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The dynamic development of the printed goods market requires ensuring manageability and flexibility of printing business.
Nowadays any printing company needs to meet stakeholders’ requirements. Moreover, it should constantly monitor, analyze
and assess their satisfaction. But monitoring and analysis without a quick and proper response to stakeholders’ actions do not
always bring the required results. Evaluating the competitiveness of a printing company can help it to keep up with the
competition. The integration of a decision support system into the automated system of a printing company will allow it to
make informed decisions. Maintaining the customer-oriented nature of a printing company requires the usage of modern
technologies and the leading place among these technologies belongs to CRM systems. Automated systems based on CRM
technologies are present in the market of printing services, but none of them makes it possible to improve the efficiency of the
relationship between a printing company and its stakeholders. Therefore, the development of the system that would meet all
the requirements of a printing company and support the effective decision-making process is quite relevant.

Keywords: printing company, CRM systems, decision support systems for printing companies.

ABTOMAaTH3aLisl IO0Y10BY BiIHOCMH BUJIABHUY0-TIOJIirpaiuHux
MiAMPHEMCTB i3 CTEHKXO0JIepaMu

Anaproumenko Tersina cmapuiuii UKIA0ay Kagheopu KOMn 10mepHUx cucmem ma mexHoaoz2iil
IOpiiBHa Xapxiecokuii HayionanbHuli ekoHomiunuii yrigepcumem imeni Cemena Kysueys,
np. Hayxu 94, m. Xapxis, 61022, Ykpaina

VY cyd4acHHX yMOBaxX OJHIEIO 3 KIIOYOBHX MPOOJIEM €KOHOMIYHOTO PO3BHTKY CTa€ 3a0e3MEeUYCHHS KOHKYPEHTOCIPOMOYKHOCTI
npoaykuii, 3okpeMa mnomirpadivyHoi. JIMHaMIYHMH pPO3BHTOK pHHKY MoOJirpagiyHuX ToBapiB BHUMarae 3a0e3MeueHHs
KepoBaHOCTI i rHyukocTi 6i3Hecy. s Toro, o0 BHUTPUMATH KOHKYPEHII0, BHIaBHHYO-TIONIrpadiuHe MiANpHEMCTBO Mae,
HacaMIiepe]], 3a0BOJIbHATH yCi BUMOTH He TiIbKM 3aMOBHHKa, ajle i ycix crelikxonaepiB. OliHKa 3a10BOJICHOCTI 3aMOBHHKIB
Ta CTEHKXOJIepiB MPOAYKIIEI0, MOCIYraMH Ta 3aMOBJICHHSMH MOTpeOye MOCTIHHOrO MOHITOPHHTY, aHali3y Ta KOHTPOJIO 3
00Ky BHAaBHHUYO-TIOTIrpaiqvHOrO MianprueMcTBa. MOHITOPHHT Ta aHaji3 0e3 mpaBHIBHOI BIAMOBiAI Ha Hii CTeHKXonaepiB He
npuHece TOTPIOHMX pe3yNbTaTiB. BHpoBapKeHHS CHCTEM MMIATPUMKHA NPUHHATTS pIIEHb B CHCTEMY BHIABHHUYO-
noJirpadivHOro MiAMPUEMCTBA HA/Ia€ KOHKYPEHTHI TIepeBary MiAPHEMCTBY.

Burpumatun KOHKYpeHIi0, BUAABHHYO-TIONIrpa@ivHOMY MiAIPUEMCTBY JO3BOJUTH 3a[JOBOJICHHS YCiX BUMOT CTEHKXOJIEPiB.
OwuiHKka 3aJ0BOJICHOCTI CTEHKXOJJepiB MoTpedye MOCTIfHOTO MOHITOPHMHTY, aHaNli3y Ta KOHTPOJIIO 3 OOKYy BHJIQBHHUYO-
nonirpadivHoro mignpremMcTBa. MOHITOPHHT Ta aHaii3 0e3 NpaBWIBHOI BINMOBiNI Ha Aii CTEWKXONIEpiB He HpHUHECe
HOTPIOHMX pe3ynbTaTiB. P0O3paXxyHOK KOHKYPEHTOCIPOMOXKHICTh BHJIABHHYO-TIONIragiyHOrO MiANPUEMCTBA JTO3BOJIUTH
HiATPUMYBaTH KOHKYpPEHTHI IlepeBaru IiANPUEMCTBY. BIpoBajUkeHHS CHCTEMH TMIATPUMKH TNPHUHHATTS pIlIeHb B
ABTOMAaTH30BaHy CHCTEMY BHIABHHYO-TONIrpadivHOrO MiANPUEMCTBA MO3BOJNUTH NPHUUMATH MiXIPHEMCTBY OOIDYHTOBaHI
pileHHs.

KitieHTOOpi€HTOBaHICTh BUAABHUYO-TIONITPadiqHOTO MiANIPHEMCTBA MOTPeOye BUKOPUCTAHHS CYYaCHHX TeXHOJOTrii. Bemyde
MicIle cepes MUX TeXHONIOTiH 3aiiMaioTh CRM-cucremu. ABTOMaTH30BaHi crcteMr 3acHOBaHI Ha CRM-TeXHONOTIsX MamTh
Miclle Ha PUHKY MOJIrpadidHMX IOCTYT, aue XOJHA 3 HUX HE HaJae MOXIIMBICTH Ui YIOCKOHAIEHHS e(eKTHBHOCTI
B3a€MOBIIHOCHH BHAaBHHYO-TIONIrpadiyHOro miAnmpueMcTBa 3 CTeHkxoiaepamu. Toxk po3poOka Takol CHCTeMH, sika O
BiIOBiasa yciM BUMOraM BH/IaBHUYO-MONIrpad)ivHOro MiAMPHUEMCTBA Ta JaBajia MOXKIIHBICTh e()eKTUBHA MPUAMATH PillICHHS
€ JIOBOJIi aKTyaJIbHOIO

Kniouosi cnosa: suoasnuuo-nonicpaghiune nionpuemcmeo, CRM-cucmem, cucmemu niompumku npuiiHamms piuieHv
BUOABHUHO-NONI2PAPIUHUX NIONPUEMCTNG.

