0OMEXEHY JBOMA KOHLICHTPUYHUMU
JiHisIMU. 3pOOJICHO CTHCIMH OIJISI METOMIB PO3B’S3aHHS 3aJadi aHalli3y KOHTAKTHOI B3a€MOJIl MK HWIHIAPHUYHUM IITAMIIOM Ta TPYXHUM
iBIPOCTOPOM. 3aCTOCOBAHO PO3B’A30K 331a4i y BUIJIsI PO3KIIAICHHS 32 MAJIMM [apaMeTPOM JULsl BUITaIKa KOJIU PiBHAHHS IPAHUYHUX KPUBHUX 3aJICXKATh
BIJl O/THOTO 1 TOTO X Majoro napamerpa. Jljis boro y KO>KHOMY HaOJIMKEHHI 3a/ia4a Mpo BJABJICHHS IITAMIIA 3 JBO3B’A3HOIO IUIOIIAIKOI0 KOHTAKTY y
(hopMi HEKPYTroBOTO KUIBIIS 3BOAUTHCS JI0 AHAJIOTIYHOI 3a/1a4i IO BABJICHHSI IIITaMIIa 3 IIOMIAAKOI0 KOHTAKTY Y (popMi KpYroBoro kinbis. Po3pobiieno
nporpamHe 3a0e3rnedeHHs Ha MoBi Java st OOpOOKH aHANITHYHOTO PO3B’S3KY 32 OTPHMAHHMH PO3PaxXyHKOBUMH (opMyrnamu. 3a IOMOMOIO0
nporpamuoro makery ANSYS CTBOPEHO CKiHYCHO-EIEMEHTHY MOZENb KOHTAKTHOI B3a€EMOJii aOCONIOTHO JKOPCTKOrO MLITAMIA 3 MPYKHHM
miBopocTopoM. YncenbHe MOJIETIOBAaHHS BiIOYBaIOCS 13 3aCTOCYBAaHHSIM JIILIEH30BaHOI BEpCii, sIka HaJaeThest OE3KOMITOBHO. PO3B’s13aHa HU3KA 3a1ad
JUTS KBaIpATHHUX KiJelb pi3HOi mmpuHi. OTPHMAHO PO3MOiT THCKY M IITAMIIOM y Pi3HHX Iepepi3ax Ta 3ariauoienHs mramiy. [looynoBani rpadiku
posnoziny Ticky. [Ipu po3B’si3aHHI HU3KH TECTOBHX 33/1a4 3 METOIO OLIIHKH aIeKBATHOCTI CKIHYEHO-EIEMEHTHOI MOJeNi, OYI0 IPOBEACHO MOPiBHIHHS
YHCENBHUX PE3yNbTAaTiB 3 pe3yJbTaTaMy, OTPUMAHHMH aHATITHYHUM HUBIXOM. OTpMMaHa Mojelnb MoXKe OyTH BHKOpPHCTaHa Ul aHali3y Ta
[IPOTHO3YBAaHHS HABAHTAXXCHHS, 3HOCY Ta PyHHYBaHHs KOHTaKTHOI AUISHKY. J]0 NepCIIeKTHB JOCITIIKEHHS MOXKYTh OYTH BiJHECEHO PO3B’SI3aHHS HU3KH
3a/1a4 aHAITI3y HAIPYKEHO-1e(hOPMOBAHOTO CTAHy B3a€MOIi IITAMITY CKIIAAHOI (OPMH 3 MPYKHIM MIBIPOCTOPOM, & TAKOXK TPYIH LITAMIIIB CKJIaJHOI
hopmu, Ta aHAII3 HOBEIIHKH MOJEINI B 3JIEXHOCTI BiJ] BJJACTHBOCTEH Ta 0COOIMBOCTEN IIPY)KHOTO MiBIPOCTODY.

Ki104o0Bi cjioBa: KOHTaKTHA 33jada, MITAMII, HAIPYKeHO-Ie(hOpMOBaHHIl CTaH, MOJEMOBaHHs, MoBa JAVA, CKiHYeHO-eJIeMEHTHHI aHami3,
nporpamuuii komruiekc ANSYS.

T. A. 3AHI[EBA, H. H. HIMEJIEB

COBPEMEHHBIE IOJIXO/IbI K PEHIEHUIO KOHTAKTHOM 3AJTAYUA O BJIABJIUBAHUA
JABYCBA3HOI'O LITAMIIA B YITPYT'OE TOJYITPOCTPAHCTBO

Pa6oTa mocasIneHa peleHHIo 3a1a4 O BIABJIHBAaHUH B YIIPYroe IOIyIIPOCTPAHCTBO LIMINHAPUUECKOTO ITaMIIe C INIOCKMM OCHOBAaHUEM HOJ JelicTBHeM
BEPTHUKAJIBHOI CHIIBI, TUHUS AEHCTBUSI KOTOPOIl IPOXOAUT Yepe3 IEeHTp ocHoBaHM. [lomepedHoe cedeHHe MITamIia 3aHHMAaeT JBYCBS3HYIO 00JIacThb,
OrpaHUYEHHYIO IBYMs KOHLEHTPUYECKMMHM JuHUsAMH. CrenaH ckaTelii 0030p METOIOB pelIeHMs 3aj]ad aHaau3a KOHTAaKTHOTO B3aHMOAEHCTBHA
LMUIMHIPHYECKHUX LITAMIIOB C YIPYTUM IIOIyIpPOCTPaHCTBOM. VICIOIb30BaHO pelleHHe 3a7aud B BHAE AEKOMIIOZHLHUM 10 MAJoMy Hapamerpy Ajs
ciTydasi, KOrja ypaBHEHHE IPEIeNbHBIX KPUBBIX 3aBHCHT OT OJHOTO M TOTO K€ MaJIoro mapamerpa. /s 5TOro B KakJoM NPHONIDKEHHH 3ajada o
BJIaBJIMBAaHUH LITAMIIA C JBYCBSI3HOMU IIIOMIAABIO KOHTAKTa B (hopMe HEKPYTOBOTO KOJbLla CBOAUTCS K aHAJIOTUYHOMN 3a/ade O BIABJIHBAHUH IITaMIIa C
TUIONLIA/IbI0 KOHTAKTa B popme KpyroBoro kosblia. Pazpaborano nporpaMmHoe obecriedeHre Ha si3bIke Java [uist 00pabOTKH aHATUTHUYECKOTO PEeLIeHHs
110 TOJIy9eHHBIM pacdeTHBIM (opmyiam. C momompbio nporpammuoro xommuiekca ANSYS co3naHa KOHEYHO-IJIEMEHTHAsl MOJENb KOHTaKTHOTO
B3aHMOJEHCTBUS aOCONIIOTHO JKECTKOrO IITaMIa C YIPYIMM MONYIPOCTPaHCTBOM. UHCIEHHOE MOAEIHPOBAHHE MPOBOJHIOCH C HCIOIB30BAHHEM
JIMIIEH3MOHHOM BEPCUH MPOTpaMMBI, KOTOpas MpefocTaBiseTcs OecruiatHo. Pemen psa 3amaq Ui KBaApaTHBIX KOJIEI pa3sHOW IMpHUHEL [lomydeHb
pacrpeziesieHHe JaBJICHHS IO INTaMIIOM IO Pa3HBIM CeYeHWsIM M yriyOsneHume mramma. [loctpoeHsl rpadukm pacmpeneneHust nasieHus. [Ipu
PAcCMOTPEHHU PsAfia TECTOBBIX 3324 C IIEJIbIO OLIEHKHU a/1eKBaTHOCTH KOHEYHO-3JIEMEHTHOH MOJIeNU IPOBOAUTCS CPaBHEHNE YHCICHHBIX PE3YIbTaTOB C
pe3yabTaTaMH, OTy4eHHBIMU aHAMUTHIecKuM IyTéM. [lomydennyio Moeab MOXKHO UCIIONB30BATh IS aHANIH3a U IPOTHO3UPOBAHUS HATPy30K, U3HOCA
W paspylleHHs IUIOmand KoHTakTa. K MepcreKTHBaM HCCIeNOBaHUS MOTYT OBITH OTHECEHBI peIIeHHe psiga 3ajad aHajin3a HalpshKeHHO-
J1ehOPMHPOBAHHOTO COCTOSHMS B3aMMOJEHCTBHS INTAMIIOB CIOXKHOH (DOPMBI ¢ YIPYTUM MONYIPOCTPAHCTBOM, a TAaK)Ke TPYMI HITAMIIOB CIIOMKHOM
(hopMBlI, 1 aHATH3 MOZENEiT TOBEICHNUS B 3aBUCHMOCTH OT CBOWCTB H OCOOCHHOCTEH YIPYTOro MoJIynpoCTPaHCTBRa.

KnioueBble c0Ba: KOHTAaKTHas 3ajada, LITaMI, HalpsDKCHHO-Ie(OPMHPOBAHHOE COCTOSHHE, MOJACNHPOBaHHE, s3BIK JAVA, KOHeYHO-
3JIEMEHTHBIN aHaK3, MPOrpaMMHBIN komruiekc ANSYS.

T.A. ZAYTSEVA, I. . SHMELOV

MODERN APPROACHES TO SOLVING THE CONTACT PROBLEM OF PRESSING A DOUBLE-
STAMP STAMP INTO AN ELASTIC HALF-SPACE

The work is devoted to solving indentation problems into an elastic half-space of a cylindrical punch with a flat base by the vertical force. The force is
aimed through the center of the base. The cross-section of the stamp is a doubly connected area bounded by two concentric lines. A concise review of
methods for solving problems of analyzing the contact interaction of cylindrical dies with an elastic half-space is given. The solution of the problem in
the form of decomposition by a small parameter is used when the equation of the edge curves depends on the same small parameter. To achieve it, in
each approximation, the problem of indentation of a stamp with a doubly connected contact area in the form of a non-circular ring is reduced to a similar
problem of indentation of a stamp with a contact area in the form of a circular ring. The software in the Java language has been developed for processing
the analytical solution according to the obtained calculation formulas. With the help of the ANSYS software package, a finite element model of the
contact interaction of an absolutely rigid stamp with an elastic half-space has been created. Numerical modeling was carried out using a licensed version
of the program, free of charge. Several problems have been solved for square rings of different widths. The distribution of pressure under the stamp over
different sections and the deepening of the stamp have been obtained. The pressure distribution graphs are plotted. When considering several test
problems to assess the adequacy of the finite element model, the numerical results are compared with the results obtained analytically. The resulting
model can analyze and predict loads, wear, and fracture of the contact area. The research prospects can include the solution of several problems of
analysis of the stress-strain state of the interaction of dies of a complex shape with an elastic half-space, as well as groups of stamps of a complex shape,
and the analysis of behavior models depending on the properties and characteristics of an elastic half-space.
Keywords: contact problem, stamp, stress-strain state, modeling, JAVA language, finite element analysis, ANSY'S software package.

Beryn. JlocnimkeHHS HampyXKeHO-Ie(OpPMOBAHOTO  CHOTOJICHHS, SKE€ Ma€ 3HAYHE TCOPETUYHE 1 MPaKTHYHE
CTaHy B3a€EMOJIIFOYHX TiJl € TOCUTh aKTyaJIbHUM 3aBIaHHAM  3HadeHHs [1]. PimeHHs 3amad4 KOHTAKTHOT B3aEMOZIT Mixk
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TiJIaMH MAIOTh IINPOKE 3aCTOCYBAHHS B TAKUX TaITy3sX, IK
MammHOOYyBaHHs, OymiBelbHa MeXaHika, reodi3uka,
ceiicMoJorisi Ta 0araTthbOX IHIIMX TaNy3sX 1HKEHEPHOI
IISUIBHOCTI. AJDKE caMe€ KOHTAaKTHUMH B3a€MOIISIMH B
MepIry 4epry BH3HAYAIOTHCS MPOLIECH 3HOCY, a BEIMUUHA
KOHTaKTHUX THCKIB € BH3HAYaJIbHUM YHHHHUKOM, SIKHH
BUKIIMKAE€ pPYHHYBaHHA B 30HI KoHTakty [2]. IluranHA
MIITHOCTI 1 3HOCOCTIHKOCTI B TpOIEeci eKCIuTyaTarii
0OYMOBIIIOIOTh aKTyaJbHICTh TEMH IOCTIKCHHS IS
BHIAJIKiB, KON B pOJi Ae(GOpMOBAHOTO MiBIPOCTOPY
TPUIHMAOTHCS aBTOMOOGUTBHI JOPOTH, TPYHTOBI OCHOBH [3]
abo ¢yHnaMeHTH 0araTornoBEpXOBUX 1 BUCOTHHX OyaiBeNb
Ta CIOPYI.

CkJaHiCTh pO3B’SI3aHHS TaKMX 3a/a4d y aHaJITUYHIN
MOCTaHOBLI OOYMOBIIOE PO3POOKY HOBUX IiJXOJIB, IO
BUKOPDHCTOBYIOTh ~ YHCENbHI MeToau pimeHHs. Jlo
OCHOBHHX IHCTPYMCHTIB YHCEIBHOTO aHAaJi3y KOHTAKTHHX
3a1a4  MeEXaHIKM BIJHOCATHCI METOOM CKIHYEHHX 1
IpaHUYHUX eTeMeHTIB [4], a Takox 1X pi3Hi Momudikarrii.

AHaTi3 cTaHy muTaHHA. Y 3B’S3Ky 3 OypXJIMBHM
PO3BUTKOM  OOYMCIIIOBIBHOI ~ TEXHIKH, 3’ SBHJIACS
TEH/ICHIIIS] B 3aCTOCYBaHHI METONy CKiHUCHHUX CJICMCHTIB
JUTSL pO3B’sI3aHHsI KOHTAKTHUX 3a/1a4 Teopil mpyKHOCTI [S].
OmHMMH 3 NEPCHEKTHBHHUX  HANpPSMKIB  PO3pOOKH
e(pCKTUBHUX aJITOPUTMIB Ui 3aJad IOTO KIacy €
MiZXO/TM, 3aCHOBaHI Ha 3aCTOCYBaHHI METOAY I'PaHHMYHHX
IHTerpaJibHUX piBHSHB [6, 7]. YcydacHeHi BapiaHTH
pPO3B’si3aHHSl 3a/ad B3aEMOJIl JKOPCTKOIO INTaMma Ta
MIPY>KHOTO IIBIIPOCTOPY 3 MOPOXKHUHAMH [§] 3aIIHIIAI0THCS
aktyanpHUMH. Po0otu [9, 10], B cBOIO Uepry, 30cepemKeHi
HAa ODIANI Moneneld B3aeMoii JKOPCTKHX IITaMIIiB
KaHOHIYHOI (OpMH 3 TPYXKHIM MIBIPOCTOPOM TpHU
BIZICYTHOCTI ITOYaTKOBHX HAaIpy>KeHb. Po3B’s3aHHS 3a1a4
KOHTaKTHOI B3a€EMOIiT )KOPCTKUX IITAMITIB i3 ITOTIEPEAHBO
Hampy)XeHHUMHU Tinamu mnpencraBieni B [11]. Bmms
MOYAaTKOBUX HANPYKEHb Ha KOHTAKTHY B3a€EMOJII0
YKOPCTKOT'O KiJILIIEBOTO IITaMIIa 3 MPY>KHIM MIBIPOCTOPOM
npeacraBieHo B poboti [12]. 3 BukopucTaHHSIM R-
¢ynkuiii [13] orpumano HabMMKEHUI pO3B’SI30K 3amadi
PO BIABJICHHS ENINTHYHOTO KUIBIEBOTO MITAMITy B
MIPY>KHUH MiBIIPOCTIp.

AHamTHYHUN PO3B’SA30K 3aJavi Tpo  KiJTbIIEBUH
ITaMI Y BUDJBIII TOABIHHOTO psAy, KOSQIIiEHTH SKOTO
JUISL TOBUIbHUX 3HAY€Hb 1HJEKCIB BU3HAYAIOTHCS TOYHO 3
PEKYypPEHTHUX CITiBBIIHOIICHD OJIepKaHo y pobori [14]. Sk
MIPUKIIAZ PO3BHHEHHS METOJ| 3aCTOCOBYBaHHH y pPOOOTI
[15] mns mmackux eNminTHYHUX INTaMIIIB i3 3a0KPYTICHUM
kpaeM. [l mraMiry y gopmi MpsIMOKYTHOTO KiJTBI[S BHIE
3a3HaYCHWM METOIOM OTPHMAaHO pimieHHs y poOoTi [16].
Po6ota [17] npucBs4yeHa po3B’s3aHHIO 3a/a4 PO BIAB-
JICHHS B TPYXHHMH IBIPOCTIp IITaMIliB Pi3HOI KOH-
¢irypauii y popMi He KPyroBUX KiJIeIIb.

Bararo cyuacHuX poOiT HIPUCBSYEHO aBTOMATH3AL]
Ta KOMIT'IOT€pH3allil 3aCTOCYBaHHS CKiHYEHO-EJIEeMEHT-
HOTO aHaJi3y 3 BUKOPUCTAHHSM INPOTPAMHHX IPOIYKTIB.
Jo HaiOimeIn 3acTocoByBaHUX BimHOCATHECS ABAQUS,
ANSYS, AUTOCAD, INVENTOR, DEFORM, STRESS
CHECK, FORG, MARC, COSMOS M, SIMSCALE,
MFEM, MATLAB ta inmi [18].

IMocranoBka 3agayi. PosrisHemo 3amagy npo BlaB-
JIEHHS B MPY)KHUH TIBIPOCTIP IMIIIHAPUIHOTO MTaAMITy 3

IUIOCKOIO OCHOBOIO MiJ] A1€10 BEPTUKAIBHOT CHIIH @, JIiHIs
Iil kol MPOXOAWTH uepe3 LEHTp OCHOBH. [lomepednuii
MepeTnH ITamIily 3aiiMae ABO3B’SI3HY 00dacTh 2,
oOMexeHy 1BoMa JiHisAMHU [7, I3, 110 IPeCTaBISIOTH JIiHII,
3 pIBHAHHAMHA OIM3BKUMH JI0 KBA/IPATIB 31 CTOPOHAMH, SIKi
JIOPIBHIOIOTH BiMOBIMHO 2a, 2b, a < b.

PiBHAHHS TpenCcTaBUMO y TMOJSPHINA cHcTeMi KOOp-
nuHAT pagamu Oyp’e:

ppl = af(@), pl"z = bf(e),
f(6) =1,1150 — 0,1406 cos 4 6 +
+0,02506cos 86 + ---.

Po3p’si3aHHs 3a7a4i Ta 00UMCIeHHS pe3yJbTaTiB.
Jlnist BUniajKa KoJii piBHSHHS IPAaHUYHUX KPHUBHX 3aJIEKATh
Bil OJHOTO 1 TOr0 JX Majoro IMapaMmerpa, OTPUMAHO
NpUOJIM3HUE PO3B’ 30K 3a/aui y BUTILSINI PO3KIIAICHHS 32
MaJlUM [apaMeTpoM. Y KOKHOMY HaOJIVDKeHHI 3a/1a4a Ipo
BJIABJICHHS LITaMI1a 3 JIBO3B SI3HOIO IIOIIAJAKOI KOHTAKTY
y (GopMi HEKPYrOBOTO KUIBIA 3BOAMTHCS 10 aHAIOTIYHOT
3a/1a4i PO BAABJICHHS LITAMIIA 3 TUIOMIAIKOI KOHTAKTY Yy
¢dopmi kpyrosoro kimbis [14]. Henepepsra, nudepeHir-
iloBana ¢yukuis f(0) y piBHAHHAX TpaHMI 0O6JacTi
HaOyze BUTIIAAY:

f(e0) = 1+ ) €ifi(8),
i=1

f1(6) = —cos4 6+ 0,8178,
f>,(8) = 1,2677 cos 8 9,
€ =0,1406; b = 2a.
OCKIIbKM IITaMI BJAABIIOETbCS B IPYXHHUH ITiB-
MPOCTIp BEPTHKAIBHOI CHJIOK (, JiHis il SIKOi IMpoXo-
JIUTh 4epe3 IIEHTP Bard o0JIacTi KOHTaKTy, TO X9 = 0,

X530 = 0, ne (x19, X29) — KOOPIMHATH TOYKH IIEPETUHY L€
cu 3 TiomHo 0XX, 1 0TXe, B pIBHIHHIX PIBHOBArH:

P =Q; M; =x30Q = 0; My = x1,Q = 0.

[pencraBuMo IIyKaHe PO3TAIIYBAHHS HOPMAIbHHX
THCKIB 11 mrammoM P(p, 0) i BepTUKaIbHE MepeMillieHHS
mramna § y BUIJISIl psay 3a cTyneHsMu € [15]:

P(,6) = ) Pulp,O)e",
k=0

5 = Z 8, ek,
k=0

Hnst BusHauenus P,(p,0) i §, BuUKOpHCTAEMO
HACTYIHI CHUCTEMH IBOBHMIPHHMX IHTETPAJbHUX PiBHSHBb
[17]:

§,2mG P (p,0)

—— = || ————ds + O(Py, Py, ..., Pr_1),

1—v J J. - S k(Po, Py -1)

D
ne v —koediuient [lyaccona;
G — MoJIyJb 3CYBY;
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D — kpyroge kijibie (a < p < b).

Qk = J-f Pk(p’ e)ds + Fk(PO’ Pl' ""Pk—l) )
D

Jie IpuiHATI HacTymHi mo3Hayenus (mpu k = 0,1,2,...):

0 Py
¢0=0;¢1=<1—P0£>If f,p)fl(e)dS,

¢2(P0'P1)=< poa )f [P (p,©)f1(8) +

RO + b5 ff Pol®) 2 opas;
Fo= Fi(Py) =2 f f Po(p) £ (0)dis ;
D

Fy(Po,Py) = f (2P, (p.0)f1 () +
D

+2Py(p)f2(0) + Po(p)f12(e)]d5:
Qo =0Q;Q, =0,k #0;
—0); (po,eo) € D.

Oyukmii P, (p,0) mos’sani 3 pr(p,0) mns k =
0, 1, 2 ciBBigHOIIIEHHAMU:

Py(p) = po(p);
Py (p,0) = p1(p,0) + po(p)pf1(0);

2 =p*+p — 2pp, cos(6

P,(p,0) = p,(p,0) + po(p)pf2(0) +
+p,(p, 0)pf2(8) +
+0,5p, () p*f2(6).

BuxoprcraeMo 3aIe)KHOCTI TS X BEJIWYHH, KOIH
b=2a, €=0,1406, mo otpumani panime [17].
OpepkyeMo, MI0 KOHTAKTHUH THUCK i KBaJpPaTHUM
KUTBIICBIM IITaMIOM, KOMH b = 2a y TOYKax IPOMEHIO
(p, 6,), MO BUXOOUTH 3 MOYATKY KOOPAHHAT i Mepecikae
30BHIIIHINA 1 BHYTPIMIHIA KOHTYpH OOJIACTI KOHTAaKTy B
TOYKax (prz,e*) 1 (pl—l,G*) BiJITIOBIZTHO, BHPAKAETHCS
3QJIE3KHICTIO:

p(p'e*) = PO + SPl,

Q
o = 2mp7 O

P, = —[~1,63560, + (~0,53140, +

+1,051320, — 1,020950, +
+0,702103) cos 4 0],

__YZZ[ (l) +

0p=0

2k+3 4
@ (Pry a
()6
i=01,23;

1= l Poo(p)ds.

BeprukanbHe nepeMilieHHs ITaMIa Mae BUTIIAL!
_ . ed-v
4Gb [f, po(p)ds

Jdns aBTomarm3amii po3paxyHKiB 3a HaBeACHHMH
¢dopmynamu Oyno po3poOJICHO MPOTpaMHMI J10JaTOK Ha
Java. OnHi€lo 3 MPUYMH BUKOPUCTAHHS CTPOTO TUITI30BaHOT
00’€KTHO-OpIEHTOBAHOT MOBU MpPOTpaMyBaHHS CTajo Te,
IO MpOoTpaMy Ha Java TPaHCIIOIOTHCS B OalT-KOI, SKHUN
BUKOHYETHCSl BIPTYaJIbHOIO MAIIMHOIO Java-Iiporpamoro,
BiINOBITaNFHOIO 3a OOpoOKy OaifT-komy 1 mepenadi
IHCTpYKIii oONagHaHHIO, SIK iHTepmpeTarop. IlepeBaroro
mofioHoro crmoco0y BHKOHAHHSA TIpOTrpaM € TIOBHA
HE3aJIeKHICTh 0alT-KOMy BiJl OmNepamiiHOi CcHUCTeMH 1
yCTaTKyBaHHSI, 1110 J03BOJIsSI€ BUKOHYBATH Java-10JaTK1 Ha
Oynb-sIKOMY TIpHCTpOi, AJsl SKOTO ICHYE BiANOBigHA
BipTyasibHa MamiHa. YacTo 10 HEJOMIKIB KOHICMIT
BipTyasbHO] MaIlIlHU BIZTHOCSITD 3HWKCHHSA
NPOJIYKTUBHOCTI. AJie psAA  yIOCKOHAJIEHb MPOTAIOM
OCTaHHIX POKIB 3HAYHO 30LIBIINB MIBHIKICTh BUKOHAHHS
porpam Ha Java 3a paxyHOK TEXHOJIOT] TpaHcisimii 6aiT-
KOy B MAaIIMHHHAN Oe3MocepeHbo IiJ dYac poOoTH
Iporpamy, IIMPOKOTO 3acTOCYBaHHA native-Koay B
CTaHIapTHUX Oi0NioTekaX Ta amapaTHUX 3aco0iB, IO
3a0e3neuyroTh TMPHCKOpeHy o0poOky Oaiit-komy. Lli
ontuMizanii no3BoNMMIM Java HaJgaBaTH €KBiBAICHTHHIA
piBeHb WIBWJKOCTI BUKOHAHHS NPOrpaM Y HOPIBHSHHI 3
C++.

Came 3aBasku 1id  0CcOOJIMBOCTI  PO3pOOJICHUI
JIOZIATOK B MalOyTHbOMY Ma€ MOXIHBICTb OYyTH
TpaHcopMoBaHUM sIK Y (HOpMY MOOUILHOTO IOJATKY IS
BUKODHCTaHHS Ha NPUCTPOSIX IJ  KEPiBHUITBOM
omepariiiinoi cucremu Android, tak i y ¢gopmy WEB
JIOJATKy Ul 3a0e3MeYeHHs] MOXKIMBOCTI IIHPOKOTO
napaneabHOTo JO0CTYILy.

Takum 4YMHOM, 3aBASKM TO€AHAHHIO KpOCILIAT-
(hOPMHOCTI, BUCOKOT MIBUAKO/IIT Ta BETMKOI KIILKOCTI Open
source 0ibmioTek, Java € JIOCTaTHRO TOTYKHHM
IHCTPYMEHTOM JUIsI 0OpOOKHM aHAJIITHYHOTO PO3B’SA3KY 3a
OTPUMAHUMH PO3PAXYHKOBHUMH (QoOpMysiamMu. AjekBar-
HICTh OTPUMAaHMX PO3pPaxyHKiB OyJa miATBEpKEHA ITi 9ac
JIOCTIKCHHSI.

(1—0,8178¢).