ABTOMATH3AIUA OCTPOEHUSI OTHOIEHUH U3/1AaTEIbCKO-NOJIUTPAPUIECKHUX
NpeanpPUATHHA CO CTEHKXO0JIIepaMu

Anjpomenko TarbsaHa cmapwiuii npenodasamensd Kageopsbl KOMILIOMEPHBIX CUCEM U MEeXHOIOSUU
IOpbeBHa Xapvrosckull HAYUOHANBLHLIL IKOHOMUYeckull yHueepcumem umenu Cemena
Kysneya, np. Hayku 94, 2. Xapvros, 61022, Vkpauna

© Andriushchenko T, 2021


https://doi.org/10.26565/2304-6201-2021-52-01
mailto:tetiana.andriushchenko@hneu.net
https://orcid.org/ХХХХХХХХХХХХХ

BicHuk XapkiBCcbkoro HauioHansHoro yHiBepcuTeTy iMeHi B. H. KapasiHa
cepis «MaTematiyHe MogenioBaHHs. IHpopmaLliiHi TexHonorii. ABTOMaTM30BaHi CUCTEMM ynpaBniHHsA», BUnyck 52,2021 7

Brigepkate KOHKYpEHIHIO, H3aTelbCKO-MONUTPadUIecKOMY TNPEINPUATHIO ITO3BOJIUT YIOBIETBOPUTH BCE TPEOOBAHUS
creiikxonaepoB. OLeHKa yIOBICTBOPEHHOCTH CTEHKXONIEPOB HY)KIAeTCsl B IIOCTOSHHOM MOHHTOPHHTE, aHAJIHM3€ U KOHTPOJIE
CO CTOPOHBI M3JaTeNILCKO-MONUTPAQUIECKOr0 MPEeIIPHATHI. MOHUTOPHHT U aHAIN3 0e3 MpaBHILHOTO OTBETAa Ha JCHCTBHUS
CTEHKXOJIJepOB HE NMPUHECET HEOOXOAUMBIX Pe3yJIbTaToOB. PacueT KOHKYPEHTOCHOCOOHOCTH M3aTelbCKO-NOIHIpadhHIecKoro
HPEINpPUATHS JO3BOJUT TMOANCPKUBATh KOHKYPEHTHOCHOCOOHBIC JIOCTOMHCTBA MPENNPUATHIO. BHeOpeHue CcucreMbl
HOJICP)KKH TIPUHATHS PELICHUH B aBTOMATH3MPOBAHHYIO CHCTEMY H3/aTelIbCKO-NONUrpaduueckoro NpeAnpHaThs O3BOJIUT
HNPUHUMATh 00OCHOBaHHBIE pelieHus. KIIMeHTOOPUEHTHPOBAHHOCTh M3/aTENbCKO-TIOMUI PadUuecKOro MpeAnpusaTUs Tpedyer
UCIIONB30BaHUS COBPEMEHHBIX TeXHOJIOTHH. Bemymee Mmecrto mocpemu 3THX TexHojormii 3aHmMaror CRM-cuctemsl.
ABTOMAaTH3UPOBaHHBIE CHCTEMBI, OCHOBaHHBIe HA CRM-TeXHOJIOTHAX, IMEIOT MECTO Ha PBHIHKE MOJIUTpaduueckux yciyT, HO
HH OIHAa W3 HHUX HE JaeT BO3MOXKHOCTH YCOBEPHIEHCTBOBATh dS(GQEKTHBHOCTh B3aHMOOTHOIICHUH H3JaTelIbCKO-
HoMUrpaMIecKoro MpeAnpuaTHs co creiikxonnepamu. [ToaTroMy pa3paboTka Takol cHUCTeMBI, kKoTopas OBl OTBedala BCEM
TpeOOBaHUAM H3ATEIbCKO-TIOMUIPAGUIECKOTO MPENNPUATHS M JlaBajla BO3MOXKHOCTH 3(Q(EKTUBHO NPUHUMATH PELICHHS
JOCTaTOYHO aKTyaJbHa

Knrwouegwie cnosa: uzoamenvcko-noauzpaguyeckoe npeonpuamue, CRM-cucmem, cucmemvl no00epIHCKYU NPUHATNUSA PEUEHUTL
U30amenbCKO-NoAUSPaPUIecKux npeonpusmul.

1 Introduction

The functioning of a company in a market economy requires appropriate changes in its structure.
The process of transition to a new company structure should be focused on a customer-oriented
approach. This requires a detailed analysis of customer-oriented technologies in the context of relations
between a printing company and its stakeholders. The introduction of a customer-oriented approach in a
printing company requires harmonization of the relationships between stakeholders and a printing
company which is a complex time-consuming process and requires the appropriate methodological
support.

2. Formulation of the purpose of the article, setting the task

Object of research: stakeholder-printing company relationships.

Subject of research: a prototype of a decision support system for an effective stakeholder-printing
company relationship.

Purpose of research: to develop the technology of establishing a stakeholder-printing company
relationship.

To achieve the stated purpose, it is necessary to analyze the methods used to establish relations
between stakeholders and a printing company; describe the procedures used in the stakeholder-printing
company relationship; to develop a strategy of effective market positioning of a printing company and
to provide the recommendations to a company in order to achieve leading positions in the market of
printing services.