Iporpamue cepeioBHUIILE PO3podKu
CcKiHYeHo-eleMeHTHOI  Mmogeai. Jnsg  po3B’sa3aHHA
KOHTaKTHOI 3a7a4yi METOJAOM CKiHYEHO-EJIEMEHTHOTO

aHaji3y OyJo BUKOpUCTaHO mporpamHy cuctemy ANSYS,
110 € IMIMPOKO 3aCTOCOBYBAHOIO y chepi aBTOMAaTH30BAHUX
imkeHepHnx pospaxyHkiB (CAE) [19, 20]. Ywucenbne
MO/ICTIOBAHHS BizOyBamocs 3 3aCTOCYBaHHSIM
JIEH30BaHOi Bepcii, fKka HAJAa€ThCS OE3KOIITOBHO IS
BUKOPHUCTAHHSA y HAYKOBHUX JOCIi/KeHHsAX [21] Ta Mae y
cBoemy ckmani Ansys Workbench Ha ocHOBiI Ansys
Mechanical Ta Ansys SpaceClaim. [ns poGotu
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NPOrpaMHOr0  NaKeTy  BHKOPHUCTOBYBaJlacs  pobOoya
cTaHwis, mo Mana Microsoft Windows 10 (64-bit, Version
20H2, OS build 19042.868), mpodeciitni CPU 1 GPU 3
MiITPUMKOIO 0araTornoTOYHOTO BUKOHAHHS I1HCTPYKIIH,
texHoorii OpenGL i po6otu 3 3D rpadikoro, Ta GpisnyHmit
JIOTIYHUH IHUCK OIepaliifHOi CHCTeMH, OCKUIBKH poboTa y
BipTyaJIbHOMY CEPEIOBHII HE HMiITPUMYETHCS.

3aBIAKd  KOMIUICKCHOMY MOxXoxy, Iniatdopma
HaJlaJla MOKJIMBICTh TOE€AHATH BECh IPOLIEC MOAETIOBAHHS
3a1adi y BiINOBITHUX IMporpamMHAX Monyisix. ¥ ANSYS
SpaceClaim cTBOpeHO TreoMeTpito 3amaui. [eHepamis
€JIEMEHTHOI CITKM BHKOHaHa 3a pgomomororo ANSYS
Meshing. 3aBasku ANSYS Workbench BinOyBamucs
nporecu 0OMiHY 1 KepyBaHHS pO3paxyHKaMH.

Pe3yabTaTH KOMII’IOTEPHOr0 MOJeTIOBAHHSA. Y
pe3yNbTaTi MOUIYKY OUTBII ONTHMAILHOTO PO3OUTTS Tina
€JIEMEHTHOIO CITKOIO uepe3 3MiHy IJI00ajabHOI TOMOJIOTiT,
Oyna OTpHMaHa CKIHYEHO-EJIEMEHTHa MOJEIb 32 TaKoi
CXeMH PpO30OWTTS, KOMM M MOJEIIOBAHHS PI3HUX
BHYTPIIIHIX OTBOPIB MITAMITy MOXXHa HE TepeOyI0ByBaTH
3arajgbHy Mozeib. [Ipu oMy, 3acTOCyBaHHS pPeryJsipHOL
CITKH B 30HI KOHTaKTy MiBIOPOCTOpPY 3i INTaMIOM Ta
MO€/THAHHS PETYJISIPHOT CITKHU 3 HEPETYJISIPHOIO 32 MEXKaAMU
miei 30HM, HaJAJIO0 MOXJIMBICTH HE IEPEBUIIUTH
0OMeeHHS JIIEH30BaHOl Bepcii MmporpamMu 3a KUTBKICTIO
€JIEMEHTIB, HE HapOIyBaTH PO3PaxyHKOBY IOXHOKY 1
3MEHILINTH Yac PO3paxyHKiB. [[yist boro 0yio 3acToCOBaHO
Meroj Multizone, skuii 3acHOBaHMH Ha OJIOKOBIM
TEXHOJIOTIT 1 3a0e3leuye aBTOMATHYHHN TMOMUT Tida Ha
rpynu reoMeTpuuHux TuI. Jlo mepmoi rpymu  Oynm
BiZIHECEHI 00’e€MH, JI0 SKUX 3aCTOCOBYBABCSI METOJ Sweep
U1 TOOYIOBH  PO3PAaXyYHKOBOI CITKM Ha  OCHOBI
MIPU3MaTUYHUX eJIeMeHTiB. Jlo npyroi rpymnu — 06’ eMu, 1i1s
SIKHX 3acTocoByBaBcs Mero] Hex Dominant it moOynoBu
PO3paxyHKOBOI CITKH Ha OCHOBI rekcaenpiB. TakuM YHHOM,
Oyina oTpuMaHa pe3yJbTyHOua MOJENIb MiBIPOCTOPY, IO
CKIagaeTbes 31 124 Tuc. eIeMeHTIB.

Po3paxyHkH  TpOBOIMIIMCH Uit I30TPOIHHUX
MaTepialiB, TAKUX SK, HAMPHUKIAL, KOHCTPYKIIHHI cTasi 3
6i0smiorexrt ANSY S Ta inmmx. [Torim yacTuHa pe3ynbTatiB
pO3paxyHKiB Oyla mpuBeAeHa 10 0e3pO3MipHUX BEIUYHH
JUIL MOXUIMBOCTI TOPIBHSAHHA 3 OTPHUMAaHUMH paHile
aHAIII THIHIMH.

[Toxubka po3B’ 3Ky pH BU3HAYEHHI MAKCUMAaJIbHOTO
KOHTaKTHOTO THCKY 13 3MEHIIEHHSM pPO3MIpy €JIEMEHTiB
(sx Ha 10 %, Tak i Ha 20 %) Hix y mobyaoBaHiit Momerni
ckimagae Menme 5 %. TakuM 4YMHOM, OTpUMaHa JTOCTATHS
TOYHICTh PO3B’sS3aHHS MMOCTABJICHOT 3a/1a4i 32 JJOTIOMOTOIO0
CTBOPEHOT CKiHYEHO-EJIEeMEHTHOT Moiesi miBmpocTopy. Ha
puc. 1 HaBeIeHO MPHUKIAL CKIHYCHO-EIEMEHTHOI MOJei
MiBIIPOCTOPY ISl BUMAJKY KOJHM Ha HBOTO i€ KiJbIIEBHH
KBaJpaTHUM IITaMI JJIs a/ p= 0.1

IIpoBoAMINCH YHCENIbHI EKCIIEPUMEHTH, KOJIH Ha
MiBIOpOCTip Oe3mocepenHbO MislB  IMTaMII 3 PI3HUMH
po3Mipamu KBaJ[paTHOTO KUTBIIS
a/b =0.1,0.2,0.3,0.4,0.5,0.6, 0.7, 0.8. Taxkox st Moze-
JIOBaHHS Mii IITaMIy Ha NpPYXKHIA miBopoctip, OyIo
3aCTOCOBAHO BiJIIIOBITHO PO3paxOBaHHU THUCK 10 MOBEPXHI
€JIEMEHTIB 30HM KOHTaKTy. Ha prc.2 HaBeIeHO MOBEPXHIO
PO3MOALTY THCKY JJIs a/ b= 0.5 iz OCHOBOIO IITaMIIA.

Puc. 1. Burisi ckiHdeHO-€JIEMEHTHOT MOJIEINI 3BEPXY:

. . . . a
MIBIPOCTIP i/l Ai€I0 TUCKY MITAMITy - = 0.1

L

Puc. 2: [loBepxHst po3MOALTy THCKY ITiJ KBaAPATHUM KUJIBIIEBUM
a
LITAMIIOM JUTS o = 0.5

[Ipu po3B’si3aHHI HU3KK TECTOBHX 33/1a4 3 METOIO
OIIIHKH aJICKBATHOCTI CKIHYCHO-CJICMEHTHOI MOJIENi, 0Yi0
NPOBEJCHO TMOPIBHAHHS YHUCENBHUX PE3yJbTaTiB 3
pe3yJbTaTaMM, OTPUMAHUMH AHATITHYHUM OULIXOM. J{i1s
ObOTO  PE3YNbTaTH YUCENBHHX PO3PaxyHKiB  Oyim
mpuBelieHi g0 Oe3po3MipHMX BenumumH. Ha pumc. 3
CYLIJTBHOIO JiHI€I | MoKa3aHa 3aJe)KHICTh HOPMAJIHHOTO
THCKy P* Bin p/pr2 opu 0 =0 (mia a/b =0.5) [17].
[TyHKTHPHOO JTiHI€IO0 2 HAaBEACHO PO3MOJI HOPMAIBLHOTO
TUCKY TMiJi KUJIbLIEBUM KB3JPAaTHUM IITAMIOM, IO
OTPHUMAaHO IUIIXOM po3paxyHKiB y nakeri ANSYS. 3 puc.
3 BUJTHO, 1110 HOpMaJIBHI HanpyeHHs npu 0 = 0 oTpuMai
AQHAJTITUYHUM LIIIXOM Ha KpasX 30HH KOHTAKTY 3HAuHO
BUIIIi 32 YHCENBHI Ta IPSIMYIOTh 0 HECKIHYCHHOCTI.

pe

-2

0

0.5 0.6 0.7 0.8 0.9 1 p/b

Puc. 3: I'padik nopiBHSHHS aHATITHYHUX PE3yJIbTATIB 3
YHCENPHUMH Ha MPUKIIAJl PO3MOALITY HOPMAJILHOTO TUCKY It
KBaJIpaTHUM KiJIbIIEBUM InTamioM mpu 6 = 0.
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Ha pemri AingHKM KOHTaKkTy (cepemHsi YacTHHA
KiJIbLI) 3HAa4YEHHS HOPMAIBHUX HaNpyKeHb Maixke
ONMM3bKi, IO BJIACTHUBO JJs 3aCTOCOBAaHMX METOJIB
pO3B’si3aHHS 3aj1adi. BimHOcHa pI3HMIA y pO3paxyHKax
HOPMAaJIEHOTO TUCKY Y cepe/iHiit 30Hi Kinbld ckiana 0.042.
Takox Tpeba BiA3HAYUTH, IO HATIPYTH POCTYTH IIBHIIIC
i3 30BHIIHBOI CTOPOHU KiNbIA. 31 3MEHIICHHSIM ITHPUHH
KUTBIII 3pOCTAlOTh HANIPYTH 1 3 BHYTPIIIHBO{ CTOPOHH.

Bymo mpoBemeHo aHamoOTiyHI  PO3paxyHKHA i
MOpIBHAHHA Ul INTaMIIB pPi3HOI MIMPUHHA, a came
a/b =0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8. 3 oTpumaHux

pe3yIbTATIB MOXKHA 3pOOUTH aHAJIOT1YHI BUCHOBKH.

BucHOBKH Ta mepcneKTHBH AOCTiAKeHb. Y poOOTi
MOCTaBJICHA Ta PO3B’s3aHA 3ajJada aHaNi3y KOHTAaKTHOI
B3a€MOJIii TPYKHOTO IBIPOCTOPY 3 IITIHAPUIHUM
IITAMIIOM 3 IUIOCKOI0 OCHOBOIO IIiJ II€I0 BEPTHUKAIBHOI
cwi @, miHisA mii AKOT MPOXOAWUTH Yepe3 LEHTP OCHOBH.
Ilomepeynuii mepeTHH IITaMIly 3aiiMae JABO3B’A3HY
007acTh y (GopMi KiIbIlsl OJIM3BKOTO 110 KBaJgpaTHOIO.
BinTBopeHo aHamiTUYHUKA pO3B’SI30K 3a3/1a4i  METOAOM
3BEICHHSI 10 MOCIIIOBHOCTI 3a/1a4 Jyisl 00J1aCTi KOHTAKTy y
(dhopMi KPYroBOro Kijblid i3 3aCTOCYBaHHSIM PO3KIAIY 3a
MaJliM MapaMeTpoM. Y KOXKHOMY HAOJIMKEHHI 3aa4a Ipo
BJABJICHHS LITaMIIa 3 JIBO3B’A3HOIO IUIOMIAKOK KOHTAKTY
y (GopMi HEKPYrOBOTO KiNBIS 3BOIAUTHCS IO aHAIOTIYHOT
3a/1a4i PO BAABJICHHS LITAMIIA 3 IUIOIIAJKOK KOHTAKTY Y
¢dopmi kpyroBoro Kimbil. Po3pobieHo mporpamue
3a0e3neueHHs HAa MOBi Java mimsi oOpoOKH aHATITHIHOTO
PO3B’SI3Ky 332 OTPUMaHHMHU PO3PaxXyHKOBUMH (HOPMYJIaMu.

3a pomomorow mporpamHoro makety ANSYS
CTBOPEHO MOJIeNb KOHTAKTHOI B3aeMojii aOCOIIOTHO
YKOPCTKOT'O LITaMIa 3 MPYXHUM miBrpoctopoM. OOpana
KOH(Irypariss cxeMd pO3OHTTS — CKiHYEHO-EJIeMEHTHA
MOJIeNb, Ta PO3B’si3aHAa HM3Ka 3ajady Ui KBaJIpaTHUX
KiJIeTb PI3HOI IIUPHHU.

OTpuUMaHO PO3IMOMIN THUCKY IiJl IITAMIIOM y PI3HHUX
nepepizax Ta 3ariuoNeHHs mTamiry. [looymoBani rpadiku
po3moxminy THCKy. IIpoBeneHO TOpIBHSIIBHUN —aHaNi3
YHCEJBHUX PE3yNbTATIB 3 aHAIITHYHHMH, LIO OTPHMaHi
panimre. Lle Hanano 3Mory kaszaTu Ipo ajeKBaTHy poOoTy
CKIHUEHO-EJIEMEHTHOT MOJIelTi.

TakuM YUHOM, OTpUMaHa MOJENIb MOXe OYyTH BHKO-
pHcTaHa Ui aHalidy Ta NMPOTHO3YBAaHHS HaBaHTAKEHHS,
3HOCY Ta pyHHYBaHHSI KOHTAKTHOI JTUISTHKH.

V noganemomy nepeadadaeTbes O3B’ sI3aHHSA HU3KU
3aj1a4 aHaJIi3y HapyXeHo-1e(hOPMOBAHOTO CTAaHy B3aEMO-
Il mraMmny ckiagHoi GopMu 3 IPYXKHIM IMIBIPOCTOPOM, a
TaKOX TPYIH IITaMMIB Pi3HOI (OpMH, SIKI BKIIOYAIOTH Y
cebe mramnyu sK KaHOHIYHMX ()OPM TakK i CKIIaJHO-TIPO-
(GUTBHUX, Ta aHANI3 TMOBEIIHKH MOJEIi B 3aJICXKHOCTI Bij
BJIACTHBOCTEH Ta 0COOJIMBOCTEH MPY>KHOTO MiBIPOCTOPY.
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€. I1. ITABJIEHKO, B. M. BYTEHKO, B. O. I'YbIH, C. B. 1YBEHEIb

JOCJIKEHHA METOIIB KJTACA®IKAIIIL TAIIB JIAHAX ITPA PO3POBII TIPOTPAMHOI'O
3ABE3IIEYEHHSA KOMIT'IOTEPHOI TH)KEHEPII

VY po6oTi po3rIsmaroThesl MpOOIeMHU ITiBHINEHHS e()eKTUBHOCTI PO3POOKH MPOTrpaMHOTO 3a0e3NedeHHs, 30KpeMa, ITHTaHHS 3MEHIICHHS TEepMiHIiB
PO3pOOKH TIporpaM Ta BHKOPUCTaHHS aBTOMATH30BaHOTO CHHTE3y IIpOrpaM, LIO JO3BOJIUTh YHHKHYTH JOONPALIOBAHHS BHXITHOTO IIPOIYKTY.
IIporpamue 3abe3neyeHHs HOTPIOHO MPOTECTYBATH Pa3OM 3 iHIIMMU CHCTEMHHMM KOMIIOHGHTaMH Y BCiX IMO€IHAHHSX, SKi MOXYTb 3yCTpITHCS.
TectyBanHs 3aiiMac 6arato 4yacy, 60 IPHXOBaHi TOMIJIKH BHSBILIIOTHCS IIPH HECIIOIBAHUX B3a€MOJISX NPOrpaMHHUX KOMIIOHEHTIB. [Ipu cTpykTypHOMY
aHai3i AiarpaMu IOTOKIB TaHUX HE € KiHIIEBHM Pe3y/IbTaToOM, [ie IHCTPYMEHT po3poOHUKiB. CriouaTky OyIayrOoThCs iarpamH, a IOTiM PO3poOIISIOThCS
MeXaHi3MH, 110 3a0e31edyoTh HeoOXiJHy MOBEAIHKY cucTeMH. Po3BuBaeThest rpadidHuil MiAXiA 10 BUpILICHHS IpoOiIeMH aBTOMAaTH3aLil PO3pPOOKH
IPOrPaMHUX 3aco0iB, sKuil Oa3yeThesi Ha 3aJIydeHHI BidyalbHHX ()OpM IpencraBieHHs nporpaM. Jis Oyab-sKOro mporpaMHOro o0’e€KTa MO)KHA
BUUIMTH KiHI[EBE YHCIIO CTaHIB, B IKMX BiH NepeOyBae B KO>KEH MOMEHT 4Yacy. XiJ BUKOHAHHS IPOrPaMH TOJI aCOLIIOETHCS 3 IIepexojamu 00’ €xTa 3
ofHOro cTaHy B iHmmid. ['pad 3amiHiOe TeKCTOBY GOpPMY OMHCY AIrOPUTMY MPOTPaMH, MPH LOMY PEali3y€ThCs MOJAHHS aITOPHTMY B Bi3yalbHii
¢dopmi. Crienndikamist CTPYKTyp JaHHX, a TAKOXK YCTAaHOBKA MDKMOIYJIBHOTO iHTepdelicy 3a JaHMMHU BiIJiijieHa BiJ OIHCY CTPYKTYpHU alrOpHTMY i
€JIEMEHTIB yIpaBIiHHA. BUKOPHCTOBYIOThCS 0a30Bi MOy 1 TUIH AaHUX. Ba30Bi MOy € JIOKaJIbHUMH O0YKCITIOBAaHUMH (DYHKIIISIMHU, HA OCHOBI SIKHX
MOPODKYIOTHCS BCI 1HII 00’ €KTH TeXHOIOT1. THIIH JaHUX OMUCYIOTh CHHTAKCUYHHUI | CEMaHTHYHUIA aCTIEKTH TOOYIOBH JAHHX, IO BHKOPUCTOBYIOTHCS
B 6a30BHX (QyHKIIAX. PO3IISHYTO alrOpHTMI TOIIYKiB MapIIpyTiB Ha OpieHTOBaHMX rpadax. I1ix yac Bu3HaAYEHHs MapIIpyTiB 3 KOPEHEBOI BEPIINHH B
KiHIIeBI BUKOPHCTAHO BIACTHBOCTI aureOpH TpH3HAYHOI JoTikk. Ha mifcTaBi po3ryIsIHYTOro MmigXoy, a TaKoX 3 ypaxyBaHHSIM HOro HeoliKiB, OyB
3aIPOIOHOBAHUN MeTO Kiacu(iKallii THITB JaHUX, 3aCHOBAHHUIT Ha peai3allii YaCTKOBOTO mepebopy MapiipyTiB rpady 3B’s3KiB IPOrpaMu Ta Crocio
npoekTyBanHs [13 Ha fforo ocHOBI 3 ypaxyBaHHSIM MiHiMi3allii gacy i BAPTOCTI IPOEKTY.

Kurouosi ciioBa: nporpamue 3a0e31edeHHs, KOMIT IOTEpHa iHXeHepist, iHdopMaliiiHi cHCTeMH, KOMITIOHEHTH, YaCTKOBHH 1epedip MapIpyTiB
rpady, BUTpaTH Ha PO3POOKY.

E. II. TABJIEHKO, B. M. BYTEHKO, B. A. 'YBHUH, C. B. IYBEHEI]

HNCCIIEJOBAHUE METO10B KJJACCU®PUKALIMU TUITOB JAHHBIX ITPU PABPABOTKE
MPOrT'PAMMHOI'O OBECINIEYEHUSI KOMIIbIOTEPHOM UHKEHEPUU

B pabote paccmarpuBaroTcst mpoOsieMbl HOBBILIECHUS 3(P(HEKTUBHOCTH Pa3pabOTKH MPOrpaMMHOTO 00ECe4eHHs, B YaCTHOCTH, BOIPOC YMEHbIICHHS
CPOKOB Pa3pabOTKH MPOTPaMM U HCIOJIb30BaHM aBTOMAaTH3MPOBAHHOTO CHHTE3a IPOTrPaMM, YTO ITO3BOJIUT H30€XKaTh TOPAOOTKH HCXOXHOTO MPOIYKTA.
ITporpamMMHOe obecrieyeHHe HYXXHO INPOTECTHPOBATH BMECTEe C JAPYIHMH CHCTEMHBIMH KOMIIOHEHTAMH BO BCEX COYETAHMSIX, KOTOPBIE MOTYT
BCTPETHTHCA. TecTHpOBaHME 3aHMMAeT MHOTO BPEMEHH, TaK KaK CKPBIThIC OMINOKY BBISBISIOTCS TIPH HEOKMAAHHBIX B3aHMOJCHCTBUAX IIPOrPAaMMHBIX
KOMIIOHEHTOB. [IpM CTPYKTypHOM aHajW3e JUarpaMMbl IIOTOKOB TaHHBIX HE SIBIIFOTCS KOHEYHBIM PE3yNIbTaTOM, 3TO MHCTPYMEHT Pa3pabOTIHKOB.
CHauana CTpOsTCA AWarpaMMbl, a 3aTeM pa3paldaThIBAfOTCS MEXaHM3MBI, OOecHeYnBaroIIHe HeoOXOJUMOe MOBeJeHNE CHCTeMbl. Pa3BuBaeTcs
rpaduueckuii MOAX0/ K PElIeHNI0 MPoOIeMbl aBTOMAaTH3aHU pa3pabOTKH MPOrPaAMMHBIX CPE/ICTB, OCHOBAHHBII Ha MPHUBICYCHHN BU3YaIbHBIX (OpPM
IpencTaBiIeHus nporpamm. st mo60ro mporpaMMHOT0 00BEKTa MOXKHO BBIICIHTH KOHEYHOE YHCIIO COCTOSTHUM, B KOTOPBIX OH HAXOAUTCS B KaXKIbIH
MOMEHT BpeMeHH. ['pad) 3ameHseT TeKCTOBYIO (HOpMy ONHMCAHHS alrOpuTMa IPOTPaMMEI, IPH 3TOM pEaJU3yeTcs NPEACTaBICHHE alropUTMa B
BU3yanbHOM (opme. Criernduranust CTpyKTyp AaHHBIX, a TAKXKE YCTAHOBKA MEKMO/YJIBHBIX HHTEp(eiica 0 JaHHBIM OT/AEIICHA OT OIHCAHHS CTPYKTYPEI
aITOPUTMA U JJIEMEHTOB YIpaBieHUs. VCronb3yoTest 6a30Bble MOIYJIM U THITBI JaHHBIX. Ba3oBble MOIYIH SBILSIFOTCS JIOKAJBHBIMU HCYHCISIEMBIMH
(YHKIMSIMY, Ha OCHOBE KOTOPBIX IOPOXIAIOTCS BCE OCTANBHBIE OOBEKTHl TEXHONOTHH. PacCMOTpEeHBI alrOpHTMBI THOHMCKa MapLIPyTOB Ha
OpHEHTHPOBaHHBIX rpadax. Ha OCHOBaHHHM PacCMOTPEHHOTO IOJX0/a, @ TAKXKE C Y4EeTOM €ro HEZOCTaTKOB, ObLT MPEATIOKEH METOA KIacCH(MHUKAII
THUIIOB JaHHBIX, OCHOBAHHBIM Ha peajM3allii YaCTHYHOTO Nepebopa MapIipyToB rpada cBsi3eil mporpaMMsl U cnocod mpoektupoBanus 110 Ha ero
OCHOBE C YIE€TOM MHHHMH3AIUH BPEMEHH U CTOMMOCTH IIPOEKTA.

KuioueBble cj10Ba: mporpaMMHOe 00eCriedeHIEe, KOMITBIOTEPHAsE HHXXCHEPHs1, HH(OPMAI[MOHHBIE CHCTEMBI, KOMIIOHEHTBI, YaCTHYHBII epeGop
MapuIpyToB rpada, 3aTpaTsl Ha pa3paboTKy.

Y. P. PAVLENKO, V. M. BUTENKO, V. O. GUBIN, S. V. LUBENETS

RESEARCH OF DATA TYPE CLASSIFICATION METHODS WHEN DEVELOPING COMPUTER
ENGINEERING SOFTWARE

The paper deals with the problems of increasing the efficiency of software development, in particular, the issue of reducing the time for developing
programs and using automated synthesis of programs, which will avoid the revision of the original product. The software should be tested along with
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other system components in all combinations that may occur. Testing is time-consuming because hidden bugs are revealed through unexpected
interactions between software components. With structural analysis, data flow diagrams are not the end result, they are a developer tool. First, diagrams
are built, and then mechanisms are developed to ensure the required system behavior. A graphical approach to solving the problem of automation of
software development is being developed, based on the involvement of visual forms of program presentation. For any program object, you can select a
finite number of states in which it is at each moment of time. The program progress is associated with the transition of an object from one state to another.
The graph replaces the textual form of the description of the program algorithm, while the visual representation of the algorithm is realized. The
specification of data structures, as well as the setting of intermodular interfaces according to data, is separated from the description of the structure of
the algorithm and controls. Basic modules and data types are used. Basic modules are local calculable functions, on the basis of which all other technology
objects are generated. Data types describe the syntactic and semantic aspects of constructing data used in base functions. Algorithms for finding routes
on directed graphs are considered. When defining routes from the root vertex to the final ones, the properties of the algebra of three-valued logic were
used. Based on the considered approach, as well as taking into account its shortcomings, a method for classifying data types was proposed, based on the
implementation of a partial enumeration of the routes of the graph of program links and a method for designing software based on it, taking into account

minimizing the time and cost of the project.

Keywords: software, computer engineering, information systems, components, partial enumeration of graph routes, development costs.

Beryn. IIpoGmemu sikocTi poOOTH MPOTPaMHOTO
3abesneuenns (I13) xkomm’rorepHOi iHKeHepil 3apas
HaOyaM TepHIopsiiHY BaXKIMBICTh. B pi3HMX pkepenax
JIOKJIAJIHO OOTOBOPIOIOTHCS (haKTOPH, IO BILUIUBAIOTH HA
eeKkTUBHICTh BUKOpUCTaHHs [13 Ha mianmpueMcTBax, ane
CNiJi TpoaHaji3yBaTH TOJOBHHMH (DakTop, L0 BHU3HAYAe
skicth BukopuctanHs [13. Lleit ¢akTop — TexHOMOrIsA
CTBOpEHHS i cynposoxy I13.

Crmip 3BepHYTH yBary Ha (akTop dacy, SKHH
HEOOXiJTHO BUTPATUTH Ha po3poOKy 13 mo BBemeHHS iHoro
B EKCIUTyaTaIlil0, OCKUIBKM 4Yac pPO3POOKH € OCHOBHHM
KpHUTEpieM, IO BHU3HAada€ BUTpPAaTH Ha CTBOpeHHS [13.
Bumoru no I13, o #ioro ¢yHKuili MOXYTh 3MiHIOBaTHCS,
aJUKe BOHHM BU3HAYAIOTBHCSI CEPENIOBHUILNEM, B SKOMY Oyre
npamoBati [13, omke dyac, siIK pecypc, Mae HaiOUIbII
3HAaYHy Bary IpH PO3PaxyHKY €KOHOMIYHOI JOIIJIBLHOCTI
CTBOPEHHS IIPOTPAaMHOTO MPOAYKTY.

Jnst ckopoueHHS 4acy pO3pOOKH 1 MiJBHUIEHHS
sikocTi [13 po3pobneHa mocTaTHA KiUTBKICTh TEXHOJIOTIH 1
miaxo/iB. BOHM CTOCYIOTBCS HE TIJIBKH €TaIliB )KHTTEBOTO
mukory [13, ame i moOyHoBU CTPYKTYpH KOMITaHii-po3po0-
HHUKa MPOTPAaMHUX IPOIYKTIB.

BukopucraHHsT aBTOMaTHYHOTO CHHTE3Y IpOTpam
JI03BOJISIE PO3POOHKKY IIPOrPaMHUX NPOJYKTIB peasizoBy-
BaTH cUcTeMy TpadiB Mepexo/iB y BUTISII IPOrpaMu, 110
JI03BOJISIE 3HU3UTH BUMOTH JI0 Horo ksauidikauii, aBTo-
MaTU3yBaTH Npoliec porpamyBanHs. Pe3ynbrar po3pooku
MOBaMH BHCOKOTO PIBHS 3aJI€)KHUTh Bijl BUKOPHCTOBYBAHOT
MOBH IIPOrpaMyBaHHs1, HEOOXiJTHO BU3HAYHUTH KJIACH, aTpH-
OyTH, 00JIaCTI il 3MIHHHX.

IMocranoBka mpo6Jemn. fxicte [13 Bu3HaYaeTHCS
METOJaMH 1 CcHocobamMu MOJETIOBAHHS HPEIMETHO]
o0acri, sIKi J03BOJISIIOTH 341HCHIOBATH PO3POOKY CTPYKTYP
6a3 naHux, iH(OpPMaLitHOI CTPYKTYpH pO3pOOIIOBAHOTO
I13.

IIporpama mOBMHHa OYyTH CIPOEKTOBaHA TaKUM
YHHOM, 100 BHUKOPHCTOBYBATH 3a3Jalerifib 00yMOBICHY
KUIBKICTh pecypciB — 0o0csry mam’sTi, 9acy mporecopa
tomo. II3 moTpibHO mpoTecTyBaTH pa3oM 3 IHIIMMH
CHUCTEeMHHUMH KOMIIOHEHTaMH Yy BCIX IO€IHAHHAX, SKi
MOXYTh 3ycTpitucs. TecTyBaHHA 3aiimae 6arato gacy, 60
NIPUXOBAaHI MOMMWJIKH BUSBISIOTBCS IPH HECIIOAIBAaHUX
B32€EMO/IISIX IPOTPAMHUX KOMIIOHEHTIB.

Cxnaauicts 13 30imbImmaacs, BUAUTAIUCS 001acTi, B
SIKMX TIOMWJIKM 200 HEJOCTaTHS SKIiCTh IPOrpaM MOXKYTb
3aBJIaTH LIKOJH, KA NEPEBUIINTh EKOHOMIYHUH €PeKT Bij
IX BUKOPUCTaHHS.

EdexrtuBHicTh  po3poOkm  [I3  Bu3HadaeThCs
CYKyMHICTIO 0Oaratbox (akTopiB. ICHYIOTH pi3HOMaHITHI

MiAXOOM IO OIIHKH SKOCTI po3poOku I13, ski MaioTh
nepeBarn 1 HeNONiKM. TakMM YWMHOM, BHHHKAE 3ajada
JIOCITIPKEHHS TEXHOJIOTIiH BUKOPHUCTAHHS
aBTOMATH30BAaHOTO CHHTE3y IIpOrpaM, sKi J03BOJSIOTH
CKOPOTHTH Yac po3pOOKH MPOTrpaMHOTO MPOAYKTY, 8 TAKOXK
JIOCITIJPKEHHSI 11 IBUIICHHS €(DeKTUBHOCTI X 3aCTOCYBaHHSI.

AHaJji3z crany npooJemu. J[ocuTh 4YacTo IUIaHU
CTBOPEHHS CKJIAJHUX ITPOrpaMHHuX 3aco0iB i Bl rotytoTses
1 OIHIOIOTBCS HEKBali(pikKoOBaHO, HAa OCHOBI JTyMOK
3aMOBHHKIB 1 pO3pOOHUKIB mpo HEoOXimHi QyHKIII Ta
MoxmBi skocti [13. Tomy MOMIIIKM TIpH BHU3HAYEHHI
HEOOXITHUX TMOKA3HUKIB SKOCTi, OMIHKHA TPYIOMICTKOCTI,
BapTOCTI Ta TpuBanocTi crBopeHHs [I3 € mommpeHuM
seuriieM. Yacto npoektu 13 He BiAMOBIAIOTH BUMOTaM 70
XapaKTepUCTUK SIKOCTI, HE BKJIANAIOThCS B rpadiku i
OIO/IKET PO3POOKH.

3acToCyBaHHS CTaHAAPTIB, W10 PEIrJAMEHTYIOTh
MPOLIECH JKUTTEBOTO LUKIY I13, MOXKE CITy)KHUTH OCHOBOIO
IUIA 3a0€3MeYeHHsT SIKOCTI MPOTpaMHUX 3aco0iB, OTHAK
MOTpiOHE KOPWUT'YBaHHS Ta aJanTallis AESKUX IOJIOKCHb
CTaHIApPTIB  CTOCOBHO  OCOONHMBOCTSM  TEXHOJOTIH
MpOrpaMyBaHHS.

Buninsrorecst 1Ba THIH TiAXOIIB 10 po3podku [13 —
CTPYKTYpHUH Ta 00’ekTHO-OopieHTOBaHMUA. OCKIIBKA B
00’ekTHO-OpieHTOBaHOMY  [I3  ex3eMmIuisipu  KiaciB
OOMIHIOIOThCS TOBIZIOMJICHHSIMH, JJIsI KOXKHOT'O KJIacy
BU3HAYAIOTh [TOBIJJOMIICHHSI, SIKI HAIXO/ITh HOro 00’ eKkTam
i Ha 1X OCHOBi OyayroTh miarpamu mepexomy [1]. Takox
OyAylOTh MOJAETl CTaHiB Ui KOXKHOTO 00’€KkTa 1
BHM3HAYAOTh CIUCKM IOJiH, 1[0 3MIHIOIOTH CTaH 00’ €KTiB
[2].

Ilicns BumineHHs KiaciB 1
noOyayBaTH MoOJeNli  TpoLeEciB, SKi
peanizoBaHi B MailOyTHiit nporpami [3].

SIkmo  KopuCTyBad  INpaBWIBHO  BKa3aB  BCi
XapakTepUCTHKH  JaHOro,  MOTpiOHO  mOOyIyBaTH
eK3eMIUIAp 00’€KTa 1 BKIIOYMTUA WOTO B MHOXHHY JTAHUX
[4].

CTpyKTypHHI aHAJII3 € ATbTEPHATHBOIO MIPOIEcaM Ta
etamaM  00’€KTHO-Opi€HTOBaHOTO  aHamizy.  Ilicms
MPOBEJICHHSI CTPYKTYPHOTO aHallizy OyAyeTbcs MOJEINb
CHCTEMH, ONMCAaHa JiiarpaMaMH NOTOKIB JIAaHUX H IHIIUMHA
enemenTamu. Lli giarpamm paioTe (GopManbHy MOJENb
npobsiemn. IloTiM MOKHAa NPHUCTYNHTH JI0 BHU3HAYCHHS
KJaciB 1 00°€KTiB pi3HMMU criocobamu.

Onun i3 croco0iB momsArae B TOMY, IO CIIOYAaTKy
(OpPMYETBCSI CIIOBHHK JaHUX 1 TIOTIM BHKOHYETHCS aHAII3
KOHTEKCTHUX Jiarpam mozemi [5].

IX omucy MOXKHa
NOBUHHI  OyTH
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[Hmmit cnoci® mossirae B aHalizi OKpeMHUX Jiiarpam
MOTOKIB JaHUX. B AKOCTI 00’€KTIB PO3IIAAAOTHCS
30BHILIHI ~ CYTHOCTi, CXOBHIIA JaHHUX, Kepyloui
MIepETBOPEHHS, CXOBHIIA KEPYIOUNX CYTHOCTeH. B sxocti
KJIaciB — MOTOKM JlaHWX, IMOTOKM ynpasiiHHA. [lepe-
TBOPEHHS HAaHUX PO3TINAETHCA SIK OIepalis Hal icHY-
I0YNMH 00’ €KTaMu a0o K TOBEiHKA 00’ €KTY, SKHH CTBO-
PIOETHCS ISl BAKOHAHHS HEOOXiqHOTO mepeTBOpeHHs [6].

B crpykTypHOMY aHami3i BXimHI Ta BHXiAHI JaHi
BUBYAIOTBCS, TIIOKM HE JIOCATHYTH BHIIOTO pIBHA
abcrpakmii. IIporec mnepeTBOpeHHS BXiTHUX OaHUX ¥
BUXigHi € ocHoBHUM. Iliciast BH3HAYEeHHS OCHOBHOIL
CYTHOCTI B JiarpaMi IIOTOKIB JaHWX BHBYA€THCS BCS
iHppacTpyKTypa, NPOCTEXKYIOTbCS BXigHI Ta BHXITHI
MOTOKU JIAaHWX BiJ{ HEl, TPYMYyIOTHCS MPOLECH 1 CTaHH, 5K
OCHOBHI, TaK 1 MoOiyHi.

[pu cTpyKTypHOMY aHai3i AiarpaMy HOTOKIB TaHUX
HE € KiHIIEBUM Pe3yIbTaTOM, IIe IHCTPYMEHT PO3pOOHHUKIB.
CriouaTKy OYAYIOTBCS IiarpaMu, a TOTIM PO3POOIITIOTECS
MeXaHi3MH, [0 3a0e3MeYyroTh HEOOXiAHY TIOBEIIHKY
cucrteMu. 30epiraeTbcs TUIBKH TNPOAYKT CTPYKTYPHOTO
aHaJIi3y BUCOKOTO piBHA abcTpakiii. BiH € He3amexHuM Bif
MPOEKTY cucTeMH [7].

3aco0u aBTOMaTH3alil NpOrpaMyBaHHS OpiEHTOBaHI
Ha HaONKEHHS MOBM NpPOrpaMyBaHHS JI0 CIOCOOY
MUCJICHHsS Tporpamicra, B O€3AUPEKTHBHOMY METO/I
oprasizarii pO3po0OKHU mporpam. [MigBuieHHs
NPOXYKTUBHOCTI IIpalli MPOrpaMicTa TOB’SI3YEThCS 3
OUTBIIIOIO 3PO3YMLTICTIO IPOTPAMHOTO KOAY.

Ipn JIelyKTUBHOMY CHHTE31 nporpam
BUKOPHCTOBYETBhCS  (DOpMaibHUIT ~ MeToJ,  HOOynOBH
mporpam. Po3poOka mporpamu 3 3amaHoi crierudikarii
PO3TIISIAETHCS SIK 3a/lada JI0Ka3y ICHYBaHHS MOTPiOHOTO
pitIeHHs.

IHnykTUBHUN CHHTE3 IporpaMm IPYHTYETbCS Ha
3HAXOJKEHHI CIUIBHUX IS 33aH0T MHOXHMHH TPHKIIAJIIB
npoLeayp, 10 BenyTh J0 PO3B’si3aHHS 3ajadvi. [Hayk-
TUBHMH CHHTE3 IPOrpaM MOXKe 3/1iHCHIOBATHCS HA CHHTAK-
CHUYHOMY DiBHi, KOJI BUKOPUCTOBYIOTHCS 30BHIIIIHI 03HAKH
nporpam, a0 Ha CEMaHTHYHOMY piBHi, KOJHU B OCHOBI
JIKUTH CEMaHTHKa MoJeni nporpamu [8].

PosBuBaeThess Takox rpadivyHWA TAXiA OO0 BUPI-
LIEHHS NpoOJIEMH aBTOMAaTH3allii pO3POOKH MPOTPAMHHUX
3ac00iB, KU 0a3yeThCs Ha 3aTy4eHHI Bi3yaJdbHUX (OpM
MIPE/ICTaBIICHHS MPOTrpaM. 3acToCyBaHHS rpadiyHUX METO-
JIiB JTO3BOJISAE TiBUIIMTH MPOIYKTUBHICTH Tpalli mporpa-
micta. I'padiuna ¢opma 3ammucy 3ade3rnedye BHCOKHIA
piBeHb iX CTpyKTypum3alii, HOTPHAMAaHHS TEXHOJIOTidHOI
KyJIbTYpH INPOrpaMyBaHHs, MPONOHYE HAAIWHUKA CTHIb
nporpamysansst [9].

Po3pobka mporpamHoro 3abe3medeHHs IS MOTped
3aMi3HMLI  Mae crnenudiky, 30Kpema, HeoOXiJHICTh
MiATPUMYBaTH  PO3NOAITIEHI OOYMCIEHHS B  PI3HHX
KOMITOHEHTaX iH(QOpMaliiHIX CHCTEM Ha 3aJi3HHWYHOMY
tparcnopti [10], [11]. Bubip TexHosorii po3poOku mpo-
rpaMHOT0 3a0e3NeYeHHS JUIs TAKUX CUCTEM ITPOIIOHY€EThCS
BUKOHYBAaTH 3 ypaxyBaHHAM 3aco0iB, ormucaHux B [12].

MeTton BUpimeHHs1 npodaemu. [{J1s oaHHS airo-
PUTMIB 00epeMO MOJIeNIb TPOTPAMHOTO MOJIYJS 3 IWCK-
peTHUMH cTaHaMu. J[i1st Oyab-SIKOTO MPOTrpaMHOTo 00’ €KTa
MOJKHAQ BHIIJIATH KIHIIEBE YHCJIO CTaHIB, B SKHX BIH

nepeOyBae B KOXXEH MOMEHT 4acy. XiJ BHUKOHAHHS
NpOrpaMH TOJI ACOIUIOEThCA 3 MepexolaMu 00’eKra 3
OJTHOTO CTaHy B IHIIWH.

[Iporpama iHTEpHPETYETHCS AESIKOI MaTeMaTHYHOIO
¢byHKIiE0

M:in(D) - out(D);

ne in(D) — MHOKHMHA BXiJHUX JaHHUX IIPOIPAMHOTO MOIYJIS
M,

out(D) — MHOXHMHa BUXIZHUX IaHUX HPOIPaAMHOTO
Moxayns M.

I'pad craniB G Bu3HaYaeThCs SIK Opi€EHTOBaHUH Tpad,
BEPIIMHM SKOTO BiAIOBIJAIOTH CTaHy, a IyTH — epexo1aM
cucteMu 31 crtany B craH. KokHa BepmmHa rpada
MTO3HAYAETHCS BiIMOBITHOIO (QYHKIIEIO f .

Hdyru rpada iHTepmperyioThcs sk nomii. Bymemo
PO3IIISIATH MO0, SIK 3MiHY CTaHy TPOTrPaMHOT0 MOAYJIO,
siKka BIUIMBA€ HA BUKOHAHHS Iporpamu. BiamosimHa mofis
BU3HAYa€ MOJAIBIIUNA XiJ BUKOHAHHS MpPOTpaMH, sKa
no0yi0BaHa 3TiIHO 3 TIEBHUM aJITOPUTMOM.

AKTHUBI3aIlis JAesKOol MOl 3aleKHUTh BiJ CTaHy
00’€KTa, sike BU3HAYAEThCS JaHUMU D Moaymnio M.

PosrinsHeMo MHOXUHY MTpeIUKATHBHAX QYHKIINA P =
{P,, P,, ..., B,}. e dyHKwii, AKi B 3a1€)KHOCTI Bijl 3HaY€Hb
nmaaux D mopisHiotoTs 0 abo 1. Tyram rpada G moctaBuMo
y BiamoBinHicTh QyHKmil P. [Toxis, sika BUKOHYeE mepexin
Ha rpadi, BigOyBa€eThCs, KO MOJEb 00 €KTa HA JaHOMY
KpoIi poOOTH alropuTMy 3HAXOOUTBCS B CTaHi S; Ta
Bi/INOBiIHa IpeauKaThBHa Qpynkuis P;;(D) nopisnroe 1.

B skocti  anropurmiuHOi  Mojeni  METOAY
BUKOpUCTaemMo MHOxwmHY < D,F,P,G> , me D -
CTPYKTYpH HaHUX, F — MHOXHHA (QYHKIIH NIpemMeTHOT
obmacri, P MHOXXHHA TPEIUKATUBHUX (YHKIIHA, IO
00pOOIIAIOTh CTPYKTYPH AHUX IpeaMeTHOl obmacti, G —
rpag craHiB 00’ €KTy.

I'pad 3amiHIOE TekcTOBY (hOpMy OIKCY aIrOpUTMy
MPOTpaMH, MPHU [[bOMY Peali3yeThCs II0IaHHS aITOPUTMY B
BisyanbHid Qopmi Ta BiIOYBaE€ThCS  JEKOMITO3MIIIs
OCHOBHHMX KOMIIOHEHT OIUCY aJTOPUTMY IPOTPaMHU.
Crneuundikaiis CTPYKTyp MAaHMX, a TaKOX YCTaHOBKa
MDKMOIYNBHOTO iHTepdelcy 3a DaHUMH BiAIUICHA Bif
OIUCY CTPYKTYPH JITOPUTMY 1 €JIEMEHTIB YIIPABITiHHSL.

3ampornoHoBaHa aJrOPUTMIYHA MOJAENb BH3HAYAE
JIesIKy (QYHKITIFO 1 MOXKE CITY)KHTH BUXiTHHUMHU JAHUMU JJIS
noOy/Z0BH  aNTOPUTMIYHMX MOJIENIEH 1HIIMX MpOrpam.
TakuM 4MHOM, Ll MeTOoJ JOoINycKae MoOyIoBYy iepap-
XI9HUX aNTOPUTMIYHUX Mojenel. CTpyKTypa alropuTMid-
HOT MOJIeJTi 3aJIe)KUTh BiJ cIOCO0y MEKOMIO3UIIT 00’ eKTa
MporpaMyBaHHS Ha MHOXHHHU CTaHIB 1 TOMiH, sKi
BH3HAYAIOTHCS MPEINKATUBHIMH (QYHKIISIMU.

B naniit TexHOIOTi] BUKOPUCTOBYIOTH 0a30Bi MOy
i Tumm ganmx. ba3oBi MOAydi € JIOKaTbHUMH
oOuncmoBaHMMH  (QYHKLISIMH, Ha  OCHOBI  SIKHX
MOPOJUKYIOThCS BCi iHIII 00’€KTH TexHoJoTil. Tunm nanux
ONUCYIOTh CHUHTAKCMYHMH 1 CEMAaHTHYHUI acIeKTH
noOy/Z0BH JaHMX, IO BHKOPUCTOBYIOTHCS B 0a30BHX
(bYHKIIISIX, @ TAKOXK 1 B 00’ €KTaX.

Moayns € 3aMKHYTOIO IIPOrPaMHOI0 OJUHUIICIO 3
Ha0OpOM BXOJIB 1 MOKXYMUKIB BUXOMIB, SIKYy MOXXHA
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BUKJIMKATH 3 OyAb-SKOTO IHIIOTO MOXYJS IpOrpaMu i
OKpPEMO KOMIIUTIOBAaTH. B  MoOmymi BUAUISIOTE #HOro
30BHIIHICTH (iHTEpdElc) — YacTUHY, 32 JOIOMOTOK SKOT
MOJYJb TIOB'A3YEThCS 13 30BHILIHIM CEPEJOBHIIEM —
IHIIUMH MOAYJISIMH, OTIEPALIIITHOI0 CHCTEMOIO.

Tun  ¢yHKOii  BU3HAYAETBCA  SIK  MHOXKHHA
BimoOpakeHb 3 00nacTi BU3HA4YeHHsA (YHKIII B 001acTh
pesynbprary. ObnacTio BH3HaueHHA (QYHKIII € JeKapToBe
MHOXXCHHS 3HAa4eHb KUIBKOX THMIB  (hOpMaTBHUX
mapamMeTpiB, 00JacTIO pe3ynbTaTiB — MHOXKHHA 3HAYEHB
JESKOTO OJHOTO THITY JaHHX.

OyHKIII0 PO3IISLIAIOTH SIK OMKUC a0CTPAKTHOTO THILY:
T, Ty ...T, » T, , ne T}, Ty, ..., T, — Tnn QopmanbHUX
napameTpiB QyHkuii, T, — THI pe3ynbTary QYyHKII.

Buxinui maHi Ta pe3ynbTaTH OOYHUCICHb 0a30BHX
MOJIyJIiB PO3MIIIYIOTHCS B CHUCKY THIIB JaHUX (QYHKIII,
TOMy TuUn 0a30BOro  MOXYJIS  BHM3HAYA€TBCS  SIK
BiMOOpaXKeHHSI TUMIB JaHWX 3 OOJNIACTI BW3HAYCHHS Ha
00acTh IX 3HAYCHB.

B TtexHomorii 00’€KTHO-OPI€EHTOBAHOTO IIPOTPaMy-
BaHHA B SKOCTI IIPOTPAaMHHX OJWHHUIB PO3IIIAAAIOTHCS
00’exT. BOHM MarOTh KOHKPETHHH 3MICT CEHC 1 JIIOTh B
paMKkax mpeaMeTHol obnacti mporpamyBaHHs. B mpen-
MEeTHill 00nacTi Bke BU3HAYCHUI TEPMIHOJIOTIYHUHN CIIOB-
HUK naHux. J[7as KokHOT mpeaMeTHOi 00sacTi OymyeThes
iHpopMalliliHe cepeloBHILE, 10 A03BOJSIE YHI(QIKyBaTH
MPOEKTYBaHHS MNPOTPAaMHUX MOJYJIB PI3HUMHU PO3pO0-
HUKaMH.

[Ipob6mema nepenaui iHpopmarlii Bix onHieI IporpaMu
O 1HIIOI TpeNcTaBisie co00I0 OmHY 3 TpolieM, sKa
CITY’)KATh JDKEPENIOM HaHOUTBIIOT KiTBKOCTI ITOMHJIOK B
porpaMHOMY 3a0e3nedeHHi. BupimenHs miei npobireMu
JIOCSATAETHCS 32 YMOBH BBEICHHS 0OMEXKEHb Ha CIIOCOOH i
METOIM MNOOYAOBH MDKMOJIYJIBHOTO iH(pOpMAaIiitHOrO
iHTepdeiicy, a TakoK 3a paxyHOK pPO3pPOOKH 3aco0iB
aBTOMATH3aIlii MOOYJ0BU TaKKX iHTEP]EHCIB.

Iudopmartiss mpo MOALT MAHMX 32 O3HAKOK iX
BHUKOPUCTAHHS B 00’€KTax HEOOXimHa mpu MOOYHOBI Ha
OCHOBI 00’€KTa BHUKOHYBAaHOTO €Xe-MOIYJs, Al BHKO-
HaHHS Ollepallil iHKancyysmii 00’€KTiB Ta MPH TeCTyBaHHI
00’€eKTiB.

Omnepariis arperaiii 3 CyKyImTHOCTI HassBHUX 00’€KTiB
MOPOJKye HOBHUIT 00’ekT-arperaT. [IpoOmema aBTOMATH-
3amii MOpOoKEHHS 0a30BUX MOJYJIB MpEACTABISIE IpaK-
THYHAN  iHTepec. Ik BupimeHHS 1€l  TpobieMu
MIPONIOHYETHCSI BUKOPUCTOBYBATH OTIEPALiI0 1HKATICYIALI]
00’€eKTiB-arperaris.

B o0’ekrti-arperaTti BiZHECEHHS TOTO YW IHIIOTO
JAHOTO JI0 IEBHOTO KJIacy 3aJIeKUTh BiJ MapIIpyTy poboTn
aNropuTMy Ha KepyrodoMy TpadoBi o0’ekrta. 3amaqa
knacudikamii maHUX U1 00'€KTiB-arperariB IMoB's3aHa 3
BUDIMIEHHSAM TPOOJEMH BHIUICHHS BCiX HE3aJEeXKHUX
MapuIpyTiB, sKi MOXyTb OyTH peamizoBaHi B rpadi
arperary.

3agaya 1MoOyZOBM BCIX HE3AIEKHUX MapIIpyTiB 3
KOpeHeBoi BEpIIMHU B KiHIEBI BepIIMHU Tpada ekBiBa-
JICHTHA 3ajadi JeKOMIIO3HWIlii BuXigHOro rpada Ha
CYKYIHICTh YacTWH rpada, Takux, mo G =U R;, ne R; —
OpIEHTOBaHI MapIIPyTH 3 KOPEHEBOT BEPLIMHU B KiHIIEBI.

Koxen 3 wmapmpytiB € JmiHiiiHUM rpadom (B
3araJJbHOMY BHIIQJIKy BOHH MOXXYTh MICTUTH 1 IUKIH), a

PO3BUTOK  OOYMCIIOBAILHOTO  mpouecy Ha  rpadi
BiZI0YBAETHCS 110 OJJHOMY 3 BUAIJICHUX HANPSMIB.
Knacudikamiiini 03HaKd JaHUX  BU3HAYAIOTHCS

po3TanryBaHHSIM 00’€KTIB Ha MapmIpyTi 009YnciIeHb. SIKII0
KiJTbKa MOIYJIIB Ha MApPIIPYTi MArOTh CIIUJIBHUNA ITapaMeTp,
TO Horo kiacu¢ikamiiiHa o3HaKa OyJe BU3HAYATHCS TUIIOM
Joro mepumoro BXO/pkeHHA. Hampuknaza, nist mMappyrty
Ri:M; » M, - M3 > M, o6’ektr O; 3ycTpidaeTpcs B
JIBOX Monyisix: M, ta M;, B Momymi M, nell o0’exT
OOYHCITIOETHCS 1 HE BIMarae rmornepeIHboi iHimiaisaii, a B
Moy Ms; OO’€KT IHIIIFOETHCS 1 TIOBUHCH MNPHIHSATH
3HAUEHHS 3a37ajerinp. Y 3B’S3Ky 3 THM, 10 MOAYJb M, B
IBOMY MapIIpyTi 3ycTpidaeTscs padime, 1o 0; He
moTpiOHO 3a3mayerigp iHimifoBaTH. TakuM YHHOM, Ha
pOMy MapuipyTi 00’ekt O; HEOOXiHHO BITHECTH IO
oOuncroBaHUX. SIKMIO 00’€KT 3yCTpidaeThcs BIIEpIIe i
0J1pa3y IHIIIIETHCS, TO HOTO CIIiT BIIHECTH IO 30BHIMIHIX
JIaHUX.

BukopucTaeMo aJrOpUTMH TMOILIYKIB MapIIpyTiB Ha
opieHTOBaHUX rpadax 1 3ampornoHyeEMO MeToj Kiacudi-
Kallii TUIIB JaHWX, 3aCHOBAaHUI Ha peaji3allii YaCTKOBOTO
nepeGopy MapuipyTiB rpady 3B’s3kiB. [1ix uac BU3HaUeHHS
MapIIpyTiB 3 KOPEHEBOI BEPLIMHH B KiHIIEBI BHKOPHCTAEMO
BJIACTHUBOCTI anreOpw Tpu3HA4HOI Joriku. Mapmpytu
opienToBaHOroO rpada OynemMo ONMCYBaTH CIMCKaMHU Bep-
muH. 3 TOYKH 30py KiacuQikalii JaHuX arperatry cxemu
MapIIpyTiB BH3HAUYNMO AW3 IOHKTH aireOpH TPH3HAYHOL
JIOTIKH.