3. Presentation of the main material

Each operation in the full cycle of the technological process of manufacturing a printed product,
whether it be the process of ordering printing materials or other technological operations is a necessary
component of the economic activity of a printing company, as even a slight deviation of any operation
from the norm can disrupt the whole cycle and, as a consequence, lead to the reduction of product
quality, the lack of orders, or failures in the supply chain.

Nowadays it is very important for printing companies to implement the efficient procedures in the
stakeholders-printing company relationships. The key points in this process are the stages of quality
control, which should be agreed with stakeholders. The process of identifying (specifying) the needs of
the customer largely determines whether the client will be satisfied with the results of cooperation with
the service provider for program and project management. Having a clear idea of the problem allows
you to solve it in a short time and at the lowest cost. The quality of a product or service and its value to
the customer depends on how precisely the needs, that this product or service must meet, have been
identified [6].

The modern market, including the market of printing materials, is highly competitive. It is very
difficult to increase the competitiveness of a company by improving the quality of goods and services,
because this path is usually associated with a significant increase in production costs and, therefore,
with raised production prices, which can lead to the opposite effect — the loss of customers. In terms of
equalizing the quality of goods and services offered by different companies, the most effective way to
attract attention is an individual approach to each customer [4].



Bulletin of V.N. Karazin Kharkiv National University
8 series «Mathematical modeling. Information technology. Automated control systems»issue 52, 2021

In the current economic situation, the effective relationship between a printing company and its
stakeholders requires optimization of workhours and working personnel. These tasks can be solved by
means of introducing the decision support systems for printing companies. That will increase the speed
of data processing and allow making the reasonably correct decisions.

Complexity of decision-making lies in the necessity to take into account the various and complex
processes, such as business investment, production, financial, management etc., as well as the numerous
indicators of the external and internal market environment. Therefore, a decision maker faces complex
challenges, the effective solution of which is impossible without the use of a systematic approach [8].

The business relationships have been recently characterized by the dominance of customer-oriented
approach, the main purpose of which is to build individual relationships with all customers, suppliers,
partners and other stakeholders. Therefore, this approach involves retaining stakeholders, establishing
individual approach to stakeholders, as well as the cooperation with stakeholders, which is based on
relationships.

Thus, in today's economic environment, the process of attracting new customers, partners and other
stakeholders is very expensive for a printing company, so it is much more profitable for a company to
use the consuming potential of the existing client base in order to increase sales of its products.
Calculation, maintenance and accounting of each stakeholder’s personal data requires the
implementation of the technological process of printing enterprise information system such as DSS with
the elements of CRM to provide personal interactive relationships between a stakeholder and a
company.

The analysis of the latest research and publications shows that S. Apelbaum [1], D. Ling, R. lan [2],
Mukhortova O. [9], Mann 1. [7], Vorzhakova Yu. 3], Zinkevich A. [5] pay great attention to the issues
of customer-oriented approach for enterprises. Scientific researches of I.1. Bazhin, S.B. Arsenyev, V.B.
Britkov, H.A. Salnikov have considerably developed the systems management theory of enterprises’
relations.

Most existed automated systems embrace only some aspects of automating the technology of the
stakeholder-printing company relationship; relationships with the customers, for example, but none of
them allows making informed, accurate decisions concerning relations with stakeholders.

An overview of CRM class systems (Table 1), which allows solving certain problems of the
stakeholder-printing company relationship effectively, has made it possible to identify functions that
can be used in the prospective information system. Most of the CRM systems considered have a
standard set of functions and allows creating and maintaining a client base, creating and tracking tasks
etc. All these functions do not allow user (stakeholder) to make informed decisions, such as the choice
of materials for the order, order management, and other printing-related parameters.

Table 1. Review of CRM-systems presented in the Ukrainian market that can be used in printing production

CRM systems

Avreas of usage

Functions

Oracle Siebel CRM

Production. Service
Industries

SMS notifications. Client base. Business processes. Task management.
Marketing tools. Integration with mail. Access settings. Reports.
Billing and payment system. Statistics

B2B. Call centers.
Sales departments.

SMS notifications. Call analysis. Analytics. Client base. Document
flow. Task management. Order management. Integration with 1C, mail,

PERFECTUM Production. Retail telephony. Mobile application. Call center module. Reminder. Access
CRM . ; o
departments. Service |settings. Polls and notes. Reports. Billing and payment system.
Industries Warehouse accounting. Statistics.
Analytics. Client base. Business processes. Sales funnel. Document
SAP Sales departments. | flow. Task management. Marketing tools. Integration with mail,
Service Industries telephony. Mobile application. Reminder. Reports. Predictions.
Statistics.
rl?wf)ljulce agaclir;ter Analytics. Client base. Sales funnel. Documer_lt flow._ T_ask
TEAMWOX departrﬁents management. Order management. Access settings. Billing and payment
A system. Document editor. Order management. Financial Accounting
Production Services
BLOKNOTAPP Sales departments. | Client base. Sales funnel. Appointment. Integration with mail.

Service Industries

Calendar. Reports. Statistics. Order management. Financial Accounting
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Client base. Business processes. Sales funnel. Document flow. Task
APPTIVO CRM Sales departments management. Order management. Integration with mail. Reports.
SYSTEM ' Billing and payment system. Document editor. Order management.
Financial Accounting

However, automated systems have a number of disadvantages: 1) the systems do not take into
account the operating technologies of the customer-printing company relationship as a whole, and allow
solving only specific local problems; 2) most automated systems do not allow implementing a
customer-oriented approach due to the focus on certain features of the technological process; 3) none of
the systems presents reasonable decision-making support on the customer-printing company
relationship.