[IporoHyeTbcs TakHii alNropuT™M BHPILICHHS 3a/adi
4aCTKOBOTO TIepeOopy MapiipyTiB rpady.

Kpok 1. Bepummnu rpada KOIYIOTCS CHUMBOJIAMU
BIOPSIKOBaHOT MHOXKHHH OY/Ib-SIKMM CIIOCOOOM, alie Tak,
mo0 KOpeHeBa BepIIMHA Maja HallMeHIe 3HA4YeHHd, a
KIHIIEB]I — HAHOLIBIIE.

Kpox 2. Jlns mnorouHoro crany Mapumpyty R;
HIYKAa€ThCS IIIAX MEPEX0.y 3 OCTaHHBOI BEPIINHH B Oy Ib-
SKY BUJIbHY BEpIINHY.

Kpoxk 3. SIkmro nepexin MOXKIUBUHN, TO O MapIIPYTy
JIOZIAETBCSL OJJMH CUMBOJI. SIKIIO mepexisi HEMOXIIMBHH, TO
PO3IIISIAETBCSI  HACTYIHA BEpUIMHA CIUCKY BUIBHHX
BEpUIMH 1 TaK JI0 THX Iip, MOKA HE CKIHYMTHCS CITMCOK
BEpIIKH.

Kpoxk 4. SIkmo mepexia 3 MOTOYHOT BEPIINHU B Oyab-
SKy 3 BUIBHUX BEpIIMH HEMOXJIMBHH, TO BigOyBaeTbcs
MIOBEPHEHHS 33 CXEMOIO MapUIPyTy Ha OAWH CUMBOJI Ha3a/l.

Kpoxk 5. IIpn nocsirHeHHI KiHIIEBOi BEpIIMHU ajro-
PHUTM ITOBEPTAETHCS HA OJIMH CUMBOJI HA3al.

Kpok 6. Anroputm 3aBepiye CBOIO poOOTY, SKIIO
CIHCOK BIUIBHUX BEpUIMH KOPEHEBOi BEPUIMHU BHYEp-
HaHUH.

EdexTHBHICTS aNTOpUTMy 3aJI€KUTHh BiJ 3B S3HOCTI
rpada. [{ng moBHO3B s13aHOTO Tpada peani3yeTbes MOBHUN
Meperisi yeix cXeM MapmpyTiB. B iHmuX Bunaakax 4ucio
MePEeBIPOK peaizoBaHOCTI MapIIPYTiB Ha Tpadi JOpiBHIOE
CyMi HOTY>KHOCTEH MHOXHH JOCSHKHOCTI 1 HEJOCSKHOCTI.

3aJeXKHICTh  PO3KUAY  YCEPEAHEHOI  CKIIAaJHOCTI
3aMpPOTIOHOBAHOTO AITOPUTMY B 3aJI€KHOCTI BiJl CTYHCHS
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rpada oTpuMaHa EKCIIEpUMEHTAIbLHO, B pe3yNbTaTi MoJie-
JMOBaHHS rpadiB pi3HOI CTPYKTYypH. 3 POCTOM KiTBKOCTI
BepuIMH Tpady CKIQIHICTh alrOpUTMY 301TbLIYETHCS
TaKOX IS JTiHIHHUX TpadiB, i palioHAIBHUM HOPSIKOM
rpaga MO>XKHA BBaXKaTH 7—8.

3acTocyBaHHA JOCHIIPKYBAaHOTO  alTOPUTMY Ta
Mozmeneii Moxe OyTH e(QeKTHBHHM TIpH  CHHTE31
CIIeTiaji30BaHOTO TIPOTPAMHOTO 3a0e3neueHHs

TpaHCHOPTHOTO NpH3HadeHHA. Cepel Kiacy 3a3Ha4eHOTo
I3 € Taki KOMIIOHEHTH, $IKi BHUKOPHUCTOBYIOTHCS Y
HiICHCTEMaX TPAHCIIOPTY [UIS YNPABIIHHA CKJIAJHUMH
TEXHOJIOTIYHUMHU TIPOLECaMH KPUTUYHUMH 110 O€3MeKH iX
¢yHkiionyBanns. OHAK, U1 3a3HAYEHOTO 3aCTOCYBaHHS
MOJIETI CNiJ] JOCHIAUTH 0COONUBOCTI (DYHKIIOHYBAHHS Ta
eKCIUTyaTalil BiJOBIIHOrO OONaAHAHHSA Ta BH3HAYUTH

HMOBIpHICTB BIUIMBY TTOMUJIOK IIPOTPaMHOTO
3a0e3neueHHss Ha po0OOTYy TaKoro CIemiali3oBaHOTO
oOJraTHAHHA.

MaitOyTHIM YZOCKOHAJICHHSM MOJECNTI € BKIFOUCHHS
1o 11 CKJIagy KOMIIOHEHTIB, sIKi O ONTHMI3yBalld HE TUTBKA
BIAITOBITHI MHOKHMHHU JOCSHKHOCTI 1 HEIOCSIKHOCTI, ajle ¥
OUThII BHCOKI BIACTHBOCTI alTOPUTMY CHELiaTbHOTO
npusHadyeHHs. lle mgamo 6 3Mmory OuIhIn edeKTHBHIIIES
peati3oByBaTH TECTyBaHHs aJrOPUTMIB Ta Mporpam
CHeLiali30oBaHMX  KOMIT'IOTEPHHX  CHUCTEM, 30Kpema
TPaHCIIOPTHOTO TIPU3HAYEHHA. AJle Take YJAOCKOHAJCHHs
NnoTpedye CyTTEBUX BHUTpAT 4acy W Oyae NMPOBOAUTHCH B
MOJAJIBLIOMY.

BucnoBkn. B poOoTi mpoBemeHO HOCHIIKEHHS
TEXHOJIOTI aBTOMAaTH30BaHOTO CHHTE3y IIporpamM, OyB
MIPOBEJICHUH aHaNi3 XapaKTEepUCTHK SKOCTI MPOTrpaMHOTO
3a0e3neueHHs iHPOPMAIIHHIX CHCTEM.

Ha mincraBi mpoBeAeHOTO AOCIHIIKEHHS pO3pOOIICHO
NTOPUTM pIlICHHS 3a/lavi ONTUMI3aIil rpady mporpamu,
BJIOCKOHAJICHO METOJ Kiacu(iKaIlii TUIIB JaHUX, 3aCHO-
BaHMH Ha peanizalii YacTKOBOTrO Iepedopy MaplIpyTiB
rpady. Otpumani pe3ynabTaTH poOOTH BUIPOOYBaHi Ha
peajbHOMY TpUKIaAl — TMpH MOJETIOBaHHS rpadis
porpam pi3Hoi CTPYKTYpH.

Po3pobneHnii y3aransHEHHI aITOPUTM B PE3yIbTAaTi
HEBEIMKHX 3MiH MOXe OyTH BHKOPHCTaHWI Ui YacT-
KOBOTO Tepedopy MapImIpyTiB rpadis mporpam ImpH MpoeK-
TyBaHHI pi3HHX BuAiB I3, i po3poOmoBaHe MporpamHe
3a0e3neueHHss MOKe OyTH BJIIOCKOHAJIEHO 33 paxyHOK
30UIbIICHHS HOTO0 (DYHKLIOHANBHOCTI Ta CKOPOYEHHS
BHUTpAT Ha PO3POOKY.

JlocmipkeHHsT BiIKpUBa€ TEPCIEKTHBH IMOAAIBIINX
pO3pO0OK Ta YJOCKOHAJEHb CIEIialli30BaHOTO IMPOrpaM-
HOro 3a0e3Me4YeHHs] KOMIT IOTEPHUX CHUCTEM TPaHCIIOPT-
HOTO MPHU3HAYEHHS] KPUTHYHUX 10 OE3MeKu.
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C. B. IETPACOBA, H. ®. XAHPOBA, A. C. KOJJECHHK

TEXHOJIOTI'ISI BUSHAYEHHSI IHOOPMAIIMHOI'O MOPSIJIKY JTEHHOI'O B IOTOKAX
HOBUHHMUX JAHUX

3 KOXKHUM JIHEM O0CST IIOTOKIB HOBUHHHX JaHHX 3POCTAE, 110 301IBIIYE IHTEPEC A0 CHCTEM, SIKi J03BOJISIOTh aBTOMATU3YBAaTH 00POOKY BEIMKHX [IOTOKIB
naHux. BusHaueHHs CMHCIIOBOI MOIOHOCTI TEKCTOBOI iH(opMAalii Ha OCHOBI BUKOPHCTAHHS IHTEIEKTYalbHHX 3aC00IB 0OpOOKH TaHHMX JTO3BOJHTDH
BUJIUIATH CHiNBHI iH(OpMamiiHi IpocTOpU HOBHH. Y CTaTTi IpoaHaIi30BaHi CydacHi CTAaTUCTHYHI METPHKH JUIS BU3HAUCHHS 3B’SI3HHUX ()PaTMEHTIB,
30KpeMa, HOBUHHHX TEKCTiB, IO BiJoOpaatoTh MOPS/IOK JeHHMI (agenda), BKasaHi OCHOBHI mepeBary Ta Heaouiku. [IponoHyeTbes iHpopMmariiina
TEXHOJIOTIsI BUSBJICHHS CIIUIBHOTO iH)OPMALIHHOTO MPOCTOPY aKTyalbHUX HOBHH B OTOL JaHUX 32 IEBHHUI 1epiof yacy. TeXHOJIOTisI BKIIOYAE JIOTIKO-
JIHTBICTUYHY 1 TUCTPHOYTHBHO-CTaTUCTHYHY MOJENb ileHTHdiKarii konokaniid. Moaens nucTpuOyTHBHOI ceManTHKH MI 3acTocoByeThesl Ha eTami
BUJIYYCHHsI HOTEHLIHHKUX KojoKalii. [Ipy 1poMy perysspHi Bupasu, po3po0iieHi BiAMOBIIHO 10 TpaMaTHKH aHTTIHCHKOI MOBH, H03BOJISIOTh BUSIBIIATH
rpaMaTHYHO MpaBUIIbHI KOHCTPYKIi. [TepeBaroro po3pobiieHoi JOriko-TiHIBICTHYHOI MOfieNi (hopMaizamii CeMaHTHKO-TPAMATHYHHX XapaKTEPUCTHK
KOJIOKAI[if Ha OCHOBI BUKODHCTAHHS anreOpo-IpeJUKaTHUX OIepalii i IpeauKaTa CEeMaHTHYHOI EKBIBAICHTHOCTI, € BpaxXyBaHHA aHANI3y SK
rpaMaTUYHOI CTPYKTYPU MOBH, TaK i cMuciy ciiiB (kosokaris). Tezaypyc WordNet 3acrocoByeThbest Ha erarti BASHAYEHHs BiJHOILIEHHS CHHOHIMIT Mix
TOJIOBHUMH 1 3aJI©)KHUMH KOMIIOHEHTaMu Kosokauiid. Ha ocHOBI mocmimkyBaHoro kopiycy HOBUHHHX TeKcTiB ciay:x6 CNN i BBC mpoBenena ominka
edexTHBHOCTI PO3pO0IICHOT TeXHOIIOTI]. AHAJI3 [T0Ka3aB, 0 KoedilieHT TOYHOCTI Precision gopisuioe 0,96. 3acTocyBaHHS 3alPONOHOBAHOT TEXHOJIOTIT
JIO3BOJIUTH MOJMIMIINATH SKICTH 0OPOOKH MOTOKIB HOBUHHHX ITOBiJOMIICHb. BHpIIIeHHs 3aBIaHHs aBTOMATHYHOTO BU3HAYEHHS CMHCIIOBOI OJIM3bKOCTI
MOJKE 3aCTOCOBYBATHCSI IPH BHSBJICHHI TEKCTIB OZIHI€] TEMATHKH, aKTyallbHOI iH(MOpMalii, 1o0yBaHHi (HaKTiB i YCyHEHHs CMHCIOBOI HEOAHO3HAYHOCTI
Ta iH.

Kii04oBi c10Ba: MOTIK JaHHX, MOPSAOK ACHHHM, JOTIKO-IIHIBICTUYHA MOJENb, AUCTPHOYTHBHO-CTATHCTUYHA MOJIENb, KOJOKALlis, CMUCIOBA
6am3bkicth, WordNet, kopryc HOBUHHHMX TEKCTiB, precision.

C. B. IETPACOBA, H. ®. XAHPOBA, A. C. KOJIECHHK

TEXHOJIOT' s ONMPEAEJEHUS NH®OPMAIIMOHHOM MOBECTKM JIHS B IOTOKAX
HOBOCTHBIX JAHHBIX

B Hacrosiiiee BpeMs 00beM HOTOKOB HOBOCTHBIX JAHHBIX BO3PACTAET, YTO YBEINYMBACT MHTEPEC K CUCTEMaM, KOTOPBIC II03BOJISIOT aBTOMAaTU3HPOBATh
00paboTKy OOJIBIIHX MOTOKOB JaHHEIX. OnpenereHne cMBICIOBON OIM30CTH TEKCTOBOH MH(OpMaLMK Ha OCHOBE HCIOJb30BAHUS HHTEIUICKTYalbHBIX
cpeicTB 00pabOTKH JAHHBIX MMO3BOJIMT BBIACIATH OOIIME MH(POPMALMOHHBIE IPOCTPAHCTBA HOBOCTEH. B cTaThe MpoaHalM3MPOBAHbI COBPEMEHHBIE
CTaTHCTUYECKHE METPHKH ISl ONPE/IC/ICHHS! CBSI3HBIX (PParMeHTOB, B YaCTHOCTH, HOBOCTHBIX TEKCTOB, OTOOPaXKAIOLIHX IOBECTKY JHs (agenda), ykasaHsl
OCHOBHBIC IIPEHMYIIECTBA W HeNOCTaTKHU. lIpemmaraercs MH(pOPMAIMOHHAsS TEXHOJOTHS BBLABIECHHS OOIIEro HMH(OPMAIOHHOIO INPOCTPAHCTBA
aKTyaJbHBIX HOBOCTEH B MOTOKE JIAHHBIX 33 ONMPEICICHHBIA NepHO BpeMeHH. TeXHOIOTHS BKIIFOYAET JIOTHKO-TNHTBUCTUYECKYIO U JUCTPHOYTHBHO-
CTaTHCTUYECKYIO MOACIHN HACHTH(UKAIIMH KOJTOKauii. Mozaens auctpuOyTuBHO#M ceManTHKH M| prMeHsieTcst Ha 3Tare H3BICYCHHUS HOTCHIHAIBHBIX
KoJutokanuid. IIpn 5TOM peryisipHble BBIpaXKE€HHs, pa3paOOTaHHBIE B COOTBETCTBHH C IPaMMAaTHKOH aHIVIMHCKOrO SI3bIKA, ITO3BOJLIIOT BBIIBIITH
IPaMMATHYECKH TPAaBIIbHBIC KOHCTPYKIMH. IIperMyInecTBOM pa3pabOTaHHOH JIOTMKO-THHIBHCTHYECKOH MoAenH (opMalu3aliud CEeMaHTHKO-
IPaMMaTHYECKUX XapaKTEPUCTUK KOJUIOKAIMII Ha OCHOBE HCIIOJB30BAaHUM anreOpo-TPeAUKATHBIX ONEepaluii M IMpeJuKaTa CEeMaHTHYECKOMH
9KBHBAJICHTHOCTH, SBIISICTCS BOSMOXKHOCTH AHAIIM3UPOBATh KaK IPaMMATHYECKYIO0 CTPYKTYpY s3bIKa, TaK M CMEBICH cIOB (koiutokatoB). Tesaypyc
WordNet npumMeHsieTcst Ha dTarne ONpeIeNeHds OTHOIICHHST CHHOHUMUM MKy TJIaBHBIMU M 3aBHCHMBIMH KOMITOHEHTaMH KoJutokanuii. Ha ocHoBe
HCcCIeIyeMoro kopiyca HoBocTHBIX TekcToB ciy:k0 CNN u BBC mposenena onenka 3ddexTBHOCTH pa3pabOTaHHOI TeXHOJIOTHH. AHAITH3 ITOKA3al,
4yto Kodduuument TouHoctn precision pasen 0,96. [IpuMeHeHne mpeuaraeMoil TEXHOJOTHH MO3BOJUT YIYULINTh Ka4eCTBO OOPaOOTKH MOTOKOB
HOBOCTHBIX COO0IICHHIL. PeltieHre 3aja4i aBTOMaTHYECKOTO OIPE/CTICHHUS CMBICIIOBOI OIM30CTH MOXKET IPUMEHATHCS [IPH BBISIBJICHHN TEKCTOB OJTHOM
TEMATHKH, aKTyaJIbHON HH(OPMAIMH, U3BJICUCHNH (PAKTOB M YCTPAHEHUH CMBICIOBOH HEOAHO3HAYHOCTHU U JP.

KiioueBble c10Ba: OTOK TAaHHBIX, IIOBECTKA JHS, JIOTHKO-JIMHTBICTHYECKAs] MOJENb, TUCTPHOYTHBHO-CTATHCTHYECKAs MOJEIIb, KOJUTOKAIIHS,
cmpIcioBast 6mu3octh, WordNet, KOpITyc HOBOCTHBIX TEKCTOB, precision.

S. V. PETRASOVA, N. F. KHAIROVA, A. S. KOLESNYK
TECHNOLOGY FOR IDENTIFICATION OF INFORMATION AGENDA IN NEWS DATA STREAMS

Currently, the volume of news data streams is growing that contributes to increasing interest in systems that allow automating the big data streams
processing. Based on intelligent data processing tools, the semantic similarity identification of text information will make it possible to select common
information spaces of news. The article analyzes up-to-date statistical metrics for identifying coherent fragments, in particular, from news texts displaying
the agenda, identifies the main advantages and disadvantages as well. The information technology is proposed for identifying the common information
space of relevant news in the data stream for a certain period of time. The technology includes the logical-linguistic and distributive-statistical models
for identifying collocations. The Ml distributional semantic model is applied at the stage of potential collocation extraction. At the same time, regular
expressions developed in accordance with the grammar of the English language make it possible to identify grammatically correct constructions. The
advantage of the developed logical-linguistic model formalizing the semantic-grammatical characteristics of collocations, based on the use of algebraic-
predicate operations and a semantic equivalence predicate, is that both the grammatical structure of the language and the meaning of words (collocates)
are analyzed. The WordNet thesaurus is used to determine the synonymy relationship between the main and dependent collocation components. Based
on the investigated corpus of news texts from the CNN and BBC services, the effectiveness of the developed technology is assessed. The analysis shows
that the precision coefficient is 0.96. The use of the proposed technology could improve the quality of news streams processing. The solution to the
problem of automatic identification of semantic similarity can be used to identify texts of the same domain, relevant information, extract facts and
eliminate semantic ambiguity, etc.

Keywords: data stream, agenda, logical-linguistic model, distribution-statistical model, collocation, semantic similarity, WordNet, news text
corpus, precision.

Beryn. J[locnmimkenHst iHQopMmamiiHOro mopsiAKy — HONYNSPHUM — 3aBAAHHAM, B TOMY YHWCIi, 4epe3
nenHoro (information agenda) € akTyajbHMM 1 JOCHTH  HOIIMPEHICTh Ta WIMPOKUH AOCTynm 100 KOoHTeHTy 3MI
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CyyacHe cycminbeTBO — BUKopucrtoBye 3MI, o6
(dopMyBaTH 1 OIMCYBATH MOTOYHI NPOOJIEMH Ta MO, 10
BiOyBalOTECS B yChOMY CBiTi. Y 3B’SI3Ky 3 LIUM aBTO-
MarnyHa OOpoOka Ta aHamni3 koHTeHTY 3MI (30kpema,
MOTOKIB HOBMHHHX IIOBIJIOMJICHb) € OJIHIEI0 3 MOXIIH-
BOCTEH /711 BUBUCHHS B3a€MOJii TPOMaCHKOTO, TOJITHI-
HOTO Ta MENIHHOTO TIOPSAIKIB JEHHUX, TO3BOJIIOUN
BHSIBUTH, SIKi TEMH NOMYyJSApHI B cycminbeTBi Ta 3MI.
TakuM YHHOM, T TOPSOKOM JCHHNM MaeMO Ha yBasi
«CYKYITHICTh aKTyaJIbHUX MPOOJIEM i CIOKETIB, [0 MAIOTh
PSAA cCaMOCTIHHUX XapakTepucTuk» [ 1, 2].

IcHyro4i choroHi miaxoau 10 Knacuikaiii HOBUH i
pO3pO0NeHi oJaTKu TIPYNyIOTh HOBHHH 33 JOCHUTH
BEIMKUMH TEMaTUYHMMHU Trpynamu. Haivactime 1e
MOB’SI3aHO0 13 3aCTOCYBAaHHSM METO/IB  MaIIMHHOTO
HaBYaHHS, 5K A00pe MpalioloTh Ha BEJIHMKUX o0csrax
TEKCTIB 3 MPOCTOPOM O3HaK Kiacudikauii, mo nodpe
moninseTbest. OOHAK, MyXKEe YacTo HEOOXiTHO BUILIHTH
BiTHOCHO BY3bKY CYKYIHICTh HOBHH, SKi MAarOTh DAL
CaMOCTIHHHX Ta MOB’SI3aHUX XapaKTEPHCTHK.

Mu mpomoHyeMo  iH(GOpPMAIiiHY  TEXHOJIOTIIO
BU3HAYECHHS CMHUCIIOBOI MOJIOHOCTI HOBUHHOTO KOHTECHTY
Mmeniiiaux mwiardpopm BBC 1 CNN 1uisi BUSBIEHHS aKTy-
QJIBHOTO TIOPSAKY JCHHOTO 32 NeBHUH nepiof yacy. TexHo-
JIOTisl BKJIFOYA€ B ceOe po3poOsieHy MOJENIb CEMaHTUIHOT
noAi6HOCTI A7st ineHTHdIKAil CHHOHIMIYHUX KOJIOKAIH y
HOBHHHOMY TMOTOIll JaHWX, PEryJISApHI BUpasH 3 Tpama-
TUYHUMH TpaBWJIaMH Ta MOJENb AUCTPUOYTHBHOI ce-
MaHTHKH MI 119 BUSBIEHHS KOJOKAIM AK HaHOUIBII
3MiCTOBHHX (DParMeHTiB HOBHHHUX TEKCTIB.

AHasi3 ocTaHHiX gochailkeHb 1 myOJikamii.
Komnoxkariis, sk HeBUIIaJIKOBE CHHTAKCHYHE Ta CEMaHTHIHE
CHOJIy4eHHS JIBOX a0 OuIbIIe JIeKceM, IO CKIIAJAEThCS 3
TOJIOBHOT'O Ta 3aJIE)KHOTO KOMIIOHEHTIB, MIiCTUTHh Yy €00l
OLIbLI KOHKPETHY CEMaHTH4YHY iH(pOpMallilo, HiXK OKpeMi
cnoBa. Tomy aBTOMarMuHe BH3HAUEHHs OJM3BKHX 3a
CMHCJIOM KOJIOKal[if B HOBHHHOMY TOTOLI JaHUX
JI03BOJIUTh BUSIBJISITH CIUIBHUNA HOBUHHUH KOHTEHT, IO
BiZIoOpaxkae akTyalbHUI HOPSJOK JICHHUIL.

J1nist BU3HAUEHHST CHJIM CMMCIIOBOTO 3B 513Ky MIXK 4Jie-
HaMH{ 3a1aHOI JIGKCHUYHOI MifcucTeMu, TOOTO KOJIOKaIil,
MIPOTIOHYETHCS 3aCTOCYBATH JTUCTPUOYTUBHO-CTaTHCTHIHY
METOJUKY, CyTh SIKOi IIOJISITA€ B CTAaTHCTHYHOMY aHali3i
CHUIbHOI 3YCTPIYaJbHOCTI JIEKCEM Yy BEIHKHX MOTOKaX
JaHuX. AITOpUTMH aHawi3y [3, 4] BAKOPUCTOBYIOTB 3aCO0H

MaTeMaTHYHO{ CTAaTHCTUKHM 1 anredpH, JiHTBICTHYHA
iH(pOpMais IpUCYTHS TIBKH B MOP(OIIOTIUHINA po3MiTIHi
KOJIOKAITiH.

CratuctidHi  METpUKH abo  Mipm  acomiarmii

IPYHTYIOTBCS Ha YaCTOTaX KOJIOKAIIiH i OKpeMHX KOJIOKaTiB
(cmiB), 10 BXOASTH MO HUX, JUIsi OOYMCIIEHHS CTIHKOCTI,
NIPUTaMaHHOI JICKCHYHUM OJUHHULSAM. Bcboro icHye
6inpare 80 Mip, 110 TO3BOJIAIOTH OLIHUTH CHITY 3B’SI3HOCTI
[5-7]. Yacriwre 3a iHIIMX BUKOPUCTOBYIOTHCS TaKi MipH, SIK
MI, PMI, t-score, log-likelihood, koedimient iimoBipHOCTI,
KpuTepii y3rojpkeHocTi [lipcona Ta iHmi.

OnHak, CTaTUCTUYHI METOAM BUTATAIOTH JIOJATKOBI
IIyMHI JaHi Ta ITHOPYIOTh CHHTAKCHYHI 3B SI3KH MIiX
CIIOBaMH Ha JOBTUX BiACTaHAX. BoxHodac BH3HAYEHHSA
KOJIOKAIllii BMMAarac Ha JOJATOK O MOJIEIEN CTaTHc-
THYHOTO aHalli3y BHUKOPUCTaHHSI MOP(QONOTIUHNX Ta

CHHTaKCHYHUX 3ac00iB. Y IIbOMY BHIAJKy ifeHTH(IKawis
CEeMaHTUYHO ONM3BKMX KOJIOKALll MO3BOJISIE HE TIIBKU
BpPaxOBYBaTH IMOBIPHICTh CIIJIbHOI INOSIBM KOMIIOHEHTIB
KOJIOKalii, a i ¢opmanizyBaTH rpamMaTH4Hi 3aJeKHOCTI
MK TOJIOBHUM Ta 3aJIC)KHUM KOMITOHEHTaMH [8].

Otmxe, aHami3 CTAaTUCTHYHUX METOMIB 1 MOJIENIEH
TUCTPUOYTUBHOI CEMaHTHKH TIPH BHpIIICHHI 3aBIAHHSA
BUSIBJICHHS CMHCJIOBHX 3B SI3KiB MIX CIIOBAMH TT0Ka3aB, 10
HaOUTPII TPOAYKTHBHOIO € KOMOIHAIS CTaTHCTUYHOI
Mipu (30KkpeMa, koedimieHTa B3aeMHOi iH(popMmarii MI,
SIKHHA TIOPIBHIOE 3aJIeXKHI KOHTEKCTHO-3B’s13aHI 9acTOTH 3
HE3QJICKHUMH) Ta PO3POOJICHOI MOJIENi CEMaHTUYHOT
MOJIIOHOCTI, M0 0a3yeThess Ha anreOpi CKIHYEHHUX Mpe-
MUKaTiB [9], SKi OMUCYIOTh BIJHOIICHHS MK KOMIIO-
HEHTaMH KOJIOKarlii.