The usage of decision support systems with the elements of CRM-system in the printing industry
will solve a number of issues a stakeholder faces. But first of all, it allows increasing the
competitiveness.

Competition between printing companies is intensifying every year in the Ukrainian market. In the
current economic situation, market conditions are constantly changing, the number of small printing
companies (operational printing) is growing, and the equipment is able to perform a variety of printing
services. The struggle for the customer, supplier and stakeholder is becoming more intense.

Competition as an economic category is a struggle between producers for the most favorable
conditions of production and sale of goods and services, for the appropriation of the largest profits.
Competition acts as a regulator of the pace and volume of production, encouraging the manufacturer to
implement scientific and technical advances, increase productivity, improve technology, labor
organization, etc. [2]

No printing company today can afford to ignore the increasing competition, therefore, for achieving
stable position in the market it is necessary to identify the advantages of the company over competitors,
to establish the factors of competitive success.

Ensuring long-term competitiveness of a printing company should become the priority in the value
system of an enterprise. ldentifying the factors of competitiveness, managing these factors will form the
main effort in increasing the competitiveness of the enterprise.

The four main approaches to the concept of “enterprise competitiveness” are identified in [10]: as a
certain ability, capacity or capability of the enterprise; as a complex, relative or comparative
characteristic of the business entity; as a property or possession of certain properties; as an assessment
of total competitive advantages.

There are several reasons that can negatively affect the long-term competitiveness: the enterprise
management system does not work properly, focusing on short-term relationships; insufficient market
analysis; inefficiency of management and cost management systems; the decisions concerning the
enterprise do not always lead to the desired result.

Conducting a comprehensive study in the field of competitiveness management of a printing
company and creating a methodology will ensure the successful establishment of its long-term
competitiveness and provide a company with a number of advantages. Currently, the specifics of the
problem of a printing company competitiveness have not been sufficiently considered.

There is a need to identify all factors of a company’s competitiveness. Therefore, creation of the
methods and tools to ensure the development of printing companies and increase its long-term
competitiveness is relevant and in great demand.

To perform the analysis of a printing company and determine the level of its competitiveness in the
market of printing services, it is necessary to determine the intensity of relationships with customers:

IB = Zil% (1)
where 3 — the number of a company’s delivered orders, the quality of which have been assessed by a
stakeholder together with a printing company;

n — is the total number of orders.

The analysis of sales of the printing company has revealed that the intensity of the relationship with
stakeholders is expressed in the frequency and monetary equivalent of orders. The intensity of
relationships with stakeholders allows forming a client base and ensuring a stable demand. Thus,
strengthening relations with suppliers, for example, increases the competitiveness and loyalty of
stakeholders. The identified interdependence of factors allows determining the factors that characterize
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the competitiveness of a printing company, such as relationships with stakeholders that affect the
strategic position of the company.

The competitiveness and the efficiency of a printing company also depends on how effectively a
company uses the latest technologies, so such a factor as technical equipment of a company should be

taken into account. Technical equipment of a company can be calculated by the formula:
KBI‘I
Ke =70 )
where Kgr — is the number of the new technologies implemented by a printing company in the last year;

I, — the total number of a printing company equipment.
Comparing the indicators Iz and Kc, we can assess the capabilities of a printing company, using
the matrix shown in Fig. 1.

Intensity of the relationship
with a customer

High (0,5 < u <1) I v
Low (u<0,5) II 11
Low (0,5 <6) High (0,5 <6 <1) Level of technical

equipment
Fig. 1. Matrix for assessing the capabilities of a printing company

The capabilities of a printing company can be determined by the position in the quadrants of the
assessing matrix: |1 — the company has a significant advantage in the printing market, so to maintain

current level of competitiveness it is necessary to have active contacts with stakeholders; Il — it is
necessary to improve relations with stakeholders by introducing innovative technologies and invest into
the latest technical equipment; Il — a company should review the direction of its activities and order

appropriate printing equipment; IV — modern technical equipment allowed a company to reach the
current level of the quality of service. A company should initiate marketing activities that will attract
potential customers and improve its relationships with stakeholders. The usage of the matrix makes it
possible to position the printing company in accordance with the effectiveness of the customer-oriented
approach.

4. Conclusions

A printing company succeeds if it focuses on stakeholders, on the customers in particular, ensures a
high level of product quality and uses the latest management methods. Satisfaction of customer
requirements is the main task of modern printing companies in achieving their goals. Usage of perfect
technologies of relationships between a printing company and a stakeholders will ensure the
competitiveness, which is one of the crucial factors of the company success. The implementation of the
technology of the stakeholders-printing company relationship based on CRM-system in the company’s
technological process provides the competitive advantage. Therefore, we are planning to develop the
decision support system with the elements of CRM-system, which can be used to make informed
decisions about the cooperation of printing companies with stakeholders.
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Mera cratti. JlocnianT KOMIT TOTepHI MoJieli BeO-cepBiciB IepeBipKy 3HaHb.

Meroau nocmimkeHHs. CTaTHCTUYHI, KOMIT FOTepHE MOJISITFOBAaHHSI.