Metoi0 AoCHiTKEHHSI € BH3HAYEHHS CIUIBHOTO
iHpopMaIiifHOrO MPOCTOpY (MOPSAKY JICHHOTO), IO
MPEICTaBIsl€ aKTyalbHI NHTAaHHS B HOBHHHHUX IOTOKax
JAHUX, [UIIXOM MOJCIIOBaHHS (YHKIINA iHTEIEeKTy 3
PO3YMIHHS CMUCITY.

Marepianiu i pesyabraTHm aocjaigxenns. s
BHU3HAYCHHS OJIM3BKOTO 32 3MICTOM HOBHHHOTO KOHTCHTY
pPO3pOOJICHO KOPIMYC HOBHHHHX TEKCTiB, IO MOCTIHHO
NoNoBHIOETHC. Kopryc BKiIIOYae ctarTi HOBUHHHX CaiTiB
BBC [10] i CNN [11], aBTOMarM4HO BUTATHYTI 3a
JIOTIOMOT'0I0 IHCTPYMEHTY Scrapy.

Ha mnepmomy erami po3pobaenoi iHdopMarriitHol
TexHoJyorii (puc. 1) MPOBOMUTHCS MOIIYK MOTEHI[IHHIX
KaHAMIATIB — TOJIOBHHUX Ta 3aJICKHUX KOMIIOHCHTIB KOJIO-
KaIllif — Ha OCHOBI BU3HAYCHHS CTaTUCTHYHOI 3HAYUMOCTI
KOJIOKAIlif 3a JOMOMOTOK MOJENi JUCTPUOYTHBHOT
ceMaHTUKA M, o 103BOIIsE BUAUIATH PIAKICHI KOJOKAIIIT
1 MIXOMUTH JJIs1 BUIUTICHHS TEPMIHOJIOT], BIACHHX iMEH Ta
IHIIAX KOHCTPYKIIH, B SKUX IOKa3HUKH YaCTOTH CIIiB
KOJIOKaIi1 30BCIM MaJi.

Jnst BCTaHOBJIGHHS JIIHTBICTMYHOI TPaBHIBHOCTI
BHSBJIEHUX KAaHIMOATIB, a CaM€ X JIEKCUYHOI 3aJI€)KHOCTI,
BUKOPHUCTOBYETBCS  Mopdosoriuna  posmitka  (POS-
tagging) ta po3pobieHi perysipHi BUpas, [0 OMHUCYIOTh 3
THIIH KOJIOKAIIii: TI€CITIBHI, CyOCTAHTHBHI Ta aTPUOYTHBHI.
BimmoBigHO /0 KOPITyCHO-OPIEHTOBAHOTO TIAXOMY I
KOJIOKAIii SABJIAIOTE COOOF0 3HAaUMMi ()parMeHTH TEKCTY,
110 HAMOIIBIN YacTO 3yCcTPivaroThest B Kopiycax [12].

Takum umHOM, BHKOpHcTOByrouM Python NLTK,
BU3HAuaeMo jiecioBa (x'): ‘MD’, ‘VB’, ‘VBD’, ‘VBG’,
‘VBP’, ‘VBZ’, ‘VBN’, imennuku (y'): ‘NN’, ‘NNS’,
‘NNP’, ‘NNPS’ i npukmetnuku (z%): ‘JI, ‘JIR’, JIS’ Ta
3100yBa€EMO  TIOCTIJIOBHOCTI  CiB, SIKi  yTBOPIOIOTH
CHHTaKCH4HI KOHCTPYKUIi (Oirpamn): Xy, yy Ta zZy|yx.

Hpyruii eran iHpopMamiiHOT TEXHOJOTIH HOJIATAE Y
BHJIIJICHHI OJIM3BKUX 32 CMHCIIOM KoJoKarfii. J[isd mporo
MIPOITOHYETHCS PO3pO0JIeHA JOTiYHAa MOJETh CEMaHTHYHOL
momiOHOCTi, 3acHOBaHa Ha BHUKOPHCTAaHHI anredpo-
NMpeIuKaTHUX OMepalidi 1 mpeawkata CeMaHTHYHOI
€KBIBaJICHTHOCTI ;.

IIpenukat y; TOKa3ye CEMaHTUYHY OJM3BKICTh
JECTIBHUX KOJOKAIIiH, Y, — CyOCTAHTUBHUX KOJOKAIIIH, Y3
— aTpuOYTHBHUX KOJIOKALIH:

v1(colly, coll,) = x1[1—6]y1[1—4]x£1—6]y2[1—4] (1)
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[1-4] [1-4]

1-4
Yz(COlll;Collz) = ]F ]yl[ yZ y2 (2)
y3(colly, colly) = Z [1-3] 3’1[1 4, [1 3]y2[1—4] v
v 333’1[4 ]yz[ll“:]]xz v 3)
Vy lez x27

OTxe, MpeauKaT y; ONUCYE CEMaHTUKO-CHHTaKCUYH1
3B’SI3KM MDX KOJIOKaIlisiMH, Tomi sik Tesaypyc WordNet
3.1.0 Hagae iHQOpPMALIiFO PO CHHOHIMIYHICTH KOJOKATIB.

Hanpuknan, HacTymHi  (parMeHTH  HOBHHHHX
noBinomiieHs BBC i CNN Oynu BU3HaYEHi SIK CEMaHTUIHO

BEE
NEWS

www bbc.com

W _Cnn . Com

OHU3bKI, OCKIIBKU MICTATH OJIM3LKI 32 CMHCJIOM KOJIOKAITIT,
1110 (GOpMYIOTB CIIJIBHUI MOPSIIOK JACHHHUI:

..A flooding emergency(yiyi) in the Washington
DC area left commuters in hazardous conditions. Torrential
downpours led to road closures and left drivers stranded
(vZx]) as well as dangerous flooding on the underground
rail-lines.

..A flash flood emergency(y3y1) in Washington left
roads submerged and cars stranded (y2x7) as heavy rains
poured over the region.
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Puc. 1. Eranu inpopMatiifHOi TeXHOJIOTIT BU3HAYEHHS iH()OPMAIIITHOTO MOPSIIKY JIEHHOTO B TOTOKaX HOBUHHHUX JaHUX

TakuM YMHOM, TEKCTOBI (pparMeHTH BBAXKAIOTHCA Ce-
MaHTHYHO MOAIOHUMH, SKIIO TPaMaTH9HI XapaKTePUCTUKH
CHHOHIMIYHHX KOJIOKAI[il 3aJ0BOJBHIIOTh TPEIUKATY
CEMaHTHYHOT €KBiBaJIEHTHOCTI.

BwtydeHi 3 HOBUH KOJIOKAITii I03BOJIIIOTh HE TiJbKU
BUSIBUTH BiJICYTHI B JIHTBICTHYHHX JDKEpENaX MOETHAHHS
CIIiB, a i OOYMCIUTH CTATUCTUYHI TOKA3HUKH X CTIHKOCTI.
VY rtakuii cnoci0 micTaBaMy BH3HAYCHHS IIEBHOTO BUPA3y
(Komokarlii) BH3HAIOTBCS TIpaMaTW4Ha W CTaTHCTHYHA
MOJIeJi, TIPE/ICTABIICH]I IIEBHUM KOHTEKCTOM.

Po3pobniena TexHONOTiS peadi3oBaHa y BHIIIAIL
MIPOTPAMHOTO 3aCTOCYHKA (pHC. 2) 3 BUSIBICHHS KOJIOKAIIii
3 BEJHWKUX TOTOKIB MaHWX. lIporpamHa iMIIEeMEeHTAIlis
TO3BOJISIE  3aBAHTAXXyBaTH  HOBHWHHI  ITOBiIOMIJICHHS,
BHJIyYaTH CEMAaHTHYHO OJM3bKi KOJIOKaIii Ta BiqoOpaxaTu

iX y mopsaKy cnajaHHs 3HaYeHHS KoedimienTa MI.

PesynbraToM poOOTH HPOrpamMHOrO JI0JaTKa €
BUSBICHI y KOPHyCi HOBHHHHMX TEKCTiB ONM3bKi 3a
CMHUCJIOM KOJIOKAI[ii, 1[0 JTO3BOJISAIOTh BUSHAYNTH CIIIbHHUMN
iH(OpMaiHHUI TPOCTip aKTyaIbHUX HOBHH.

Jnst ouiHKM eeKTHBHOCTI po3po0IIeHOT TeXHOJIOTIT
Ta TOPIBHSUIBHOTO aHANi3y 3 ICHYIOUMMH TEXHOJOTiSIMH
BWJIy4CHHS KOJOKalii 3 BEIMKHX MOTOKIB JaHUX
MPOBEJICHO PO3PaxyHOK TMOKa3HMKAa TOYHOCTI (precision).
AHani3 ToOKazaB, IO CepeiHid KOeQIiEHT TOYHOCTI,
BU3HAYCHUIT BIJIHONICHHSIM YHUCIIa PEJIEBAHTHUX KOJOKAIiH
Ta HENpaBWJIBHO MPHUAHATHX CHCTEMOIO pilleHs (He
PENEeBaHTHUX KOJIOKAIIii) 10 3araIbHOTO YUCIIa KOJIOKAITiH,
BHJQaHUX CHUCTEMOI0, JopiBHIOE 0,96.
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Puc. 2. [Iporpamua peasizarist BUSBICHHS KOJIOKALi 3 BEUKHUX MOTOKIB TAaHUX

Jlnisi TOpiBHSHHS OTPUMAHUX pPE3yJbTaTiB 3 1HIIUM
ICHYIOUMM HpPOrpaMHUM 3a0€3MEeUeHHsM, 110 3aiMa€eThCs
aHAJOrIYHUM 3aBAaHHsM, Oyino obpano Web-mogarox
Sketch Engine [13]. lleit noxarok BKjIOYae B cebe
¢yHKIir0 BU3HaUYeHHS BopackeTdiB (word sketches), ToOTo
TUMOBUX ()pa3, IO BH3HAYAKOTHCSA, 3 OJHOTO OOKY,
CHHTAaKCHCOM, SIKHi OOMEXY€e CIIONy4yBaHICTh CIIiB B
MIEBHIM MOBI, Ta 3 IHIIOTO — WMOBIPHICTIO, MTOB’S3aHOO 3
YaCTOTOI BUKOPUCTAHHS CIIIB.

Jlo 0OpaHOro 3acTOCYHKA OYII0 3aBAaHTAXKEHO TOCTi -
HUIBKUI KOPIYC HOBUHHHX MOBIZIOMJICHB JIJIsl aBTOMATHY-
HOTO BIJIyY€HHs! KOJIOKalid. Pe3ynbratn mopiBHAIBHOTO
aHai3y OIIHKM e€(EeKTUBHOCTI 3aCTOCYHKIB IPEACTaBICHI
B Tabm. 1.

Ta6mus 1 — IopiBHsUTbHUI aHAITI3 TIOKa3HUKIB Precision

Bcebworo Oui
BUJTy4€HO HIHOtHa Precision
iy BHOIpKa

KOJIOKaiif
Sketch Engine 1911 1000 0.57
Po3pobiene 3227 0.96
porpamHe
3a0e3neyeHHs

BucHoBku. Ha ocHOBI po3po0sieHO! JIOTiKO-JIHT-
BICTHYHOI MOJIENi Ta MOJENI JUCTPUOYTUBHOI CEMaHTHUKH
3aMpOTNIOHOBAHO 1HGOPMAITIHHY TEXHOJIOTII0 BHU3HAYCHHS
CMHCIIOBOI MOAIOHOCTI HOBHHHOTO KOHTEHTY 3 BHUKOPHC-
TaHHAM anre0po-peIuKaTHUX omepamiid s (opmai-
3arii CeMaHTHKO-TPaMaTHIHHUX XapaKTEPUCTHK KOJOKAITiil.
BcraHOBIOIOYM HESIBHI CMHCJIOBI 3B’SI3KH MK ()parMeH-

TaMH HOBHHHOI'O TEKCTY, TEXHOJIOTIiS NO3BOJISIE 1EHTH-
¢ixyBati criipHI iH(GOPMALiifHI TPOCTOPU aKTyaJbHHX
HOBHH — iH(pOpMAaLiHHUI MOPAAOK ACHHUI.

B pesynbTaTi NPOBEICHOTO MOPIBHAJILHOTO aHAI3Y
BUSIBJICHO, IO MIOKa3HUK precision po3po0IieHOT TeXHOIOT 1T
3HAYHO MEPEBHIIYE aHAIOTTYHUHA MOKa3HUK €EeKTHBHOCTI
icHyrouoro Web-mgonarka Sketch Engine.

Po3pobnera mporpaMHa iMITIEMEHTAIIS TO3BOJIUTH
HOJIMIINTH SIKICTh 0OPOOKH MOTOKIB HOBUHHHX MOBIZIOM-
JICHb, @ TAKOXX MOXKe OyTH 3alpOINOHOBAHA SIK MOKpalieHa
MO/IEJIb ICHYIOUHMX CHCTEM CEMaHTHYHOI 0OpPOOKHM TEKCTIB,
HAaIpHKJIa], BUKOPUCTOBYBATHCh JUIsl BHUSBJICHHS TEKCTIB
OJlHI€T TEMaTHKH, aKkTyajbHOI iH(popMalil, a00yBaHHS
(hakTiB Ta YCYHEHHSI CMHCJIOBOT HEOTHO3HAYHOCTI Ta iH.
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P.O.TAM3A€EB, M. B. TKA4YYK

3ACTOCYBAHHS METO/IB I TEXHOJIOI'T PEKOMEHJALIIMHAX CUCTEM JIJI51
KOH®II'YPYBAHHS JTUHAMIYHUX JIHIMOK ITPOTPAMHMX ITPOJAYKTIB

V cTaTTi NpoBeeHO aHaITi3 iICHYIOYMX iIXOAIB 1O BUPILICHHS 33/1a4i AMHAMIYHOTrO KOHMIrypyBaHHs y JiHiifikax nporpamMuux npoaykris (JITIIT). JITIIT
e Habip MporpaMHUX CHCTEM, LIO MAlOTh CILIBHI i BapiaOenbHi KOMIIOHEHTH i BUKOPUCTOBYIOTh Habip mapagurM i METOAIB 10 PO3pOOKH. 3aBIsKA
BHUKOPHCTAHHIO SIKHX HAaJAF0THCSI MOXKIIMBOCTI HAJIALITOBYBATH [IPOTrPaMHI PillIeHHs BiAIOBIIHO 10 MOTpeb KiHIEBUX KOPHCTyBaviB. Byo mokasaHo, mo
JUISL BUPILICHHS Li€l Ipo0iieMH AOLIIBHO BHKOPHCTOBYBATH METOMIH 1 TEXHOJOrII mo0ynoBH cydacHux pekomeHnauiitnux cucrem (PC). Ilposeneno
aHaJi3 ICHYIOYHX MiAXOIB 1 MeTo1iB 1o0ynoBu PC, Oy po3risiHyTi Taki MOXKIIMBI METOH SK: KJIACTEPU3aLlis, MAPKOBCKHI MPOLIEC NPUIHHATTS PillieHb,
(haxTopu3zanist MaTpulb. B pe3ynbrari orisigy iHTeIeKTyalnbHUX MeTOAiB po3pobku PC Ta mocmimkeHHs (QyHKIIOHATEHHX MOXKIUBOCTEH TEXHOIOTIH
peanizauii PC y nmpoekTax 3 BiIKpUTHM KOJOM, /TS IIOJAJIBIIOrO BUKOPUCTAHHS caMe B 3a/1a4ax KoHoirypysanus auxamidnux JIIIII 3anpornonoBano
Metosr N-BUMIpHOI KOHTEKCTHO-3aJI€)KHOT TeH30pHOI (hakTopm3auii Ta incTpymentansHa cucrema CARSKit. Po3poGeni GyHKIioHATbHI BUMOTH Ta
3aIIPOIIOHOBaHa apXiTeKTypa npororuiy PC, sika yMOXIIMBIIFOE aBTOMAaTH3aL[{F0 KOHMIrypyBaHHs IPOrpaMHUX KOMITOHEHTIB y cucTeMax «Po3yMHmii
Ooynunok» (PB), i sika Moxe Oyt mporpamHo peaiizoBaHa 3acobamu cuctemu CARSKit Ta anropurMamu 0OpOOKH KOHCOJIJOBAHHX JAHUX HAa MOBI
Python. s peanizawist 103BoIsie TOOYAyBaTH MPOLIEC BiACTEKEHHS 3MiH y 30BHILIHBOMY CEPEIOBHILI i epenaBaty inpopmanito B PB i micist anamizy
BXiHUX AaHuXx 00poOusaTH B PC it BiACTEXKEHHS 3MiH Yy KOHTEKCTHOI iH(popmauii. ITix yac momanpmmMx IOCTIKEHb 3aIJIAHOBAHO IMPOBEACHHS
OOYHCITIOBATFHAX EKCIEPUMEHTIB 3 ypaxyBaHHsM creuuiku cucreM «Po3ymHHI OyAHHOK» 1 3aCTOCYBaHHS KIUTbKICHHX METPHUK [UIsl OLUHKH
e(eKTUBHOCTI AITOPUTMIB TEH30PHOI aBTOPH3ALlii s MPOrHO3YBAHHS JTHHAMIUYHUX 3MiH IPOrPAMHHUX KOMIIOHEHTIB B LIHX CHCTEMaX.
Kaio4osi c1oBa: pekoMeHaniiiHa cucteMa, JIiHiliKa IporpaMHUX MIPOYKTIB, BapiaOelbHICTh, AHHAMIYHe KOH(QIrypyBaHHS, apXiTEeKTypa

P. A. TAM3AEB, H.B. TKAYYK

MPUMEHEHHUE METO/I0OB U TEXHOJIOT WA PEKOMEHJIAIIMOHHBII CUCTEM JJIS
KOHOUT'YPUPOBAHUA TMHAMNYECKUX JIMHEEK IPOI'PAMMHBIX ITPOAYKTOB

B craTtbe npoBeeH aHAIN3 CYLIECTBYIONIHX ITOJXO00B K PEHICHUIO 3aJa9l JHHAMHYIECKOro KOH(GHUTIypUPOBaHUS B JIMHEHKaX MPOrPaMMHEIX IIPOJYKTOB
(JITIIT). JITIIT npeacraBisiior HAOOp MPOrPaMMHBIX CHCTEM, UMEIOIIMX OOIIMe U BapralOelbHbIe KOMIIOHEHTHI M HUCIOJIb3YIOIIUE HA0Op mapaaurM u
METO/IOB K paspaboTke. biaarogapst HCIOIb30BaHUIO KOTOPBIX MPEJOCTABIAIOTCS BO3MOKHOCTH HACTPAUBATH IPOrPAMMHBIC PEIICHHUSI B COOTBETCTBUH
¢ MOTPeOHOCTIMU KOHEUHBIX [0JIb30BaTeNeH. bpllo IMoka3zaHo, 4To I pEIleHNs 9TOH PpoOJIeMbl IIeIeco00pa3HO NCTIONB30BaTh METOBI ¥ TEXHOJIOTHH
MOCTPOEHHS COBpPeMEHHbIX pekomenaarenbHbix cucteM (PC). IIpoBemeH aHaiaM3 CylIECTBYIOIMX MOAXOJ0B UM MeTOAOB mocTpoenus PC, Obuin
pPacCMOTPEHBI TAKUE BO3MOXKHBIC METOJbI KaK: KIACTepU3allHsi, MapKOBCKHI MPOLECC MPUHATHS pelieHui, dakropusanus marpuil. B pesyibrarte
PAacCMOTPEHHsI MHTEJUICKTYalbHBIX MeTonoB paszpaborku PC u mccienoBaHus (GyHKIMOHAIBHBIX BO3MOXKHOCTEH TexHonormi peammszannu PC B
MPOEKTaX C OTKPBITHIM KOAOM, U AalbHEHIIIero MCIoib30BaHUs HIMEHHO B 3a/adax KoHburypuposanus nuHammdeckux JIIIT mpemmoxen meron
N-MepHO! KOHTEKCTHO-3aBUCUMO# TEH30PHOW (haKTOPU3AIMK U UHCTPYMEHTAbHASL CHCTEMA C OTKPBITHIM HcX0aHbIM KosioM CARSKit. Paspaboransi
(yHKIMOHANBHEIE TPEOOBAHHS M IIPEUIOKEHA apXuTeKkTypa mpototuna PC, xotopas menmaer aBTOMAaTH3aUUIO KOH(GHUIYPUPOBAHUS IPOTrPaMMHBIX
KOMIIOHEHTOB B cucTeMax «YMHbIH mom» (Y]I), a Takxke MOXKeT OBITh IPOrPaMMHO peanu3oBaHa cpenctBamu cucreMsl CARSKit u anmropurmamu
00pabOTKU KOHCOJMIMPOBAHHBIX JIAHHBIX Ha s3bike Python. Drta peanusanus no3BoJsAET MOCTPOMTH NPOLECC OTCIEKUBAHUS U3MEHEHHUS! BO BHEIIHEN
cpene u nepenasath nHMopMarmio B Y/l 1 mocie aHanM3a BXOAHBIX JaHHBIX 00padaTbBath B PC [UIS OTCIG)KUBAHMS M3MEHEHHS! BO KOHTEKCTHOH
urdopmanyu. B kauecTBe HanbHEHIINX MCCICIOBAHUI 3aIIAHUPOBAHO MIPOBEICHNE BHIYMCIHTEIbHBIX SKCIIEPUMEHTOB C YUETOM CHCHHMDHKHA CHCTEM
«YMHBI JOM» U TIPUMEHEHHs] KOJTUYECTBEHHBIX METPHK [UTSl OIEHKH 3()(PEKTHBHOCTH AITOPUTMOB TEH30PHOU (haKTOPH3AIMH LIS TIPOTHO3UPOBAHHS
JIMHAMHYECKHX KOH(UTypanuid IporpaMMHBIX KOMIIOHEHTOB B 9THX CHCTEMaX.

KiioueBble ¢JI0Ba: PEKOMEHIAIMOHHAS CHCTEMa, JIMHEHKA MPOrPAMMHBIX MTPOIYKTOB, BapHaOelIbHOCTh, AUHAMHYECKOE KOH(MHUTYPUPOBAHHE,
ApXUTEKTypa

R. 0. GAMZAYEV, M.V. TKACHUK
USING METHODS AND TECHNOLOGIES OF RECOMMENDATION SYSTEMS FOR DYNAMIC
SOFTWARE PRODUCT LINES CONFIGURATION

Software product lines (SPL) dynamic configuring process could use methods for recommendation system (RS) elaboration. An overview and analysis
of such methods was done in this paper. SPL represent a set of software systems that have common and variable functional components and use a set of
paradigms and methods for development. In the classical static SPL the process of configuring performed before executing and performing in the
operation environment (OE), in contrast dynamic software product lines performs after executing in the OE. Through the use of which it is possible to
customize software solutions in accordance with the needs of end users. The following possible methods to build RS were considered: clustering, Markov
decision-making process, matrix factorization. According to the review of the intelligent RS method development and researching of the functionalities
of such systems in some open-source projects it was proposed to use N-dimensional context-dependent tensor factorization method and CARSKkit tool
system. Functional requirements and software architecture of the RS were developed. It allows to automatize software components configuration in the
»-Smart Home” (SH) systems that could be implemented with CARSKkit software toolkit and algorithms implemented with programming language Python.
This implementation allows to build a process for tracking changes in the external environment and transfer information to the SH system and, after
analyzing the input data, process it in the RS to track changes in the context information. In the future research some additional quantitative experiments
will be performed considering the specifics of the SH systems, additionally quantitative metrics will be used for efficiency assessment of the tensor
factorization algorithms to predict the dynamic configurations of software components in these systems.
Keywords: recommendation system, software product line, variability, dynamic configuration, architecture.

Beryn. IlocrifiHe yckmagHeHHS (YHKIIOHAJIBHHUX
3aj1a4, sSKi MalOTh OyTH BHUPIIIEH] IUITXOM BHUKOPUCTAHHS
nporpamuanx cucteM (I1C) y pisHUX npeaMeTHUX 001acTsix
(ITpO) nepenbdavae MOKIUBICTE TOOYIOBHU Ta MOJANBIIOTO

e(eKTHBHOTO BUKOPHCTaHHS Bxke He okpemux [1C, a mimmx
X B32€EMOIIOB’I3aHUX CYKYITHOCTEH, sIKi B CydacHil mpor-
paMHiil iHKeHepii OTpUMaIM Ha3By JIHIHOK NMPOTpaMHHUX
npoaykriB  (software product line). Taki mniniiiku
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nporpamaux nponykriB (JIIIII) matore cminbHUil HaOip
3arajbHUX (PyHKLIN (KOMIIOHEHTIB), SIKI HAJIAIITOBYIOTHCS
BIZIMOBITHO 710 MOTpeO KOPHCTYBAviB y IEBHOMY KOHTEKCTI
ix ¢yHKUiOHYBaHHA 1 sIKi HalieHI Ha 3a0e3NeueHHs
BapiabenpHocti (variability) JIIIII, mo B cBorO uepry
nependavyae MOMKIHMBICTE KOH(IrypyBaHHS Ta HalAIITy-
BaHHS iX MEBHUX (QYHKIIN Ta okpeMux mapametpis [1]. ¥V
Tak 3BaHMX cTatm4HuX JIIIII Bu3HAYeHHS BIAaCTUBOCTEH
BapiabebHOCTI BiZOYBa€THCS TIE IO MPOIIECY PO3MILICHHS
Ta BUKOHAHHS Y BiATIOBITHOMY OTIepaniifHOMYy cepeIOBHILI,
TOOTO Ha eTari iX apXiTeKTypHOTO MPOEKTYBaHHS IIISIXOM
noOyZoBH BINNOBIAHOI MoOJeNi BapiabeabHOCTI, HANPHUK-
nan, FODA-moneneii Ta neskux iH. [2]. Alie BHACHizoK
CTPYKTYPHOI CKJIaTHOCTI Ta (hYHKIIIOHATFHOI HACHYEHOCTI
oinpinocti JIIIII, B Takux cHCTEMaxX MOCHTh YacTO BUH-
MKalOTh NPOOJEeMHU 13 MPOIYKTUBHICTIO 1 MaciiTaboBa-
HICTIO, 1 TOMY B Cy4acHii MporpamMHiii iHXeHepii akTHBHO
pPO3pOOISIIOTECA  Ta  JOCHIIKYIOThes auHamigHi JITITI
(Dynamic Software Product Lines) [2], B SKUX BaKJIUBY
POIb BiITPArOTh MEXaHI3MH aJanTallii Ta KOHQITypyBaHHS
BapiabenpHUX (GYHKIIIH i BIaCTHBOCTEH Oe3ImocepelHpO Ha
eTarli BHKOHAaHHA Ta PO3MILICHHS iX OKpPEMHX KOMIIO-
HEHTIB. J[JIs1 BUPILICHHS IHUX aKTyaJbHHX HAYKOBO-TIPAK-
THYHUX 3a7a4 HEOOXIJHO 3aCTOCYBaHHS HOBUX IHTEJCK-
TyalnpHUX MeTOAIB po3poOku JIIIII, i 30kpemMa, IiKaBUM
HaNpsIMKOM TakKuX JOCHTI/PKEHb MOXXe OYTH BHMBYEHHS
MOXIIMBOCTEHl  CYY4aCHMX PEKOMEHAALIMHUX CHCTEM
(recommendation systems), siki BAKOPHCTOBYIOTh 3HAHHSI-
OpI€HTOBaHI METOAM 1 TEXHONOTIAX e()eKTUBHOI (iIbTparii
KOHCOJIiToBaHOI iH(opMartiii i 3a0e3neuyroTs BUOip KOH)I-
rypamiii epCcoHaNi30BaHUX MPOIYKTIB U PI3HUX TPYI iX
KOPHCTYBaYiB y BIATIOBIAHOCTI 3 TUHAMIYHIMH 3MiHAMH B
HaBKOJIMIIHBOMY CEPEJOBHIILI.