Pesynpratin. BukoHaHO HOCTII)KEHHS METOMIB KOHTPOJIIO 3HAaHb Ta BHSBICHO, IO pO3pOONIOBaHA CHCTEMa IIOBHHHA
MIHIMI3yBaTH yac Ha CTBOPEHHS TECTy i aHaJIi3 Pe3y/IbTaTiB 3a PaXyHOK BHKOPHCTAHHS Cy4acCHHMX TEXHOJOTIH y cdepi BeO-
po3poOku. Bubip apXiTeKTypH CHCTEMH 1 KOHKPETHOTO HA0OPY TEXHOJIOTIH MOBUHEH OYTH 31iHCHEHHI BUXOSIYM 3 BUMOTH 10
MaKCHMAaJIbHOI IIBHAKOCTI pOOOTH CHCTEMH P B3a€EMO/Iii 3 HEI0 KOPUCTYBaviB. AHAJNITHYHA CKIIaZ0BA CHCTEMH TaKOXK IIOBUHHA
JTO3BOJISATH BiATIOBICTH Ha HAWO1UIBII 3aTpeOyBaHi MUTaHHS KOPUCTYBAYiB MPH PoOOTi 3 pe3yabTaTaMU TECTIB.

BucHoBku. OTpuMmaHi pe3ynbTaTd Jar0Th OCHOBHI XapaKTEPHCTHUKH JJIsI CTBOPEHHS KOMII IOTEpHOI MOJEeNi BeO-cepBicy
HepeBipKU 3HaHb.

Knrwowuoei cnosa: komn romepua mooens, 8e6-cepsic, OHIAUH-MECMY8AHHA, OUCMAHYIHe HABYAHHS, KOHMPOIb 3HAHD.
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Testing is widely used as one of the methods of monitoring students' assimilation of knowledge and has a number of certain
advantages over traditional methods of assessment. At schools and universities, tests can be used for monitoring and evaluate
students' behavior, psyche, career guidance, or motivation. For a long time, paper tests have been used by educational institutions
and private companies to assess student or employee performance. State exams and contests often include a multiple-choice test.
Conducting such tests requires preparing a location for the test, spending time on checking and notifying students. Currently,
there are a large number of different ways to monitor and evaluate knowledge. A tool for measuring a student's achievements is
a properly designed test that corresponds not only to the subject of study, but also to its tasks and serves to develop a systematic
approach to studying the discipline. Testing in educational institutions is used as a means of objective control of students'

© Makcumetko B.1O., Tonctonyseka O.I., ApTiox O.A., 2021


https://doi.org/10.26565/2304-6201-2021-52-02
mailto:oleksiy.artiuh@karazin.ua
https://orcid.org/0000-0002-2038-4131
mailto:xa11867733@student.karazin.ua
https://orcid.org/0000-0002-2038-4131
mailto:elena.tolstoluzka@karazin.ua
https://orcid.org/0000-0003-1241-7906

BicHuk XapkiBCbKkoro HawjioHanbHoro yHisepcuteTy imeHi B. H. KapasiHa
cepist «MaTemaTyHe MoaentoBaHHS. IHhopmaLliiHi TexHonoril. ABTOMaTM30BaHi CUCTEMM yNpaBniHHs», BUNyck 52, 2021 13

knowledge of the curriculum. Systematic monitoring of students' level of knowledge, on the one hand, determines the student's
academic performance, and on the other hand, it is an indicator of the effectiveness of teaching methods and organization of the
educational process. The inclusion of various forms of test tasks in the learning process motivates students to step up work on
mastering educational material and forms a desire to develop their abilities. Comparing the testing performed with the help of
paper questionnaires and online testing, it is obvious that online testing is much more effective.

The computer models of web-based knowledge verification services have been investigated in this paper by using methods of
statistical and computer modeling. The research of knowledge control methods has been carried out and it has been shown that
the time required to create a test and analyze the results in the perspective system could be minimized by using the modern
technologies in the field of web development. The choice of the system architecture and a specific set of technologies depends
on the requirement of maximizing speed of the system-user interaction. The analytical component of the system should answer
the users” most popular questions concerning the test results. The results obtained provide the main characteristics for creating a
computer model of a web service for testing knowledge.

Keywords: computer model, web service, online testing, distance learning, knowledge control.
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Lems. HccnenoBaTh KOMIBIOTEPHBIE MOJIEITH BE0-CEPBUCOB IIPOBEPKH 3HAHHH.

Meronpl. CTaTHCTHYECKHE, KOMITBIOTEPHOE MOJIETUPOBaHHE.

PesynpraTthl. BhINONHEHO HMccleqoBaHUE METOMOB KOHTPOJS 3HAaHWH W BBIIBICHO, Y4TO pa3pabareiBaeMas CHCTEMa JOJDKHA
MHHHMH3HPOBATh BPEMsI Ha CO31aHHE TECTa ¥ aHAIU3 PE3YJIbTATOB 32 CYET UCIIOIb30BaHMS COBPEMEHHBIX TEXHOJIOTHH B cdhepe
BeO-pa3paboTku. BbIOOp apXUTEKTyphl CHCTEMBI M KOHKPETHOTO Habopa TEXHOJOIHUil JOJDKEH OBITh OCYIIECTBIICH HUCXOIS U3
TpeOOBaHUS K MaKCHMAaJbHOW CKOPOCTH pabOTHI CHUCTEMBI NPH B3aMMOJCHCTBUH C HEll MoJb30BaTelel. AHAIUTHYECKAs
COCTaBIISIONIAsl CUCTEMBI TakKe JOJDKHA MO3BOJISITH OTBETUTH Ha HambOosee BOCTPeOOBAHHBIE BOIPOCHI IOJIB30BATENCH MpH
paboTe ¢ pe3yiabTaTaMu TECTOB.

BrmBost. [NomydeHHble pe3ynbTaThl JalOT OCHOBHBIE XapaKTEPUCTUKH AJSI CO3IAaHWS KOMITBIOTEPHON MoJenn Beb-cepBHca
MPOBEPKH 3HAHUH.

Knroueewie cnosa: KomMnvromepHasi MOdeﬂb, 666-C€p6MC’, OHﬂaﬂH-mecmupoeanue, ()MCmaHL;MOHHOé‘ 06)/‘{2}[146, KOHmMpOJlb 3HAHUIL.

Beryn

B naHwit 9ac y cBiTi HAKONMMYEHO 3HAYHUI JOCBIJ peati3allii CUCTeM MUCTAHIIHHOTO HaBYaHHS. SIKi
PO3PI3HSIIOTHCS HE TITBKA METOJIOJIOTIET0, a i 3aJIe)kaTh Bl 0COOIMBOCTEH Ti€l UM iHINOI KpaiHu, B AKii
MPAKTUKYIOTHCS METOM 1 TIIXO0/IU JI0 OpraHizailii JUCTaHI[IHHOT nepeBipky 3HaHb., O/IHAK, B IIJIOMY, BCI
BU3HAIOTh, 10 MaiiOyTHE 3a AUCTAHI[IHHUM HaBYAaHHSM, HE TUTBKA B CHJIy PO3BHUTKY iH(OpMAIiifHO-
KOMYHIKAI[ITHUX TeXHOJIOT1H, a i K HACTYITHUH, 3aKOHOMIpPHHUI €Tall PO3BUTKY OCBITHIX CHCTEM.

KoHTposb, abo nepepipka pe3y/ibTaTiB HaBYaHHs, € 000B'I3KOBUM KOMIIOHEHTOM IPOIIECY HaBYaHHS.
BoHa mMae Miclie Ha BCiX CTaisX MPoLecy HaB4YaHHs, ajie 0COOIMBOr0 3HAUYCHHS HA0YBa€ MMiC/Isl BUBYCHHS
Oyab-sKOT0 pO3iTy IpOrpaMu i 3aBeplLIeHHs CTyleHs HaB4aHHs. CyTh IEepeBipKH pe3yiIbTaTiB HaBUaHHS
MOJISITa€ 'y BUSBJICHHI PIBHS 3aCBOEHHS 3HAHb YYHSIMH, SKAH TOBHHEH BIJIIMOBIJATH OCBITHHOMY
cranaapty ado kBamidikariii 3a 1aHOO MPOrPaMoI0, MPEIMETY.

[IpoBeneHHsT TecTyBaHHS 3 BHUKOPHCTAHHAM Ial€pOBHX TECTIB JABHO € OAHUM 3 NPIOPUTETHHUX
CHoCO0IB OIIHKM YCHIIIHOCTI y4HIB a00 e(eKTHMBHOCTI CHiBpOOITHMKIB B HAaBYaJIbHUX 3aKiagax i
NPUBATHUX KOMIIaHisX. Y IIKOJAX Ta YHIBEPCUTETAaX TECTU MOXKYTh OYTH BUKOPHCTAaHI JUIsl IPOMIXKHOTO
KOHTPOJIIO, @ TAKOX JUIS OLIHKM MOBENiHKH, MCHUXiKH, mpodopieHTanii abo MotuBauiid y4HiB. Jleski
JIEp>KaBHi ICITUTH Ta OJIMITiaIi BKJIFOYAIOTh B ce0€ TECTOBY YaCTUHY 3 BUOOPOM BIAIIOBiML 3 EKIITBKOX
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BapiaHTiB. [IpoBeIcHHS TaKMX TECTIB IOB'SI3aHO 3 PI3HAMH BUTPAaTaMH, B TEPITy Yepry 3 4acoM Ha
MIEPEBiPKY, MOILIYK MiCIsl MPOBEICHHS, OMOBILICHHS Y4HIB.

B nanmii yac icHye BelMKa KiNbKiCTh Pi3HOMaHITHHX CHOCOOIB MPOBEACHHS KOHTPOJIIO Ta OLIHKH
3HaHb. HaliO17Ib 1 IIMPOKO 3aCTOCOBYETHCS TECTYBAHHS SK OWH 3 METO/IiB KOHTPOJTIO 3aCBOECHHS YIHIMHU
3HaHb 3 MUCIUILIIHI, IO BOJIOIIE PSIIOM MEBHHUX IEpeBar mepei TPaaulliiHIMHA METOAaMH KOHTPOJIIO
3HaHb (KOHTpoJbHa po0oTa, ycHa BiAMOBiAb 1 T.O.). [HCTpyMEeHTOM Ui BHMIpIOBaHHS 3a MIKaJOO
JIOCSITHEHB YYHSI € TIPaBUIIHO CKOHCTPYHOBAaHHUHN TECT, SIKMI BIAMOBIAA€ HE TUNBKU MPEIMETY HaBYaHHS,
ajie i oro 3aBIaHHM 1 CIYKHUTh PO3BUTKY CUCTEMHOTO ITiTXOAY /10 BUBUECHHS HABYAJIHHOI JUCIIATUTIHH.

TecTyBaHHS B OCBITHIX yCTaHOBaX BHKOPHUCTOBYETHCS, SK 3aci0 00'€KTMBHOrO KOHTPOJIO 3HaHb
HaBYAIBHOI MporpaMu y y4HiB. CHCTEeMaTHUHHI KOHTPOJIb PiBHS 3HaHb YYHIB 3 OAHOTO OOKY BH3Ha4ae
YCHIMIHICTh y4HS, a 3 1HIIOr0 00Ky € MOKa3HUKOM e(EeKTUBHOCTI METOJUKH HaBYAHHS Ta OpraHizaii
HaBYAIBHOTO Tpolecy. BrimoyeHHs pisHUX (GOPM TECTOBHX 3aBJaHb B MPOLIEC HABYAHHSI MOTUBYE YUHIB
JI0 aKTUBi3alii poOOTH MO 3aCBOEHHIO HABYAJILHOTO Marepiany i (jopMye ImparHeHHS pO3BHBATH CBOi
3116HOCTI.