Ci1ij1 3a3HAYMTH, IO JOCIIIKEHHS Y IbOMY HANpPSIMKY
MPOBOASATHCS BXKE JIOCHTh aKTHBHO i, 30KpeMa, rmpobiema
amantanii JIIIII y BianmoBigp Ha 3MiHY KOHTEKCTY
BucBiTieHa B [3]. B Hiil TpaauuiiiHi BapiabenbHi Mozei
¢ynxuiii JIIT 1onoBHIOIOTECS HAOOPOM JIOTIYHHUX ITPABUIT
(pomykuiit), siKi SBHO BU3HAYAIOTh, 33 SKOI YMOBHM Ma€
BinOyBaTHcs ii nepekondiryparis. B [4] Takox po3risiHyTi
JIeKiTbKa IMiIX0MIB O JUHAMIYHOTO HAJalITyBaHHS BIac-
tuBocteit JIIIII, me 3acTocyBaHHS METOMIB MAIIMHHOTO
HaBYaHHS, 1110 J03BOJIE BUSBUTHU SBHO HE IependadyBaHi
3MIHM KOHTEKCTY Ta CTBOPIOBATH HOBI NpaBHiIa afanTarii.
Jpyruii minxin, B caMe: eBOMIOLIS, (DOKyCyeTbCsl Ha
3a0e3neueHHl MexaHi3Ma MOCTIHHOTO MOHITOPUTY 3MiH Y
BXKe icHytounx KoH¢irypamisx JIIIII, a moTtiMm — mporHo-
3yBaHHSI HOBUX, HA OCHOBI 0OPOOKH IIUX TaHUX, IPU IEOMY
B [4] 3a3Haueno, mo st ckiagaux JIIT mi nBa migxomau
JIOLITPHO BHKOPUCTOBYBAaTH KoMmbOiHOBaHO. B [5] 3ampo-
MOHOBaHA JIOMEHHA MOJEINb /Ul aHali3y albTepHATUBHUX
MexaHi3MiB BapiadenpHOCTI B JIIIII st MoOLnBHUX 3acTo-
CYHKIB 13 BUKOPHCTaHHSI MOBH Java 1 moxa3aHa MOXKIIMBICTb
BHUKOPHUCTAHHS JICIKUX METOJIIB iIMIUIEMEHTaIlii BapiaOenb-
HOCTI, sIKi € crieu(iYHIMH JUIA 11i€1 MOBH ITPOTPaMyBaHHS.
B Toli ke yac MOXHA KOHCTaTyBaTH, IO MO>JIMBOCTI
BUKOPHCTAaHHS caMe PEKOMEHaliiHUX CHCTEM Ile HeJoc-
TaTHHO BHUCBITICHI B ICHYIOUHMX IIyOJIKaIlisix 3a TEMOIO
koH(pirypyBaHHs nuHamiganx JITIIT.

Memoto yici cmammi € aHami3 IHTENEKTYaIbHUX
METO/IiB i TEXHOJIOTi# MOOYI0BH pEKOMEHAAMIMHUX CHCTEM

(PC) nns Bupimenns 3anau camoxkonpirypysannst JJIIII,
JOCITIPKEHHSI MOKITMBOCTEH 3aCTOCYBAaHHS BXKE 1CHYIOUHMX
npoekTiB peainizauii PC 3 BigKpuTHM KOZOM, po3poOka
apxiTekTypu mnpotoTtuny Takoi PC mist 3acTocyBaHHS B
mponecax mobymosu JUJIIIII B mnpeamerHiii obnacti
«Po3ymHHMIT OyAMHOK», a TaKOXX BHU3HAYECHHS IOAANBIINX
3a1ad JIs MPOTPaMHOi peai3amii Ta eKCIIepIMEeHTaTFHOTO
JOCIIKEHHS MPaIe3qaTHOCTI Ta eeKTUBHOCTI 3arporio-
HOBAHOTO TIAXOY.

®opmajbHe  BH3HAYeHHS Ta  y3arajbHeHa
(yHKIioHATbHA CTPYKTYpa peKOMeHAAUIIHUX CHCTEM.
CyuacHi PC npezactaBistoTh 00010 OKpEeMHH KJIac CUCTEM
IHTEJIeKTyaIbHOT 00POOKH JTaHMX, SIKi 3aCTOCOBYIOTHCS JUIS
TOrO, 100 mepeadaynTy, siki came iHpopMaliliHi 00’ eKTH
abo cepBicu: TEBHI TOBapH, MOCIYTH, MEAIHHUNA KOHTEHT
TOLIO, OYyIyTh LiKaBl Pi3HUM rpymnax ix KopucTyBauiB [6].
Jiis uporo PC 00OpoOIsitOTh JOAATKOBY, SK MPAaBHIO,
HAKONIMYCHY paHillle, pETPOCIEKTUBHY iH(OpMAIII0 CTO-
COBHO iX mpodiniB (a00 KOHTEKCTIB), TOOTO iX BiKe iCHY-
OYNX YHOA00aHb, MOJIMBHX CYITyTHIX 3aIHTIiB, NOJAT-
KOBHUX TOTpeO Ta iH.

®opMmanbHe Bu3HaueHHs PC MoxHa mnonata y
HaCTYNHHUH crocib [6]: Hexail S — MHOKMHA KOPUCTYBayiB
cHCTEeMH, | — MHOKMHA BCIX €JIEMEHTIB, SKi i IagaroTh i
KaTeropito ix mepesar, R € [ — paH)XuUPYBaHUI CIIHCOK
MIMHOXHHHU TaKUX €JIEMEHTIB, a 7" — i€ IEBHUI1 €IEMEHT B
ciiucky R. IlpoGnema HamaHHS peKOMEHIaALil IOJIATAE B
ToMy, mO0 BHOpaTH r € R TakuM YHHOM, aOM BOHO
3aJJ0BOJIBHSIIO BUMOT'O BiJIIOBIIHIX KOPUCTYBadiB S & S.

Hexaii E' — MeTpHKa OI[IHKH 32/I0BOJIEHOCTI OKPEMOTO
KOpHCTYBaua, sika NpuiiMae 3HaueHs z, e Z — JiesKe JificHe
yucao. Toxi skio f BU3HAYAE (QYHKIIIO PeKOMEHIAIT 7
€JIEMEHTIB JUIS S KOPUCTYBAdiB, TO MpobdiemMa (opMyBaHHS
peKoMeHalii Moke OyTH ChOpPMyIbOBaHA TAKUM YHHOM:

f(r,s) = E - max

[Muranns knacudikanii cygacuux PC 3acnyroByioors
OKpeMO1 yBaru, i BOHO HE € IPEJIMETOM PO3TIISAY Y LILOMY
JIOCITIJDKSHHI, ajle HaBiTh CTHCIMH OIJISII BXE ICHYHOUHMX
nyOutikaiii 3a i€ mpodiaemMatukor [6—8] mae migcraBy
BBa)XKaTH, [0 OJHUM 3 HaiOibm momupenux tumis PC €
CHCTEeMH Ha OCHOBI cminbHOI Qimbrparii (collaboratibe
filtering).

Cninvna ¢hinompayis (CD) — e TppOX CTYNEHEBUH
Ipouec, 00 MOYMHAETHCSA 31 300py KOPHUCTYBalbKOi
iHpopmanii, moTiM OyIyeTbCS MATPULS UISI PO3PaxyHKY
acomiaimii i, HapemTi, HagaeTbcs HAHOIIBII BiporigHA
pexoMenanis. [i OCHOBHe TIPUTTYIIEHHS MOJISATAE B HACTYTI-
HOMY: Ti, XTO OJHAKOBO OIliHIOBaB OyIb-AKi MpPEIMETH B
MUHYJIOMY, CXWJBbHI JaBaTH CXOXi OIIHKH iHIIHX
mpeaMeTiB i B MaitoyTHpoMy [8]. Ha cmpomeniit giarpami
kmaciB (puc. 1) meskoi ysaramsaenoi PC 3o00paxeno 4
OCHOBHI CYTHOCTI, IIO BifoOpa)xxaroTh (yHIaMEHTAIbHI
BIAHOCHHM, HEOOXifmHI UIsI BHUKOHAHHS ii OCHOBHHX
GyHKIIA.

TlonoBHmii kmac RecommendationSystem arperye B
co0i reHepyrounii xiac RecommendationAlgorithm s
AITOPUTMIB HAJAaHHS PEKOMCHJIAINH, i Kiac 0a3um IaHUX
DataBase, mo wmicTuth iH(pOpMAIi0 HIOM0 BCIX Tpyn
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KOPHCTYBaYiB Ta iX OI[HOK, i kimac User, skuii Mae CBii
VHIKQJIbHUHA 1ACHTU(IKATOp 1 SIKMil Hamae CBOi OLIHKU
MEBHUX 00’ €KTIB (CEPBICIB).

RecommendationAlgorithm RecommendationSystem

+pradict() +generateRecommendations()

.1
1.7

DataBase

User +itemID: long

+d: long —>f +rating: double
- | +context: String
+userlD: long

+rate()

Puc. 1. Copomena miarpama 6a3oBux kiacis PC

AHaJi3 IHTEJIeKTYaJIbHUX MeTOdiB Ppo3podKu
pekoMeHaaniitHux cucreM. Kiactepizariris. L[ rpyma tpa-
JUIIAHAX METOIB MOOYIOBH KIIACTEPIB CXOXKHUX 00’ €KTIB
[UIAXOM BHMIPIOBaHHS TMOAIOHOCTI 3a JOMOMOTOK TaKHX
MMOKAa3HUKIB, SK BiAcTaHh MIiHKOBCHKOTO Ta KOPEJIALis
[ipcona [9]. Js JTIBOX 00’€eKTiB JAHUX
X = (x1,X3,X3 ... Xp) Ta Y = (¥Y1,¥2,V3 ... ¥y) BiACTaHD
MiHKOBCEKOTO BU3HAYAETHCS SK:

Jie N — HOMep PO3MipHOCTI 00’€KTa, X;, Y; 3HAYEHHS i-TO
BAMipy 00’ekTa X Ta Y BigmoBigHO,

q — 1iie 10/laTHE YHCIIO.

Komm q = 1, d — Bigcranp MaHXeTTE€Ha; KOJIH
q = 2, d — eBKIiI0Ba BiJICTaHb.

Merou knactepusanii MokHa Kinacu]ikyBaTi Ha TpH
KaTeropii: METOAM pO3AUICHHS, METOJd Ha OCHOBI
LIJIBHOCTI Ta i€epapxiyHi MeToAu. MeToan Ha OCHOBI
LIJIBHOCTI 3a3BU4ail MIyKarTh LIJIbHI KiIacTepu 00 €KTIB,
PO3IUICHUX PO3PILIKEHUMH OOJACTSIMHU, IO MPEACTaB-
JSI0TH iHGOpMAIHAN myM. MeToau iepapXiqHol Kiac-
Tepu3alii CTBOPIOIOTH EKOMIIO3UINI0 HAa0OpYy OO0’ €KTiB
JIaHUX, BUKOPHCTOBYIOYHM TEBHI KpHUTepid. Y OimbmocTi
CUTyalill KiacTepusalis € NPOMDXXHUM €TarioM, 1 pe3ylib-
TyI04l KJIacTepH BUKOPHCTOBYIOTHCS ISl IOJAJbIIOTO
aHamizy.

MapkiBcbKHI Tponiec HNPUHHATTSA pimeHs. Mojenb
MapkiBcekoro mpomecy pimenHs (Markov Decision
Process — MDP) mne w™oaens I MOCHTiIOBHUX
CTOXACTUYHUX TPOOJIEeM NPUHHATTA pilleHb, sKa YacTo
BHKOPUCTOBYETHCSI 3aCTOCYHKAX, Jie¢ areHT (KOpUCTyBad)
BIUIMBA€E HA HABKOJIMIITHE CEPEOBUILE CBOIMU AisiMu. MDP
MO’KHA BU3HAUUTH K 4oTUpH Habopu:(S,A,R,tr), ne S —
HaOip craniB, A — HaOip niid, R — ¢yHKUisA peansHOTO
3HAYCHHS BUHATOPOIM I KOKHOI mapu cTaHy—aii, 1 tr —
HMOBIpHICTh TIEpEeX0oay MiX KOXKHOIO Iapol0 CTaHiB, IO
00YMOBITIOIOTBCSL KOXKHOIO Ji€l0, a00 iHaKIIe Kaxyuyw,
¢ynxkris nepexony craniB [10]. CtaH s € S MiCTUTh BCIO
BiAMOBiAHY iH(MOpMaIiI0 Tpo cTaH cepemoBumma. Jlii

BUKJIMKAIOTh 3MiHM CTaHy, a BIUIMB Jiii Ha CTaHH
¢ikcyersest ¢QyHKuIielo nepexony. DyHKUisS mnepexony
npu3HaYyae po3noAia HMOBIpHOCTEH 1O KOXKHIH mapi(cTany,
nii). Omxe, tr(s;,a,s") — ue HUMOBIpHICTH 3miliCHEHHS
[EPEXOy BiJ CTaHy S J0 CTaHy S', KOJU BUKOHYETHCS 0.
Hapemri, ¢yHKIisE BHHAropogum NPHUCBOIOE  IiiicHE
3HA4YCHHS KOXHIN mapi (cTaH, Ais), IKe ONICYye BUHATOPOLY
(abo BapTicTh) BUKOHAHHS wLi€l 1ii y TakoMy craHi. YacTo
BHHAropoja € jumie (yHKIIEI CTaHy, i, OTXE, € MIpPOI0
0a)kaHOCTi JOCATHEHHS KOXXHOTO CTaHy.

dakropuzaniss MaTpulb. AJITOPUTMH MaTPUYHOI
¢axropuzanii (Matrix Factorization — MF) mnpamoroTs
IIIXOM PO3KJIaJIaHHs NeBHOI MaTpuui KoHdirypamii V
B3a€EMOJIii KOPHCTYyBaya 3 €JIEMEHTOM HOro KOHTEHTa Ha
JOOYTOK JBOX TPSIMOKYTHHX MAaTpHIb MEHIIOI po3Mip-
HocTi: W i H, 0 YMOKJIHBIIOE AOCHTIPKEHHS TPUXOBaHUX
(bakTOpiB I KOKHOTO KOPUCTYBadya Ta €JIEMEHTA JaHUX
(nuB. puc. 2).

\Y

Puc. 2. Cxema po3kiiagaHHs MaTpuii KOH(Irypamii

OCHOBHE MPUNYIIEHHSA TIIOJIITa€ B TOMY, IO SK
KOpHCTYBadi, TaK 1 €JIEMEHTH MOXYTb MOJIECIIOBATUCS
3MEHIICHOI KIUTBKICTIO (akTopiB. POpMambHO MaTpHIL
koH(irypauii V Tta ii Qakropuzauis mnpeacTaBiaseThCs
HACTyIHUM 4uHOM [11]:

= |c e C oG e C =H W
1
|4 [ 1 1m nq nm] nxh hxm»

ne V BusHawaerbcss sk HaOip  KoHirypauii
V={¢,.., ¢}

BHOpaHi (QyHKIIIi KOOYIOTECS K «1», HeBHOpaHi — 5K
«0», Ta HeBU3HAUYCH] PYHKINT SIK «—1».

Kpim Toro, H € naTeHTHOXO MaTpHIIe0 KOHDIrypamii
i W — natentHor Matpuiieio (yHKIIIH, e N — KiJIbKICTh
koHOirypauii B V, m — kinbkicte (QyHKUiH, h — 4ucio
nateHTHUX po3MipiB. OkpemuM Bunajkom migxony MF e
N-BumipHa TeHsopHa dakropusaris [12]. dakropusarris
N-mipHOTO TeH30pa mpH paH3i posknaganusd k Gopmye N
MaTpulib, IO CKIAZAITBCSA 3 k CTOBIILIB, SKi MPEACTaB-
JSIFOTH BiTOOpaXKeHHsI KO)KHOT'O OKPEMOTO BUMIpY TeH30pa
Ha k dakTop—BUMIpiB ceMaHTHYHOrO mpocropy. Cxema-
THYHO 1Ie MOXKHA 300pa3uTH Ha puc. 3.

Features / N s
i
‘ U
% 5
4 &
L
o

Puc. 3. Cxema po3kiajanHs 3-BUMIpHOTO TeH30pa
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Ten3opHa GakTopu3alis K HAKpaIe i x0auTh I
BUpIIIEHHS 3ajayl YNpaBliHHA KOHQIrypamisiMM JUHa-
Mmiunux SPL, B skux HasBHa mpoOiemMa eKINOHEHIaJIbHO
3pOCTaryvoro KoHgirypariitnoro mpocropy [12].

Orasia TexHoJioriii peasizanii pexkoMenaauiiiHux
CHCTEM HA MPUKJIAAX iICHYIOUHX MPOEKTIB 3 BiAKPpUTHM
Koa0M. /I po3poOku BacHoOro npotoTuiry PC nomineHO
MIPOBECTH TOMEPEIHIH aHali3 ACIKUX ICHYIOUHX TPOEKTIB
CTBOPEHHS TaKHX CHCTEM, 3 METOIO BHSBICHHS X Xapak-
TEPHUAX TEXHOJOTIYHUX OCOOJIMBOCTEH, IepeBar Ta Hemo-
JIKiB.

ITpoext Racoon Recommendation Engine. 1ls cuc-
tema [13] mpencrasnsie co00r0 NPOCTHH Y BUKOPHCTaHHI
MeXaHi3M pekoMeHnaliid Ha ocHoBi C®, skl BUKOpHC-
ToBye Biacranb (Mipy) JKakkapma Ui BU3Ha4YeHHS
CXO0KOCTI MDK KOPHCTyBaueM Ta HOro k HaHOIMKIMMU
cycijaM# B MacHBI BiIITOBITHUX KOHTEKCTIB, 1 IO TO3BOJISE
BAMIPIOBaHHS JBIMKOBUX PEUTHHTOBHX NaHHWX (TOOTO B
TEepPMiHAX «IOJ00A€ETHCA» / «HE MoH00aeThCs»). ['oTOBHMIA
Moxmynb Racoon MoxnHa moemHaté 3 Oyab-skoio B/,
OCKUTBKH HMOTO peanizamis He 3ale)KUTh BiJ] KOHKPETHOI
CTPYKTYPH JaHUX MPO KOPUCTYBAUiB i BiH BUKOPHUCTOBYE
TUIBKK iX yHIKaJbHI ifeHTH(iKaTopu. Racoon moBHicTIO
peanizoBaHo Ha MoBi Javascript, a mms pobotu 3 B/l
BUKOPHCTOBYE ACHHXPOHHI, HEOJOKyroui (yHKHii miat-
¢opmu Node.js. Pexomenpariii Ta peHTHHIM HAKOMHU-
4yIOTbCS Y poMikHOMY NOSQL — cxoBumi nanux Redis,
sike 30epirac B omepaTHBHIA mam’ATi Bci Habopwu BiAmo-
BIIHUX JaHUX.

Ipoexr LensKit for Python. Lle inctpymenrapiit [14]
3 BIIKPUTHM KOJIOM BHKOPHCTOBYETHCS IJIsI TOOYJIOBH,
JOCTIDKCHHST Ta BHUBYCHHS OCOONHMBOCTEH (YHKIIOHY-
BanHa PC y pi3HEX mpeaMeTHuX Tamy3sx. Croyarky
peanmizoBanuii sk Java-ppefiIMBOpPK, OCTaHHS Bepcis
LensKit MiCTUTb TaKOX IHCTPyMEHTAJILHUI MaKeT Ha MOBI
Python, skuii 3a0e3nedye peanizaiilo JEKUIBKOX CTaH-
naptaux anroputMmiB C®, oO4MCICHHS METPHK OI[iHKU
SIKOCTI OTPUMaHMX pe3yJbTaTiB, a TaKOX IPOCTi y pea-
mizarii APl — inTepdeiicu, 1o M03BOJSIOTH JIETKO
BUKOPHCTOBYBAaTH HOro B IHIOIMX 3acToCyHKaX. Tak,
Hampukian, iHTtepderic Algorithm, 3acHOBaHuWii Ha
mrabiioHax, Hamae JomaTkoBi meromu: Predictor peanizye
nependaveHHs ymnoao0aHb KopucTyBauiB; Recommender
3HaXOJUTh TON-N peKOMeHIalill Ta MmoBeprae ix peHTHH-
TOBHIA CITUCOK, Pa30M i3 BiJIIOBITHUMU OI[IHKAMH, & METO/T
CandidateSelector mo3Bossic 3HAWTH 00’€KT — KaHIWUIAT

JUISL PEeKOMEHAALil, KOJM B aJIrOPUTMI IOINEpeIHbO HE
HaJIaHO JKOJHOTO Ha0Opy KaHAWAATIB [l peKOMeHallii.

TumoBuii excnmepumenT i3 TectoBoro PC, ska
crBopeHa 3 Bukopuctanusm LensKit for, ckramaetscs 3
TPHOX OCHOBHHX eTamiB: 1) MiATOTOBKa HAaBYANBHHUX Ta
TECTOBHX HAaOOpIB 3 KOHTEKCTAMH KOPHUCTYBadyiB, 2)
TpeHyBaHHA oOpaHoro amroputmMy C® Ta QopmyBaHHA
BUXIJTHUX pEKOMEHaLii; 3) 00UMCIeHHs IX METPHK SIKOCTI.

IMpoexr Surprise. eit incrpymenr [15] s mo6ymosu
PC € Gibmiotekoro ckpuntiB Python mis nmoOymoBu Ta
aHamizy anroputMmiB C®. Surprise HpOMOHYE KOJEKIIO
MOJIyNiB-OLliHIOBaYiB  (estimator) [yt IPOTHO3YBaHHS
pesynbTaTiB CO, cepen AKUX peaizoBaHi sIK KJIACHIHI TaK
i MomnipikoBaHI aNrOPUTMH HA OCHOBI TMOAIOHOCTI
(similarity-based), a Takox anropuTMH, SIKi 3aCHOBaHi Ha
¢axropuszanii marpunb: Taki, sk SVD (Single Value
Decomposition) abo MF (Matrix Factorization). Cuctema
niaTpumye BOyJOBaHI METPUKH sKOCTI pesynbraTie CO, a
TaKOXX IHCTPYMEHTH IJIsl BHOOPY MOJIEI Ta aBTOMAaTHYHOT'O
nomryky rineprapamerpis CO. Y dynkmionani Surprise Bci
ITOPUTMH € TIOXiAHUMH Bijx 6a3oBoro kiacy AlgoBase, ne
peamizoBaHi  JesKi KIIOYOBI METOAW:  HAIPHUKIAT,
nporuo3yBanus (predict), TpenyBanHs (fit) Ta mepeBipka
(test), ki MOXXHa BUKOPHCTATH [UIS peaizalii 0yIb-saKoro
BJIACHOTO JITOPUTMY MPOTHO3YBAaHHS.

Ipoexr CARSKkit. s cucrema [16] mpexncraBise
coboro Java-iHcTpyMeHTapiii i3 BIAKPHUTHM BUXIZHUM
KOIOM Jisl pPOOOTH i3 KOHTEKCTHO-3ajexHuMU PC, BoHa
peanizye cydacHi anroputmu CO Ta Hajae CTaHIAPTHY
mwrathpopmy mnsd ix posropraHHa. Dyskmii CARSKit
3a0e3neduyroTh Mpolec rHydkoro koHdirypyeanus PC 3a
JIOTIOMOTOI0 TOJIOBHOTO (aiiy BiacTUBOCTEH (property
file), sikuii BKITIOWaE mapamMeTpH HANAIITYBaHHS MEBHOTO
anroputmy CO, omwmc mKepen HOro BXiTHUX Ta BUXITHHX
JIAHUX, TOCWJIAHHS Ha METOJIM OLIIHKH, TOIIO.

PesynbTaTi HOr0 CTUCIOTO OMIIAAY HYHKIIOHATBHUX
MOIMBOCTEH TpoekTiB PC 3 BiIKPUTUM BUXITHHUM KOJOM
mpeacTaBieHi B Tabm. 1.

Ha miifi OCHOBI MOXJIHMBO 3pOOMTH MOTHBOBaHHI
BUCHOBOK, III0 JUISl €KCIIEPUMEHTAIIBHOT peati3awil BiIacHol
PC nouineHo obpatu came inctpymenrtapiit CARSKkit [16].

Jnst mopmanmemoi poOOTH 3 aKTyaIbHOK BEPCi€ro
CARSKkit moctaTHbO KIOHYBAaTH ii @it-permo3UTOpii 10
JOKaJbHOI ~JHPEKTOpil Ha KOMI'IOTEpi PO3pOOHHKA
uinboBoi PC (nuB.puc. 4) 1 TaKUM YMHOM OTPUMATH JIOCTYII
JI0 BCiX TMakeTiB, (ailiiB Ta apXiBiB, TOJIOBHUM 3 SIKHX €
BuKoHytouni apxiB CARSKkit.jar.

Tabmus 1 — [NopiBHSAHHS pO3TIITHYTHX MPOEKTIB PC

. . . MOXIUBICTE [TinTpumka
ITinTpuMyBaH1 MOBH IPOrpaMyBaHHs HasBHicTh .
. IMIUIEMEHTAL1 MPOEKTY
HasBa - HeTaabHOL
Java Javascript Python BJIACHUX po3poOHHKaMHU Ha
JIOKyMEHTAIli1 . .
ITOPUTMIB JIaHUI MOMEHT
Racoon — + + - - -
LensKit + - + + - +
Surprise - - + + + +
CARSKit + - - + + +

Bicnux Hayionanvnoco mexuiunozo ynisepcumemy «XI1Iy. Cepin: Cucmemnuii
94 ananis, ynpasninusa ma ingopmayiini mexnonoezii, Ne 1 (5) 2021



ISSN 2079-0023 (print), ISSN 2410-2857 (online)

, Dack-reis

al !
| 4,00 I

Puc. 4. KionyBanns peno3utopito kofa mpoexra CARSkit

Po3podka apXiTeKTypH HpOTOTHNY PpeKOMeH/a-
HiliHoi cucTeMH M1 KOH(QIrypyBaHHSl NpPOrpamMHHX
KOMIIOHEHTIB cucTeM «Po3ymunii 6ynunok. Onuc BUMoOT
Jo0 mporpamHoro 3abesnedenHs npororury PC. B poborti
[17] npencrasieHa oqHa 3 MOXKJIMBUX TOMCHHHUX MOJIENEH
BapiabeNbHIX KOMIIOHEHTIB YMOBHOI cucTeMu «Po3yMmHmit
oynunok (PB)», i1 BpaxoBytouu ii (yHKIIIT Ta BIaCTHBOCTI,
MOYKHa 3aIpOTIOHYBATH HACTYNHHUH CIIEHApil yNpaBIiHHA
KoH(iryparisiMu i KOMIOHEHTIB, KU HABEACHO Ha pUC. 5
y Burisini UML-niarpamu nperieieHTiB.
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Puc. 5. Cuenapiii B3aemonii PC, cucremu «PJl» Ta KopucTyBadiB

[Tpu npoMy ceHcopHa Mepexka BIJICIIAKOBYE 3MiHH Y
30BHIIIHEOMY CEpPEeIOBHINI 1 MOCTIHHO mepenae iHpopMa-
mito Jo cuctemu «Pby; micns aHanmizy BXiJHMX CHTHATIB
cuctema «Pb» mepemae ix Oesmocepennpo a0 PC mms
BiJICJTIIKOBYBaHHS 3MiH KOHTEKCTHOI iH(popMaIlii, a moTimMm
AITOPUTM HaJlaHHI pexoMeHaaniit PC renepye mist kopuc-
TyBaya MeBHI KOH(Irypamii HamamrtyBaHb (yHKLIH Ta
BiactuBocTeil «Pb»; 1 B KiHIIEeBOMY paxyHKY KOpHUCTyBa4
oOupae HaiiOnbIl NpUHHATHY Ui cede KoHpirypariro
¢yHK1iT 1 BcTaHOBIIOE 11 y cuctemi «Pby uepes BianosigHi
iHTepdeiicn (abo el eram Moxe OyTH MOBHICTIO aBTO-
MaTH30BaHUM, B 3aJIEKHOCTI BiJ] PiBHS IHTEIEKTYaIbHOCTI
pucTpoiB camoi cucremu «Pby»).