[[1o6 mpoBecTH TeCTyBaHHS YUHIB Y BUTIISAI OMUTYBAJIHHUX JINCTIB BUKJIa1adeBl HEOOX1THO:

®  PO3IpYKYyBaTH BCi BapiaHTH TECTiB Ha Marepi:
e 3a0e3MEeYUTH YYHIB JMCTKAMH 3 BapiaHTAMHU TECTiB;

e 3ajdikcyBaTH Ha mMamepoBOMy HOCII a00 B ENEKTPOHHOMY 3allUCHUKY fKa KaTeropis Y4HiB
TECTYEThCS;

e 3adikcyBaTH Ha MarnepoBOMY HOCIi a0 B €IEKTPOHHOMY 3alMCHUKY KHIDKII BCi Mpi3BUIa i
BapiaHTH, SKi iM HalleXKaTh;

® [EPEeBIPUTH KOXKCH TECT 1 MOMITUTH IOMUIIKH, SIKi JOMTYCTHB YU€Hb;
e 3ajdikcyBaTu Ha ManepoBOMy HOCIi a00 B €JIEKTPOHHOMY 3alIMCHUKY KHUKIII OL[IHKH YYHIB.

SK110 MopiBHATH MPOLEAYPY MPOBEACHHS TECTYBAaHHS y BUTJISII OMUTYBANBHUX JIUCTIB 1 OHJIANH, TO
OUYEBHJIHO, 110 OHJIAWH TeCTYBaHHS OUbII €)EKTHBHO.

Ha nmanmif MOMeHT, y 3B 53Ky 3 €ITiIEMiOJIOTIYHOI0 CHUTYAIlI€I0 YacTKa MTUCTAHIIHHOTO HaBYaHHS B
MIPOIIEC] OCBITH MOCTIHHO 30UIbIIYEThCs. TeXHIUHA peai3allisi CHCTEMH JUCTAHIIIHHOTO HaBYaHHS SIBJISIE
c00010 OCHUTH CKIIQJIHUH MPOTpaMHO-alapaTHUH KOMILIEKC.

Metoauka J0CTiKeHHS
Haifuacrilme BUAIISAIOTH Taki OCHOBHI MPUHIMIIM KOHTPOJIOBAaHHS Y4YHIB, SKHX HEOOX1JIHO
JOTPUMYBATHUCS B IUCTAHIIITHOMY KOHTPOJIi 3HAHb:

® TPUHIUN O0'€KTHBHOCTI - IMi3HABAJbHA MisUTbHICTh MIOBUHHA OI[IHIOBATUCS TPU MiHIMAILHOMY
BIDIMBI CY0'€KTHUBHOTO (haKTOpYy;

® TPUHIUN JEMOKPATUYHOCTI - TOBHHHI CTBOPIOBATHCS PiBHI YMOBHM JJIsi BCIX Y4HIB, IO
HPOXOJATH KOHTPOJIb;

® MPHUHIUI MAacOBOCTI 1 KOPOTKOYACHOCTI - KOHTPOJIb MIOBUHEH OYTH OpraHi30BaHWM Tak, 1100 3a
SKOMOT'a MEHIINI Yac 3A1HCHUTH TePEeBIPKY 3HAHb Y BEIMKOI KITBKOCTI BUITPOOOBYBaHHX.

Ilpy mnpoeKkTyBaHHI IUCTAHLIMHOTO KOHTPONIO 3HAaHb BXKMBAIOTh CHELiANbHI 3aX0Iu Ul
3a0e3IeUYeHHs JOCTOBIPHOCTI JIaHUX 3/11HCHIOBAHOTO KOHTPOJIIO:

® JIOCTYII JI0 PECYpPCiB KOHTPOJIIO 3HAHD 3MIHCHIOETHCS 32 IOTIOMOTO0 1HIMBIyaIbHUX JIOTiHIB Ta
napoJIiB;

®  BHKOPHUCTOBYIOTHCS Pi3HI IMGPU U KOAYBaHHS, 1100 3aXMCTUTH TECTU BiJl HECAHKI[IOHOBAHOTO
JIOCTYIY;

® yCi KOHTPOJIBHI 3aX0JIM MPOBOAATHCS Ha 0a3i cepTu(iKOBaHMX LEHTPIB KOHTPOJIO 3HAHB, IO
MaloTh JOCTYH O Mepexi [HTepHeT;

®  BHKOPHCTOBYIOTHCS JIOJATKOBI epUQepiiiHi MPUCTPOT, HAPHUKIIAJ, BiIEOKAMEPH;

®  Yac Ha BI/MOBih OOMEXYEThCS, a BapiaHTH BiJIIOBIJIi BUITaIKOBO MTEPEMIIITYIOThCH.

OpHO3HAYHI 1 BIATBOPIOBAHI OILIHKH 3aTHI ATy JHIIe 00'€KTUBHI METOJIN KOHTPOJO SKOCTI 3HAHb
VUHIB, 110 CIIHUPAIOTHCS HA CIEIialIbHO CTBOPEHI JUIS IbOTO MaTepiaid - TeCTH. BOHN MOBHHHI OyTH
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pO3po0IIcHi IT0 KOXKHOMY PiBHIO 3aCBOEHHS MOCBiAy. TecT - 1e 3aci0, SKuii T03BOJIsIE BHSIBUTH PiBEHB 1
AKICTh 3aCBO€HHA. Brcoka moxuOka BUMipIOBaHHS TECTOBUX PE3YJIbTATiB HE JO3BOJISIE TOBOPUTH MPO
BUCOKY HaJiiHICTb Pe3yIbTaTiB BUMipIOBaHHSI.