Kpim TOTO, 3 METOI MOMXIUBOCTI BIOCKOHAJICHHS
pob6otu PC moxe OyTu mepenbadeHo 3acTOCYBaHHS B Hil
nieBHO1 b/l mpenenenTiB, sSKi B MOAANBIIOMY TaKOX OyIyTh
BUKOPHCTOBYBATHCS IJIsl HaJaHHS PEKOMCHIALIN: AWB.
BianosinHy UML-zniarpamy nociigoBHocTeit Ha puc. 6.

Cepepamdue CEHEOpAE HaPEHa ‘ ‘ Catean "Paaykivl giv” ‘ ‘ ‘

* doguyeankn giicutl owdingpal

IERLCTET
R HEESERE 2:Cunen

3 Ooaredss ket Mol |

| M 5 ¢ Brfip Ljuoens b eoceingas]
% JACTUCYB3HA 3N

o T OHIETEHHR Rt eI A u

Puc. 6. diarpama B3aemonii PC, «PJ]» Ta kopucryBaua 3
BUKOpHCTaHHS b/]

Maroun  (yHKIIOHaNBHI  BHMOT [0  IJILOBOTO
nporotuny PC, siki mpeacraBieHi fiarpaMamMy Ha puc. 5
puc. 6 BIANOBIAHO, MOXXHAa NEpPEeUTH 10 PO3pOOKH il
apXiTEeKTYpH i3 BUKOPUCTAHHS IHCTPYMEHTAILHUX MOJKJIN-
Bocreii npoexty CARSKit (1uB. Buie).

Po3podka apxirexktypu npororuny PC. 3amporo-
HOBaHa apxiTekrypa 11 npototuity PC npencrasieHa Ha
puc. 7 y Bunmini UML giarpamu makertiB (package
diagram). Ilaker Data Bxmrouae B cebe Tpu MOIyIi:
Structure, Setting Ta Processor, siki, BiAIMOBiZHO, MiCTATH
OCHOBHI KJIaCH peaiizamii CTpyKTyp HaHUX (MaTphili Ta
TEH30pH), KJIacH JJsi 0a30BHX ornepariii 00poOKH AaHUX i
KJIacH JUIsl HAJIAIlITYBaHb IEBHUX CUCTEMHHX MapaMeTpiB.

[Maker Algorithms nozinsieThes Ha JBa IHIINX ITAKETH:
nakeT Baseline, sikuii MiCTUTh OCHOBHI PEKOMCHIAIIHHI
anroputMu criibHOT GinbTpanii (UserKNN, SVD++ Ta iH.)
Ta anroput™u pamkysanus (RankSGD, RankALS Ttorio),
a takok rmakeT CARS, 1110 Hajae KOHTECTHO-3aJIE)KHI KJIacH
TpaHchopMarii Ta amanTanii OCHOBHHUX anroputmiB [16].
KpiMm 1mmx nBox makertiB, (yHKIiOHaJbHA apXiTeKTypa
3anporioHoBaHoi PC Britowae B cebe TakoX: ITaKeT
Generic, KU MICTHTh KJacH, 3a iHTepdeiicaMaMul SIKIX
MOXYTh OyTH peani3yBaHi JOJAaTKOBI  aJTOPUTMHU
pexoMenaaiiii; maket Eva, 1110 Hajae BiAMOBIHI KJIacH Jist
PO3paxyHKy pI3HOMAHITHHX METPUK OI[HKH SKOCTI
pekoMeHIaIiif, i Hapemrri, maker Main, B sikomy iHKar-
CYJIOIOTHCS KJIaCH JjIsi 3aBaHTAXKCHHsS Ta iHII(iamizanii
MOTOYHOTO ceaHcy pobotu 3 nmpotoTuriom PC.

CASRkit

1
Algorithms
1
+==import== Generic
Baseline CARS | [rossmessmmessmeseseeeay
[ - He<impart>>
‘_". o -
: = Eval
+im
\i" _r.f.|r'-nr.|:r-‘&'__
— -
Data
Main
|procassorl | sefting |
', +22gcresse

structure

Puc. 7. Miarpama ocHOBHUX (pyHKI[iOHATbHUX makeTiB PC

BucHOBKHM Ta moxaabiui pociaixkeHns. Ha ocHoBi
MIPOBEJICHOTO aHaNi3y ICHYIOUHX IiIXOIB O BUPIIICHHS
3a/1a4i JUHAMIYHOTO KOHQITYpyBaHHS IPOTPaMHUX KOMIIO-
HEHTIB y JiHiiKax mporpamHux npoxayktiB (JIIIIT) Gymo
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MOKa3aHo, IO ISl BUPIMIEHHS i€l IpoOJeMH AOLIJIBHO
BUKOPHCTAaHHS METO/IIB Ta TEXHOJIOT1i T0OY10BU Cy4acHUX
pexomennauiitnux cucrem (PC). Pesymprarom nopanb-
LIOTO OIJIANY IHTENEKTyalbHUX MeTofiB po3pooku PC ta
JOCHI/KeHHST (YHKLIOHAJIBHUX MOXKIJIMBOCTEH JIESIKMX
TexHoori# pearnizarnii PC y mpoekrax 3 BIIKpUTHM KOIOM,
OyJl0 3ampoNOHOBaHO AJISI MOAATBIIOTO BUKOPHUCTAHHS
came B 3afadax kordirypysanns quHamigaux JIIIT obpatn

Meron N-8uUMIpHOI KOHMEKCMHO-3GNeHCHOI MeH30PHOI

Gaxmopuszayii Ta iHCTpyMeHTaNBHU 3aci6 CARSKit. s
npakTH4YHOI peaiizauii npororuny BixnosigHoi PC B
poboTi Oyia po3pobieHa i GyHKIIOHANBEHA APXITEKTYPY,
sSKa yMOJJIMBJIIOE  aBTOMAaTH3aIll0  KOH(]IrypyBaHHS
MPOrpaMHUX KOMIIOHEHTIB y cucTeMax Tumy «PozymHumit
OynuHOK». B moganpmomy 1151 3aliporoHOBaHa apXiTeKTypa
PC mae OyTu mporpamMHoO peaiizoBaHa, Ui YOr0 MOXKYTh
OyTH BHKOpHCTaHI (YHKIIOHATbHI MOKIMBOCTI SIK CAMOTO
3aco0y CARSKit, Tak i po3poOiieHi HOIATKOBI iHCTpY-
MEHTaJbHI 3aco0M U1 peaii3almii anropuTMiB 0OpoOKH
KOHCOJIIIOBaHUX JaHuX Ha MoBi Python [18].

Oco0mmBy yBary B TOJANBIIOMY CIiJl MPHUIUTATH
IUIAHYBAaHHIO ~ OOYHCIIIOBAJIBHUX  CKCIEPUMEHTIB 3
ypaxyBaHHSM crieliu(iku pecypciB KOHTEKCTHUX JaHHX B
cucremax Tuny «Po3ymHuii OyauHOK» Ta BUOOpY BiIoO-
BIJTHMX METPHUK JUIA OLIHKUA C(PEKTHBHOCTI aJTOPUTMIB
TEH30pHOI (pakTopHU3aLii 1JIsi MPOTHO3YBaHHS AUHAMIYHUX
KOH(Irypariif nporpaMHUX KOMIOHEHTIB B IIUX CUCTEMaX.
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K. S. YAMKOVYI

DEVELOPMENT AND COMPARATIVE ANALYSIS OF SEMI-SUPERVISED LEARNING
ALGORITHMS ON A SMALL AMOUNT OF LABELED DATA

The paper is dedicated to the development and comparative experimental analysis of semi-supervised learning approaches based on a mix of unsupervised
and supervised approaches for the classification of datasets with a small amount of labeled data, namely, identifying to which of a set of categories a
new observation belongs using a training set of data containing observations whose category membership is known. Semi-supervised learning is an
approach to machine learning that combines a small amount of labeled data with a large amount of unlabeled data during training. Unlabeled data, when
used in combination with a small quantity of labeled data, can produce significant improvement in learning accuracy.
The goal is semi-supervised methods development and analysis along with comparing their accuracy and robustness on different synthetics datasets. The
proposed approach is based on the unsupervised K-medoids methods, also known as the Partitioning Around Medoid algorithm, however, unlike K-
medoids the proposed algorithm first calculates medoids using only labeled data and next process unlabeled classes — assign labels of nearest medoid.
Another proposed approach is the mix of the supervised method of K-nearest neighbor and unsupervised K-Means. Thus, the proposed learning algorithm
uses information about both the nearest points and classes centers of mass.
The methods have been implemented using Python programming language and experimentally investigated for solving classification problems using
datasets with different distribution and spatial characteristics. Datasets were generated using the scikit-learn library. Was compared the developed
approaches to find average accuracy on all these datasets. It was shown, that even small amounts of labeled data allow us to use semi-supervised learning,
and proposed modifications ensure to improve accuracy and algorithm performance, which was demonstrated during experiments. And with the increase
of available label information accuracy of the algorithms grows up. Thus, the developed algorithms are using a distance metric that considers available
label information.

Keywords: Unsupervised learning, supervised learning. semi-supervised learning, clustering, distance, distance function, nearest neighbor,
medoid, center of mass.

K. C. AIMKOBHH

PO3POBKA TA MMOPIBHSAJILHUM AHAJII3 AJITOPUTMIB HABYAHHSA 3 YACTKOBAM
3AJTYYEHHSIM BUMTEJISI HA MAJIHA KIJIBKOCTI PO3SMIYEHUX JTAHUX

Jlana po6oTa npucBsideHa po3poOIi Ta MOPIBHAIEHOMY aHAIIi3y aJrOpPUTMIB HaBYaHHS 3 YACTKOBHM 3aTydEeHHSM BUMTEINs, 3aCHOBAHUX Ha IOE€IHAHHI
HEKOHTPOJIbOBAHHX Ta KOHTPOJIbOBAHUX MiJXOMIB [0 Kiiacuikaiil HAOOPiB JaHKUX 3 HEBEIMKOIO KIJIBKICTIO MAPKOBAHNX JAHHX, 4 CAME BHSBIICHHIO, 10
SIKOi 3 HAOOPY KaTeropiii HOBE CHOCTEPEKCHHS HAJICKHUTH 3a JOIIOMOT0I0 HABYAJILHOTO HAOOPY JaHHX, 1[0 MiCTUTh CHOCTEPEIKCHHS, IPHUHAICKHICTD 0
kaTeropii skux Bizoma. HaBuaHHS 3 Y4aCTKOBHM 3allydeHHSIM BUHUTENS — L€ MiAXiJ 10 MAaNIMHHOTO HAaBYAHHS, SKUH ITO€NHYe HEBEIMKY KiJIbKiCTh
MapKOBaHHUX JIAHUX 3 BEJIMKOIO KiJbKICTIO HEMapKOBAaHHMX JIAHMX MijJ 4ac HaB4aHHA. HemapkoBaHi JaHi, SKIIO X BUKOPUCTOBYBATH B MOEJHAHHI 3
HEBEJIMKOIO KiTbKiCTIO MApKOBAHUX JAHUX, MOXKYTh 3HAUHO MOKPAIIUTH TOUHICTh HABYAHHS.
Meroro po6oTH € po3poOka Ta aHaJi3 METO/[iB HABYAHHS 3 YACTKOBHM 3aTydeHHSM BUHTEIS, a TAKOXK MOPIBHAHHS X TOYHOCTI Ta HaAIHHOCTI Ha Pi3HUX
Ha0Opax IUTYYHHUX JaHHUX. 3alPONOHOBAHMI MiJIXiZl 3aCHOBAaHMI Ha METOJIi HEKOHTPOJILOBAHOTO HaBYaHHS K-MemoiniB, TaKOXK BIZIOMHUIL SIK allrOPUTM
P030uTTS HABKOJIO MENOI/IB, O/IHAK, HA BiAMIiHY BiJ K-Meoi/iB, 3arpONOHOBAaHNUI AJIITOPUTM CIIOYATKy OOYMCIIIOE MEIOINN, BUKOPHCTOBYIOUH JIUIIIE
MapKoOBaHi JaHi, a nani o6po0Oiisie He MapKOBaHi eJIEMEHTH - IPU3HAYAE MITKH HaHOMIDKINX Menoi/. IHITM 3aIpOnoOHOBAaHNM IiIXO/IOM € TIO€THAHHS
KOHTpPOJIbOBaHOTO MeToay K-HalOmmK4ix cyciiiB Ta HeKOHTpoJIbOBaHOTO K-cepenHix. [1pu 1iboMy 3arponoHOBaHHid AITOPUTM HaBYaHHSI BUKOPUCTOBYE
iH(pOpMAILiIO SIK PO HAWOIMKYI TOYKH, TaK 1 MPO KJIACH IIEHTPIB MacH.
Meroxu Oymu peanizoBaHi 3 BAKOPHUCTaHHSIM MOBH IporpamyBaHHs Python Ta ekcriepuMeHTaNBHO TOCIIDKEHI /UTst BUPIMEHAS npobieM Kiacugikamii
3 BUKOPHCTaHHSAM HAOOpiB JaHMX 3 PI3HUMH PO3MOAITIOM Ta MPOCTOPOBUMHU XapakTepucTukamu. Habopu nanux Oymu cdopmoBaHi 3a JOMOMOTrOI0
6i0mioreku scikit-learn. Byno mopiBHSIHO po3poOIeHi MiAXoau 3a iX cepenHIo TOYHICTh 3a BCiMa JaraceTaMmu. byio mokasaHo, 110 HaBiTh HEBEJHKI
KIJTBKOCTI MapKOBaHWX IaHHUX JO3BOJISIOTh BHKOPHCTOBYBATH HABUaHHS 3 YAaCTKOBUM 3allydeHHSM BYHTEINS, a 3alpoNOHOBaHI Mopudikamil
3a0e3MeuyoTh MiBULICHHS TOYHOCTI Ta POOOTH AJITOPUTMY, IO OyJ0 MPOJEMOHCTPOBAHO MiJl Yac €KCHEPUMEHTIB. | 31 30UIbIICHHSIM JOCTYIHOL
iH(popMalii mpo SPIUKH, TOYHICTH AJTOPUTMIB 3pOCcTa€e. TaKUM YMHOM PO3pOOJIEHI ANrOPUTMH BUKOPHCTOBYIOTH METPHKY BiJIICTaHI, SIKa BPaxOBYe
JIOCTYITHY iH(OPMAILIO IPO APITHK.

Ku1rouoBi ci10Ba: HaBuaHHS 0€3 y4nTENsI, HABYaHHS 3 YUUTEIEM, HABYAHHS 3 YACTKOBUM 3aTly4eHHSIM BUUTEIS, KJIaCTepU3allis, BiACTaHb, QyHKIISL
BiJICTaHi, HAHOMMKYMIL CyCizt, MENOiM, IIEHTP Mac.

K. C. AIMKOBOH

PA3PABOTKA U CPABHUTEJIbHBINA AHAJIU3 AJITOPUTMOB OBYYEHMSI C YACTUYHBIM
IMPUBJIEYEHUEM YUHUTEJIA HA MAJIOM KOJIUMYECTBE PASMEYEHHBIX TAHHBIX

Jlannast paboTa mocBsieHa pa3paboTKe W CPABHUTEIBHOMY aHAIHM3Y aITOPUTMOB OOYYEHHUS C YACTHIHBIM MPUBICICHUEM YUHUTENs, OCHOBAHHBIX HA
COYETAHUH IMOJXOJIOB C MPHUBJICUCHUE YUHUTENd M 0e3 K KiacCU(UKAIMd HaOOPOB JaHHBIX ¢ HEOOJBIINM KOJMYECTBOM MapKHPOBAHHBIX JAHHBIX, &
HMMEHHO BBISIBIICHHIO, K KaKO# M3 Habopa KaTeropuii HOBOe HaOJII0IeHHEe MTPEICTOMT C IIOMOIIIBIO0 Y4eOHOT0 Habopa JaHHBIX, COEPIKAIIET0 HAOIIOCHNUS,
MPUHAUISKHOCTH K KATETOPHH KOTOPBIX n3BecTHA. OOyUeHne ¢ YaCTHIHBIM MPUBICICHAEM YIUTEIS — ITO MOAXO0/] K MAIIHHHOMY 00YYIEHUIO, KOTOPBIH
coyeraeT HeOOJBIIOe KOJMUECTBO Pa3MEUCHHBIX JTAaHHBIX ¢ OOJBIINM KOJMYECTBOM HE Pa3MEUCHHBIX JaHHBIX BO BpeMs oOydeHus. He pazmedeHHbIe
JIaHHBIE, €CITH UX MCIIOJIL30BATh B COYETAHUH C HEOOIBIIMM KOJIMYECTBOM Pa3MEUEHHBIX JAHHBIX, MOI'YT 3HAYMTEIBHO YIYUIIUTH TOYHOCTH OOYUEHHUSI.
Llenpio paGoThl SIBISETCSI pa3paboTKa M aHAIM3 METONOB OOYYCHHs C YACTUYHBIM MPUBICYCHHEM YUHTENS, a TAK)Ke CPABHEHHE MX TOYHOCTH H
HaJISKHOCTH Ha pa3IMYHbIX HA0Opax UCKYCCTBEHHBIX JAaHHBIX. [Ipe/IoKeHHBIN 110IX0/1 OCHOBAH Ha MeTojie 00yueHus Oe3 yuurens K-Memonn, Takxe
M3BECTHOTO KaK arOpUTM Pa30KMBKa BOKPYT MEIOM/I, OHAKO, B OTIMYKE OT cTaHgapTHoro K-Menou, npeiiosKeHHbIi alrOpUTM CHAYalla BEIYKUCIIAET
MEJIOH/IbI, HCTIONB3YSI TOJBKO Pa3MeUeHHbBIC JaHHbIE, a Jaiblie 00pabaThiBacT He pa3MEUEHHBIC — Ha3HAYACT METKH OMIKAHIINX MeTouI0B. Jpyrum
TIPEIUI0KSHHBIM IIOIXO/IOM SIBIISIETCS COUYETaHNe MeToaa o0ydeHus ¢ yanteneM K-Ommkaimmx coceneit u o0ydenus 0e3 yaurens K-cpennux. [Ipu atom
MPEJIOKEHHBIN arOPUTM 00YYEHHUS UCTIONB3YET MHMOPMAIIMIO KaK O OJIMKAUIINX TOUKH, TaK M O KJIaccax [EHTPOB Macc.

MeTtop! ObUTH Pean30BaHbI C HCIOIb30BAHUEM SI3BIKA MPOrpaMMupoBanusi Python u skcrepuMeHTanbHO MCCIEMOBAHBI UTS PEIMIEHHsT TPOOIEMBI
KJIacCH(UKAIMHU C KCIOJIb30BaHHEM HA0OPOB JAHHBIX C PA3IMYHBIMHU PACIIPEACICHUEM H MPOCTPAHCTBCHHBIMU XapakTeprcTHKaMi. Habopbl JaHHBIX
ObLTH cHOPMHUPOBAHEI ¢ TOMOMIBI0 GrOIHoTekH SCiKit-learn. Bruti mpoBeieHo cpaBHEHNE Pa3pabOTAHHBIX TOIXOI0B Ha OCHOBE UX CPEIHEH TOUHOCTH

© K. S. Yamkovyi, 2021
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10 BCEM JaTaceTa. bbuio mokas3aHo, 4TO Jaxke HEeOOJbIINE KOJMMYECTBA Pa3MEUCHHBIX NAHHBIX MO3BOJSIIOT HMCIIONB30BATh OOYYCHHE C YACTUYHBIM
NPUBJIEYCHUEM YUUTENS, a MPeIIoKeHHbIe MOAU(UKAUU 00eCIeunBalOT IOBBIIICHHE TOYHOCTH M YCTOHYMBOCTH QITOPUTMa, 4TO OBLIO
MPOJEMOHCTPUPOBAHO BO BPEMs DKCIEPUMEHTOB. M ¢ yBelMuYeHHEM AOCTYNMHOH HHGOPMALMU O SIPJIBIKH, TOYHOCTh AJrOPUTMOB pacTeT. Takum
obpa3oM, pa3paboTaHHbIC AITOPUTMBI UCIIONB3YIOT METPUKY PACCTOSIHUS, YIUTHIBAIOLIYIO TOCTYITHYIO HH()OPMALIMIO O METKaX KJIacCOB.

KnioueBble cioBa: oOydueHne Oe3 yuurens, oOydeHHE ¢ yduTeleM, OOydeHHE C YAaCTHUYHBIM HPHUBIEUYCHHEM YUYHTENs, KIacTepH3allus,

paccrosiHue, QYHKIUUS pacCTOSHUS, OKaiImii cocell, MeJOM/, LIEHTP Macc.

Introduction. A large amount of data was produced
recently, and nowadays humanity had the opportunity to
store and process all this data. In all spheres of life people
try to use these data for optimizing business and life-
improving using Al and data mining.

There are several approaches to data processing and
analysis problem within the framework of machine learning
paradigms. One of them is unsupervised learning [1] when
we try to detect inner structure or patterns without human
supervision. The most efficient approach in machine
learning is supervised learning, when we have some data
with labels and try to learn a function on data points as label
pairs. In many cases, there is no opportunity to label all data
from different cases, causes are too complex and expensive
experiments, data streaming with large frequency [2], or
just high cost of data labeling. Therefore, in this case a
satisfactory compromise is semi-supervised learning when
we use datasets with a small amount of labeled that allows
learning better inner structure (fig 1).

\

~

Fig. 1. Example of unlabeled data in semi-supervised learning

Semi-supervised  learning  includes  different
approaches, and can be used for any popular data analysis
problems, such as clustering [3], anomaly detection, latent
variables models.

The object of the study is the process of the data points
classifications, namely, identifying to which of a set of
categories a new observation belongs using a training set of
data containing observations whose category membership
is known.

The subject of the study is development of semi-
supervised methods for data classification.

The purpose of the work is to develop an improved
semi-supervised method using already exist supervised and
unsupervised approaches and compare their accuracy and
robustness.

Problem statement. Given a set of [ labeled

examples {< x1,y; >, ..., < x;,y; >}, where x; — feature
vector of i-th example and y; — its label (class), and a set of
u unlabeled data {x;,1, ..., X140} X1, %2, o, X144 € X and
V1, V2, -, X € Y. The goal is to determine some function
using given sets, that will correct map points from X to Y:
f(x;) =, for any point from X.

Related work. The semi-supervised learning
described in literature not so widely as unsupervised or
supervised, especially algorithms implementation.

In [4] Jesper E. van Engelen and Holger H. Hoose
gives an overview of semi-supervised approaches describes
assumptions of semi-supervised learning especially:
smoothness, low-density and manifold.

Semi-supervised approach  demonstrates  high
efficiency in solving clustering problems, the idea of using
of clustering algorithm was described in the review [5]. The
majority of these methods are modifications of the popular
k-means clustering method.

One of the simplest unsupervised approach is K-
Medoids also known as Partitioning Around Medoid
algorithm was proposed in 1987 by Kaufman and
Rousseeuw in [6]. A medoid is a point in the cluster, whose
average dissimilarities with all the other points in the
cluster is minimum.

K-medoid is a partitioning technique of clustering,
which clusters the data set of n objects into k clusters, with
the number k of clusters assumed known a priori.

Both the k-means and k-medoids algorithms are
partitional, which breaking the dataset up into groups, and
both attempt to minimize the distance between points
labeled to be in a cluster, and a point designated as the
center of that cluster. In contrast to the k-means algorithm,
k-medoids choose data points as centers and can be used
with arbitrary distances, while in k-means the center of a
cluster is the average between the points in the cluster
(fig. 2). Consequently, K-medoids is more robust to noise
and outliers as compared to K-means.

(a) Mean (b) Medoid

Fig. 2. Mean and medoid difference

The supervised approach described in [7]. The nearest
neighbor decision rule assigns to an unclassified sample
point the classification of the nearest of a set of previously
classified points. Thus, for any number of categories, the
probability of error of the nearest neighbor rule is bounded
above by twice the Bayes probability of error. In this sense,
it may be said that half the classification information in an
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infinite sample set is contained in the nearest neighbor.

One of the popular semi-supervised methods is
kernels based methods [8], especially Transductive support
vector machines [9, 10]. This method has the same pros and
cons as classic Support Vector Machine, but the main cons
are that the algorithm works only with binary classification
and has exponential computation time while a data set to
increase.

Semi-supervised methods. As a baseline was chosen
clustering algorithms implemented in the scikit-learn
library [11, 12]. Algorithms use different approaches and
library has interfaces for using custom metrics.

The proposed algorithm uses the K-medoid approach
as a base idea. However, unlike K-medoids the proposed
algorithm first calculates medoids using only labeled data
and next process unlabeled classes —assign labels of nearest
medoid.

This algorithm has the following pros:

— reduced processing time, because required only
multiple iteration throw points unlike standard K-medoid;

— more robustness to wrong assigned labels, because
the algorithm gives higher weights to labeled data in the
medoids calculation step.

Another proposed approach uses the idea of K-nearest
neighbors and K-Mean algorithm, because for classifying
we use both information about the nearest points and
classes centers of mass (algorithm 1).

As a distance metric was used Euclidean distance but
any metric could be used.

Classes’ centers do not recalculate after each
assignment, because experiments show that it does not
bring results but takes more computation time.

So, the described above method allows:

— consider information about the nearest point,
because in most cases point has the same label as its
neighbors;

— combine a different kind of information;

— tune weight of different sources using input
parameters.

Experiments. For experiments purpose was
generated multiple datasets using sklearn library. Each
dataset contains 250 points in 2D space. Available only
10% of labels as default. In addition, datasets have multiple
clusters with different distributions and shapes (fig. 3).

We will compare different approaches to find average
accuracy on all these. In Tab. 1 we can see that the best-
unsupervised method is K-nearest neighbors based
algorithm has higher average accuracy. The fig. 4 shown
the same result. Especially the K-nearest neighbors based
approach has better accuracy in case of closely located
clusters with the same distribution.

Another required feature of a semi-supervised
algorithm is quality versus a number of labels dependency:
more labels — higher quality and vice versa. However, fig. 5
shows that the proposed methods perform more accuracy
with increasing number of available labels.

Table 1 — Accuracy comparison

Method name Dataset name Average
Moons | Aniso | Varied | accuracy
K-medoids based 0.860 | 0.864 | 0.904 0.876
K-nearest neighbors
based
(N=5,C=2) 0.904 | 0.900 | 0.912 0.905

Algorithm 1. Object classification using K-NN based approach

Input:

X — feature matrix n*m, n — number of objects, m — number of features
y — labels vector of length n, y[i] = -1 if no label data for i-th object

K — number of nearest points
C — weight of nearest class center
Output:
y_predicted — vector of length n with object labels

1: y predicted < empty list of length n
2:  unlabeled_idxs « list of indexes where y = -1
3:  labeled_idxs «<list of indexes where y > -1
4:  center_coordinates « list of center coordinates for each class, calculated using available labels
5. random shuffle unlabeld_idxs
6: foriinunlabeld_idxs do
7: distances_i < distances from i-th object to each object with indexes in labeled_idxs
8: argsort distances_i
9: nearest_idxs < indexes of first K elements from distances i
10: classes_dist_i < distance from i-th object to each classes' center
11: neares_class_idx < index of nearest class to i-th object
12: cls_counts « list, where j-th element denote numbers of points belong to j-th class among nearest_idxs
13: cls_counts[neares_class_idx] « cls_counts[neares_class_idx] + C // add additional value for class with nearest center
14: label < argmax(cls_counts)
15: y_predicted[i] « label
16: end for
17: foriin labeled_idxs do
18: y_predicted[i] < y[i]
19:  end for
20: returny_predicted
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Fig. 3. Datasets visualization; the legend shows classes’ label, -1 — unlabeled point;
a, b — moons dataset, 2 classes, with non-convex and separable shapes;
¢, d —aniso dataset, 3 classes, convex shape with same class variation, not separable;
e, f — varied dataset, 3 classes with a convex shape and different class variation, also not separable
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Fig. 4. Predicted labels visualization; a, ¢, f — unsupervised K-Medoids;
b, d, f— semi-supervised K-nearest neighbors based method
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0. I0. MEJIBHUHKOB

IMPOI'HO3YBAHHSA PE3YJIBTATIB CKIIAJAHHSA € IMHOI'O BCTYITHOI'O ICIIUTY 3
THO3EMHOI MOBY BUITY CKHUKAMM-BAKAJIABPAMM 3AKJIA/TY BUIIIOI OCBITH 1P
BCTVYIII JO MATICTPATYPU

B po6oti HaBeneHo iH(pOpMaILio MO0 HEOOXiMHOCTI CKIafaHHS «CAMHOIO BCTYIHOTO iCIIUTY» 3 1HO3EMHOI (aHIIIiIChKOI) MOBH CTYAEHTAMH, IO
OTpUMAJTH OCBITHBO-KBaITi(hiKaliiHUIA piBeHb OakanaBpa Ta 6a)Kar0Th NPOJOBKHTH HAaBYAHHS I 3400YTTS CTyHEHs MaricTpa. BusHadyeHo, 110 mpu
POOOTi 31 CTyAeHTaMH BUITyCKHOTO KypCy OakanaBpaTy HOLLIBHO, IIO-NepIlle, BU3HAUUTH BiJICOTOK BHITYCKHHKIB, 31a4a sskuMu €BI manoiiMmoBipHa, a
[0-JpyTe, aKTUBi3yBaTH POoOOTY 3 TaKUMHU BUITyCKHHUKAMH JUIS MiABUIIEHHS Iici HMOBipHOCTI. Byno mocraBineHo 3amady CTBOpEHHS MOJENi A
IIPOTHO3YBAHHS PE3y/IbTaTiB CKJIAJaHHs €AMHOTO BCTYITHOTO iCIIMTY 3 iIHO36MHOI MOBH BUITyCKHUKaMH-0aKaJlaBpaMHM 3aKJIajly BUILOI OCBITH NPH BCTYII
JI0 MaricTpaTypu. 3alpornoHOBaHO HU3KY (aKTOpiB, sIKi BILIMBAIOTH Ha 6an €BI, a came: KoHKypcHHUIT 6a pu 3apaxyBaHHI (TOKa3HUK 6a30BOT0 PiBHS
CTyJeHTa), peUTHHT (OLiHKa) 3a MiACYMKaMH IIEPIIOro POKy HaBUaHHS (iCIUT 3 000B’SI3K0BOTO IpeaMeTy «IHo3eMHa MOBay), PEHTHHT 3a MiACYMKaMU
BUBYCHHS TUCLMIUTIHK BiUTbHOTO BHOOPY «IHO3eMHa MOBa» Ha 2-3-My Kypcax (MakCHMaJbHHIL 3 ycix ab0 «0», SKIIO CTYICHT He BUOUpAB), PEHTHHT 3a
IiICYMKaMH JIOJaTKOBHX 3aHATH «[HO3eMHa MOBa» Ha 4-My KypcCi, CepeHill pefiTHHT 3a IIepel0CTaHHIO CeCilo (IIOKa3HHUK «aKTyaJbHOTO0» BiIHOMICHHS
CTy/IEHTa JI0 HaBYAJIBLHOTO Mpolecy), (akT HAasBHOCTI JOJATKOBHUX OaniB (IMOKAa3HHMK 3al[iKaBJICHOCTI CTYJICHTA IHIIMMH BUAAMH AisUIHOCTI, KpiM
HABYAJIBHOI), Cepe/IHiil peUTHHT AUIUIOMY OakanaBpa (MMOKa3HUK 3arajbHOTO CTABICHHS CTYACHTA A0 HaBYAJIBLHOrO mpoiecy). HaBemeno HasBHI maHi
LIO/I0 CTYACHTIB IBOX POKIB Ka(eIpH iHTENCKTyalbHIX CUCTEM IPUUHSTTS piteHb JloHbackKol Iep:kaBHOT MAIIMHOOY/1iBHOI aKajieMii. 3arporoHOBaHO
METO/l IITYYHHX HEHPOHHHX Mepex 3 apXiTeKTypolo JBOIIAPOBOTO MEPCENTPOHY 3 HecATbMa HEHpPOHAMH Yy KOXXHOMY HPHXOBAHOMY MIapi,
AKTHBALIHHOIO (QYHKI[IE€I0 CUTMOIOI0 1 aITOPUTMOM 3BOPOTHOTO HOMIMPEHHSI MOMUIIOK /ISl HaBYaHHs Mepeski. [IpoBeeHo po3paxyHKH B CepeOBHILI
Deductor Studio Lite, mpoanasizoBaHo ixHi pe3ysbTaTi. 3a3HaYCHO, IO 3aIIPOIIOHOBAHMIA ITiIXi]] 10 IPOTHO3YBaHHs MOYKHA 3aCTOCOBYBATH IPH pOGOTI
31 CTYJIEHTaMH BHITyCKHOI'O KypCy OakajiaBpaty, JIs1 BU3HAUCHHS BiJICOTKY BHITYCKHUKIB, 31a4a sikuMu €BI marnoiimMoBipHa, Ta akTHBi3anii podoTH 3
TAKHUMH BUITYCKHHKAMH IS T IBUILCHHS Li€i HMOBIPHOCTI.

KurouoBi cioBa: oCBiTHbO-KBami(iKaliiHUN piBEHb, €IUHUI BCTYIHUI iCIIUT, IPOTHO3YBAaHHS, IITy4HA HEHPOHHA MeEpexa, MEpCErTpPOH,
CUIMOizia, HABYaHHS MEpexKi.

A. I0. MEJIBHUKOB

IMPOI'HO3UPOBAHME PE3YJIBTATOB CIAYH EJUHOI'O BCTYIIMTEJIBHOI'O DK3AMEHA 110
NHOCTPAHHOMY A3BIKY BbIITY CKHUKAMMU-BAKAJIABPAMU YUPEXKJIEHHWSA BBICHIEI'O
OBPA30BAHUA ITPU IOCTYIUVIEHUU B MAT'ICTPATYPY

B pabote mpuBeneHa MHGOpPMAIUSA O HEOOXOAMMOCTH chaddl «EIMHOTO BCTYNMHTEIBHOTO JK3aMEHa» I10 MHOCTPAHHOMY (aHIJIMHCKOMY) SI3BIKY
CTyJeHTaMU, KOTOpbIe HOIyYHIN 00pa30BaTeIbHO-KBATU(DUKAIHOHHbINA yPOBEHb OaKaIaBpa H XKeIaloT IPOJOIDKUTH 00ydeHHe IS ITOIyUeHHs CTeIeHN
Mmaructpa. OmpezeneHo, 4Tto mpu paboTe CO CTYJIEHTaMM BBITYCKHOrO Kypca OakanaBpaTa IElecooOpasHO, BO-TIEPBBIX, ONPENENHTH IIPOIEHT
BBIITYCKHHUKOB, clada KOTOpbIMH EBD ManoBeposiTHa, a BO-BTODBIX, aKTHBH3HPOBATH PabOTy ¢ TaKMMH BBEITYCKHHKAMH UL ITOBBIICHHUS STOH
BEpOATHOCTU. bblla mocTaBieHa 3ajaya CO3JaHUSI MOJENM Ui MIPOTHO3MPOBAHUS PE3YJIBTATOB CIayd €IMHOTO BCTYNUTENBHOIO 3K3aMEHa I10
HHOCTPAHHOMY SI3BIKY BBIITyCKHUKaMH-0aKkaltaBpaMH YYPeKICHWs BBICIIETO 0Opa30BaHMS HPH IOCTYIUICHHH B Marucrpatypy. llpemtoxkeH psin
(haxTopoB, KoTOpHIe BIMSIOT HA 6an EBD, a MMEHHO: KOHKYPCHBIH 0aJlT IIpH 3a9HCIeHHH (TI0Ka3aTelb 0a30BOTO YPOBHS CTyIEHTa), peHTHHT (OLeHKa)
II0 UTOraM IIEPBOTO roja oOydyeHHs (9K3aMeH IO 00s3aTelbHOMY HpeaMeTy «HOCTpaHHBIM SA3BIK»), PEHTHHT IO UTOTaM H3y4YeHHs JUCLUIIINHBI
cBOOOIHOTO BEIOOpa «VIHOCTpaHHBIN S3BIK» Ha 2-3-M Kypcax (MaKCHMalbHBIH M3 BeeX WM «0», €CIM CTyHEHT He BBIOMpAN), pEeHTHHT 10 MTOTraM
JIOTIOJIHUTENBHBIX 3aHATHH «/IHOCTpaHHBIN S3BIK» HAa 4-M Kypce, CPeIHHI PEHTHHI IO IPEIIIOCIeIHIOI CECCHIO (ITOKa3aTelb «aKTyaIbHOTO»
OTHOLICHHUS CTyJeHTa K y4eOHOMY Ipolieccy), (pakT Haau4us JOHOIHUTENBHBIX 0aIoB (OKa3aTeNnb 3aHHTEPECOBAHHOCTH CTYAEHTa APYTHMH BHIAMU
JIeATeTbHOCTH, KpoMe ydeOHOM), cpe/iHHif peiiTHHT umiomMa OakanaBpa (ToKasaTelb 00IIEero OTHONIEHHUS CTy/IeHTa K ydeOHoMy nporieccy). [IpnBenens
HMeIOIIYecs] JaHHbIe B OTHOIIEHHU CTYISHTOB IBYX JIeT Kadeqphl HHTEIUIEKTYalbHBIX CHCTEM IPHHATHS penreHui J[oHbacckoil rocymapCTBeHHOH
MaIIMHOCTPOUTENbHON akaneMuu. [IpenyioskeH MeTo MCKYCCTBEHHBIX HEHPOHHBIX CETeH C apXUTEKTYpOil ABYXCIOHHOTO mepcentpoHa C JECATHIO
HeHpOHAMH B K)KIOM CKPBITOM CJIO€, aKTHBAIMOHHON (DYHKIHEH CHIMOUIOH H alTOPUTMOM 00PaTHOIO pacpOCTPAHSHHUS OINOKH JUIS 00YISHUS CETH.
Iposenenst pacuersl B cpee Deductor Studio Lite, mpoananisnpoBansl ux pe3ysbTarsl. OTMEUEHO, Y4TO MPEIOKEHHBIN MOX0/ K IIPOrHO3HPOBAHHIO
MO>KHO IIPHMEHSTH IpU paboTe co CTyIeHTaMU BBHITYCKHOTO Kypca OakalaBpaTa, Il OHIpeeleHus IPOLEHTa BBIMTYCKHHKOB, cada koTopbiMu EBU
MaJIOBEpOsITHA, M aKTHBU3AIMN PaOOTHI C TAKMMH BBIITYCKHUKAMH JUIS TIOBBIIICHHUS 9TOIH BEPOSITHOCTH.

KnaioueBble cioBa: 00pa3oBaTeNbHO-KBAIH(HUKAIMOHHBI  YPOBEHb, €IWHCTBEHHBI BCTYNHUTENBHBIH 3K3aMEH, HPOTHO3MPOBAHUE,
HCKYCCTBEHHAs] HEHPOHHAs CeTh, IEPCENTPOH, CUTMOU/1a, 00yUIeHUE CETH.

O. Yu. MELNYKOV

FORECASTING THE RESULTS OF THE SINGLE ENTRANCE EXAM IN A FOREIGN LANGUAGE
BY BACHELORS OF THE INSTITUTION OF HIGHER EDUCATION

The paper provides information on the need to pass the “Unified entrance exam” in a foreign (English) language by students who have received a
bachelor’s degree and wish to continue their studies to obtain a master’s degree. It is determined that when working with undergraduate students, it is
advisable, firstly, to determine the percentage of graduates whose passing EVE is unlikely, and secondly, to intensify work with such graduates to
increase this probability. The task was set to create a model for predicting the results of the unified entrance exam in a foreign language by bachelor’s
graduates of higher education institutions upon entering the master’s program. A number of factors that affect the EVE score are proposed, namely:
competitive score at enrollment (indicator of the student’s basic level), rating (assessment) based on the results of the first year of study (exam in the
compulsory subject “Foreign Language”), choice “Foreign language” in the 2-3rd year (maximum of all or “0”, if the student did not choose), the rating
of additional classes “Foreign language” in the 4th year, the average rating for the penultimate session (indicator “current” student’s attitude to the
educational process), the fact of having additional points (an indicator of the student’s interest in other activities than learning), the average rating of a
bachelor’s degree (an indicator of the general student’s attitude to the educational process). The available data concerning students of two years of the
department of intelligent decision-making systems of the Donbas State Engineering Academy are given. A method of artificial neural networks with a
two-layer perceptron architecture with ten neurons in each hidden layer, a sigmoid activation function, and an error backpropagation algorithm for

© A. 0. Menbuukos, 2021
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network training is proposed. Calculations were performed in the Deductor Studio Lite environment, their results were analyzed. It is noted that the
proposed approach to forecasting can be applied when working with undergraduate students, to determine the percentage of graduates whose EVI is
unlikely to pass, and to intensify work with such graduates to increase this probability.

Keywords: educational and qualification level, the only entrance exam, forecasting, artificial neural network, perceptron, sigmoid, network

training.

Beryn. 3rimHo 3 «IIpaBumamu npuitomy» 10 OyIb-
SKOTO 3aKJIaay BHUINOI OCBITHM B YKpaiHi, BHITyCKHUKH
OakanaBpaTy, siKi OakaroThb NPOJOBXKUTH HABYAHHS JUIS
3M00yTTSl CTyNeHs Maricrpa, MalooTh CKIagatu «EauHUM
BeTynHui icnut». Lle ¢popma BeTynmHOro BUNpoOyBaHHS 3
iHO3eMHoOT (aHriiickKkoi, ab0 HiMenbKoi, a00 (paHIy3bKOT,
a0o icHaHCBhKOI) MOBM JJsi BCTYIY Ha HaBYaHHS JUIs
3100yTTS CTYIEHS MaricTpa Ha OCHOBI 3100yTOTO CTyTIeHS
BHIIOI  ocBiTM  OakamaBpa, Marictpa  (OCBITHBO-
KBaJiQikamiifHOTO piBHA cIlemiaicTa), Aka mepeadadae
BHKOPUCTAHHS OpTaHi3aliifHO-TEXHOJOTIYHNX IIPOIECIB
3MIHCHEHHS 30BHINTHHOTO HE3aJCKHOTO OIIHIOBaHHS [1].

IIpz poGoTi 31 CTyOeHTaMH BHITYyCKHOTO KypCy
0akanaBpaTy IOILLIBHO, MO-TIEPINe, BU3HAYMTU BiJCOTOK
BUIYCKHHMKIB, 37a4a sikumu €BI manoiimoBipHa, a mo-
Jpyre, akTHBi3yBaTh poOOTY 3 TAKMUMH BUITYCKHUKAMU, JJIsI
MIABHUINCHHS 11i€1 WMOBIpHOCTI. BU3HAYCHHS BIpPOTiTHOCTI
3naui €Bl cryseHTamMu HEMOXJIHMBO 0€3 BHKOPUCTaHHS
CyJacHMX MAaTeMaTHYHHX Ta IHTEJEKTyaJbHHX METOJIB
(HampuKIax, METOAy INTYYHHX HEHPOHHHX MeEpex) Ta
iHpOpMaiHHIX TEXHOIOTIH.

Byno mocraBneHo 3amady CTBOPEHHS MOJENi ISt
NPOTHO3YBaHHS  pE3yNbTaTiB  CKIAJaHHSI  €IUHOTO
BCTYIHOTO ICHHTY 3 IiHO3€MHOI MOBH BHITyCKHHKAMH-
OakanaBpaMH 3aKjaqy BHINOi OCBITHM TpPH BCTyHi [0
MaricTparypH.

IToctanoBka 3amaui Ta BXigHi daxTopmn. s
CTBOpEHHSI Oy/b-sIKOT MOJIelNi IPOrHO3YBaHHS HOTPIOHO
BU3HAYMUTH BXi/HI pakTopu. [IponoHy0ThCS HACTYIHI:

® KOHKYpCHHMH Oan mpH 3apaxyBaHHI — HOKa3HHK
0a30BOTO PIiBHS CTYICHTA,;

® pelTuHTr (OIiHKA) 32 MiACYMKaMH IEPIIOr0 POKY
HaBYaHHS — iCTIUT 3 000B’SI3KOBOTO TpeaMeTy «[Ho3eMHa
MOBa»;

® PEHTHHI 3a MiACYMKaMH BHBYEHHS AWCIUIUIIHH
BUIHbHOTO BHOOpY «IHO3eMHa MOBa» Ha 2—3-My Kypcax —
MaKCHMaJIbHHH 3 yciX a00 «0», SIKIIO CTYACHT He BUOMpPaB;

® PEHTHMHI 3a MiJCYyMKaMH JOJATKOBUX 3aHSTh
«IHO3eMHa MOBay Ha 4-My Kypci;

e cepelHiii PEeUTHHT 3a TMepeAOCTaHHIO Cecilo —
MOKa3HUK «aKTyaJbHOTO» BIJIHOLICHHS CTyJAEHTa [0
HaBYaJILHOTO MPOLIECY;

e (bakT HaAIBHOCTI JOAATKOBUX OalliB — MOKAa3HHK
3alliKaBICHOCTI CTYJCHTa IHIIMMHU BHIAMH JiSUTBHOCTI,
KpiM  HaBuasbHOI  (HaykoBa,  KyJbTypHO-MacoBa,
rpoMaJicbKa po0oTa);

® cepenHiil peHTHHT TUIUToMy OaKajiaBpa — HOKa3HHK
3arajbHOrO  CTABJCHHS CTyJIeHTa JO0 HaBYaJIbHOTO
nporecy.

HaBeneni QaxTopn BIUIMBAIOTH HA OIIHKY, SKY
CTYICHT OTpUMAaEe Ha €IWHOMY BCTYMHOMY ICIHTI 3
1HO3eMHOI1 (SIK TTPABHIIO, aHTIIIWCHKOT) MOBH IS BCTYIY JI0
MaricTparypH.

Pimnennst 3amayi MeToa0M IUTYYHHX HEHPOHHHX
Mepe:k. [lami moTpiOHO HANOBHUTH MOJENb PEalbHUMHU

JAaHAMH Ta 3OIHCHUTH PO3PaxXyHKH Y CIICHiaTbHOMY
CEPEeJIOBHIIIL.

MaremaTiyHe MOJENIOBaHHS B3araji Ta IITY4YHI
HEWpOHHI Mepexi HepiIko BUKOPUCTOBYIOTH  JUIs
MPOTHO3YBaHHS YCIHINIHOCTI CTYACHTIB 3aKJIaIiB BHUIIOT
ocestH [2-5] .

Sk Mozxenp HeHpOHHOI Mepexi OyB oOpaHuid
nBomapoBuid mepcenTpoH. OIHKY Kpamoro dYucia
HEHpOHIB B  MNPHUXOBAHOMY  Imapi  IPOBEAEMO,
BUKOPUCTOBYIOUM BimoMy HepiBHicTE [6-8]. OO0’em
KO’KHOTO TPUXOBAHOTO IIapy Bi3bMeMO piBHEM 10
HeiipoHam. Twum aktuBamiiiHoi ¢QyHKHiIIT — cuTMoina.
HaBuanHs Mepexi IPOBOAMIOCS METOJOM 3BOPOTHOTO
nomupeHHs nomuinok. Ha puc. 1 mpencraBiieHo oaHy 3
MOXIIMBHX MOJIENeH AJsl pillleHHsS IOCTaBJIeHOT 3ajadi
METOJIOM IUTYYHUX HEUPOHHUX MEPEX — JBOLIAPOBUIL
MEPCENTPOH i3 CiMOMa BXOJIaMH.

Ketrperait San

EBI

Puc. 1. ApxiTekTypa nIponoHOBaHOi HEHPOHHOT Mepexi

Po3paxyHok OyB TpoBeIeHWH B  CEpeIOBHIII
Deductor Studio [9].

Ha puc. 2 mnpeacraBineHo HasBHI JAaHI IOJO
CTYZICHTIB.

Pe3yabraTn po3paxyHkiB. Yci po3paxyHKH IIPOBO-
JUAITHCS 38 METOTUKOI0, HaBeieHO0 B [10-12]. Pe3ynbTatu
MIPOTHO3YBaHH: 0alliB, OTPIMAaHUX cTyAeHTamHu 3a €BI 3a
nmoromororo Moaeni MLP 7x10x10x1, a Takox (akTHIHI
Oanu HaBeneHi B Ta0J. 1. SIk MO>kHA TOGauNTH, pe3yIbTaTH
JIUIIE OJHOTO CTYIEHTa BUXOAATH 32 MEXI, [0 MOXe OyTn
CIPUYMHEHE HEBIJOMUM CY0 €KTHBHUM (paKTOPOM.
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IHozeMHa CepenHii H
. . - AABHCTE .
r Pik N6 KoHkypcHMA | IHozemHa MoBa IHozemHa | peRTHHr 23 onateax | 5P PEIT | e
pyna . aon
EMNYCKY fan moea 26 | BineHWA | moea 86 | nonepeg Banie (01 Bak
EWbip CECCIK
Ch-16-1] 2020 |Awppocoe B.O. 157 7 75 Fis] 100 55 33 1] 9 AR | 117
Chi-16-1] 2020 |BawTtuHceka A0, 1524 a0 g5 100 o4 33 0 077 | 12
Ch-16-1] 2020 |BpwHeoe OB 169 4 55 a0 100 94 B7 1] B288 | 158
Ch-16-1] 2020 |Benuene B.O. 1522 a0 =] a7 0 0 5150 | 141
Ch-16-1] 2020 |Mowdapoe LB 1325 ala) 55 100 1] 1] a8 05 0
Ch-16-1] 2020 |My6in £.0. 150 4 75 =] 100 85 67 1 25 41 0
Chi-16-1] 2020  |Higeewy H.C. 156 8 a0 a0 a0 9117 1] a8 11 0
Ch-16-1] 2020  |Rapauskui WA 159 9 75 ] 100 54 1 9352 | 147
Chi-16-1] 2020 |KyzHeuoea A P. 142 a0 an an 0 0 85 59 0
Ch-16-1] 2020 |Hocyna E.O. 152 4 75 &) 100 aa .33 1] J718 | 1583
Chi-16-1] 2020 |Pabikina 0.0 147 9 a0 a0 a5 0 0 8236 | 141
Ch-16-1] 2020 |Cokonkckkui O.C 178 .4 75 =] 100 o8 17 1 94 45 | 1568
Chi-16-1] 2020 |Conadak B.O. 1587 a0 =] 100 o5 1] 9212 | 134
Ch-16-1] 2019 |Baran C.B. 182 47 100 0 o7 99 5 1 97 45 | 169
Chi-15-1] 2019  |KonecHwkoe A8 159 4 77 ] a1 a6 A 1] JAE0 | 148
Chi-15-1] 2019 |Ciriga 0.0, 155 46 75 95 95 o5 1 9029 0
Ch-15-1] 2019 |CryneHes 0.1 170 54 75 an a0 0 1] Jd1E | 122
Ch-15-1] 2019 |Tyweea AA 167 51 a0 0 93 945 1 9283 | 106
Chi-15-1] 2019  |Wnavedko H.O. 138 88 a0 0 a5 9217 1] 8922 | 117
Puc. 2. HasiBHi 1aHi 00 CTY/ICHTIB
navchannya-dlya-zdobuttya-vishoyi-osviti-v-2021-roci (mata

Tabmuns 1 — PesynpTaTté MporHO3yBaHHS

116 €BI €BI OUT €BI ERR
Anzpocos B.O. 117 | 141,3501798 | 0,020760
Bamtunceka A.O. 112 | 111,9955868 0,000000
bpunbos [1.B. 158 | 157,9921731 | 0,000000
Benrens B.O. 141 | 141,0072885 0,000000
T'onuapos .B. 0 0,334828625 | 0,000004
I'y6in €.0. 0 0,152254285 | 0,000001
Hinesna K.C. 0 0,301027585 | 0,000003
Kanaupknii M.A. 147 | 151,4217553 | 0,000685
Kysnenosa A.P. 0 0,749577958 | 0,000020
Hocyns E.O. 153 | 153,0133341 | 0,000000
PsGikina J1.0. 141 | 140,9696281 | 0,000000
Coxonecpkuit O.C. | 158 | 157,9993941 0,000000
Consnuk B.O. 134 | 134,0146453 | 0,000000
barau C.B. 169 168,679197 0,000004
Konecuukos JI.B. 148 | 147,9956348 | 0,000000
Ciriga O.0. 0 0,057951982 0,000000
CrynbHeB O.T. 122 122,000689 0,000000
Tymresa A.A. 106 106,003495 0,000000
HInauenko H.O. 117 | 116,9979045 | 0,000000

BucHoBkHn. BuxopucraHHs —amapaTy —IITyYHHX
HEWPOHHNX MEpEeX NMpH poOOTi 31 CTYAEHTaMH BUITYCKHOTO
Kypcy OakanaBpaTy J03BOJIMTB, IIO-TIEpIIe, BHU3HAYHUTH
BIZICOTOK BHIIYCKHHMKIB, 3/1a4a SIKUMHU €JMHOTO BCTYITHOTO
ICIUTY 3 1HO3eMHOI MOBHM MaJOMOBiIpHA, a MO-Ipyre,
aKTHBI3yBaTn pOOOTYy 3 TaKUMH BHITYCKHHUKAMH, JUIs
iIBUTIICHHSI 11i€1 HMOBIPHOCTI.
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