Haifyacrimie Ha OCBITHIX caiiTax MOYKHa TIOOAYNUTH TECTH, IO MPAIIOIOTH B PEKUMI PEaTbHOTO Jacy.
B mpomy BuMaAKy TECTOBAaHWI BiIMOBiZa€ Ha MUTAaHHS TECTy B PEXHUMI MPSAMOro MJialiory 3
KOMITIOTEPHOIO MTPOTPaMoI0 BiAaIeHOro cepBepa. TecT BKIOYAlOTh MUTAHHS Ta BapiaHTH BiAMOBigeH
(omuH 3 AKUX, SK MIPABUIIO, BIPHHIA, a 1HIII - IOMIJIKOBI). YYHEBI HE MOTPiOHO 3aMMCYBaTH BiAMOBIIb,
JIOCHUTH TITBKM KIIAITHYTH KypCOpPOM MHUIII MO MOTPIOHOMY pPSIIKY. Y OLNBIIOCTI TECTiB Ha MEPEBIpKY
3HaHb JA€ThCS 3-5 Pi3HUX BIAMOBICH Ha o/iHe 3aBaaHHs. [liciisi BUKOHAHHS TECTIB Ha €KpaHi 3'IBISETCS
pe3ynbTaT - KOMEHTapi, OLliHKa, peKOMEH IAIi] 1100 MOAANbIIOl pOOOTH 1 T. 1.

Ha man. 1 moxxna no6auutu IDEFO miarpamy takoro Tecry:

HanawmysaHHa TecTy
[ani TectoeaHoro
Bubip Temu Tema
Bubi
Myn nuTaus P
NMUTAHHA MuTaHHa
OTpumMaHHA
Bignosiai Peaynsrar

CTopiHKa 3 OLHKCH

e ¥
OTDHMaHHH 3BiT Ha cepeepi
3IBiTY Stk 1

J

AamiHicTpatop

TecTyro4a CUCTEMA
HAE4ANBHOM NpoLecy

Man. 1 IDEFO oiacpama mecmy 6 pesxcumi peaibHo2o 4acy.

HaiikpammM MoOKHa BBaXKaTH TECT, B SIKOMY 3aKJIaJICHO MIMPOKHH 3MICT i BOHO OXOIUIIOE OUIBII
rmOoKi piBHI 3HaHb. PO3pOOHHMKM KOMIT'IOTEPHHX TECTIB IOBHHHI JOTPUMYBATHCS HACTYITHUX
NPUHIIMITIB:

® TeCT MOBHWHEH BiJNOBIIATH IiJISIM TeCTyBaHHS;

e [OTPiOHO BU3HAYMTH 3HAYMMICTh 3HAHb B 3arajibHil CUCTEMI MEPEBipsIIOTHCS 3HAHB;

e oBHWHHA OyTH 3a0e3reueHa B3a€MO3B'I30K 3MICTy 1 popmu TecTy;

® TECTOBI 3aBJIaHHs MOBUHHI OYTH MPABUIBHUMH, 3 TOYKH 30pPYy 3MICTY;

® [IOBHHHA JJOTPUMYBATHUCS PENIPE3CHTATUBHICTh 3MICTY HABYAJILHOI AUCLUILIIHUA B 3MICTi TECTy;
® TECT NMOBUHEH BiJNIOBIIaTH PIBHIO CyYaCHOTO CTaHy HAYKU;

® 3MiCT TecTy Ma€ OyTH KOMIUIEKCHUM 1 30aJTaHCOBAHUM;

®  3MICT TECTY Ma€ 6YTI/I CUCTCMHHM, aJIC pa30M 3 TUM BapiaTI/IBHI/IM.
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VY mporieci TecTyBaHHS HEOOXiTHO peanizyBaTH (YHKIII IOYaTKy, MPU3YIUHEHHS, MPOIOBKEHHS 1
3aBepIICHHs TecTyBaHHA. [lepem TUM sk movath poOOTYy 3 TECTOM, YYCHb IOBHUHEH 3allOBHUTH
peecTpailiiiny ¢opMy Ha €KpaHi KOMITIOTEpa, OTPUMATHU JIOTIH Ta MapoJib, KU CIYKHTh CIOIYYHOIO
JIAHKOKO MIXK PeecTpariifHoo iHQOopMaIli€o Ta JaHUMH PO CEaHC TECTyBaHHS.

Pe3yabTaTtu gociaixxeHn

[Ipouec TecTyBaHHS 3HAHb CHiIBPOOITHUKIB a00 y4YHIB 06arato B YoMy MoOKe OyTH MOJINIICHUN 3a
paxyHOK po3p0oOKH aBTOMAaTH30BaHOI OHJIAIH - CHCTEMH TecTyBaHHs. JlaHa poOoTa omrcye 0cOOIMBOCTI
PO3POOKH CHCTEMH MOAIOHOTO THITY, BUKOPHUCTOBYBAHI TEXHOJIOTI{, a TAKOXK aHAaTI3y€e CydacHi IMiIXOIH
JI0 PO3pOOKH BeO-CalTIB i aHAIITUIHUX CUCTEM.

3amaga CTBOpEHHS Takoi CHCTEMH Iependadae HasBHICTh BEO-CAlTy, KU CIYXUTh MICIEM s
CTBOPCHHS 1 IPOBEJICHHS TECTIB. Y TOH € Yac aHaJITHYHA CKIIAJ0Ba CHCTEMHU PO3POOIIETHCS OKPEMO
BiJ caliTy 1 mpencTapisie 3 cebe mpoueAypy BHIIyYeHHs, TpaHchopmalii Ta 3aBaHTaKEHHS JaHUX 3
BiJIalieHUX JKepell, a TAKOXK CXOBHILE JaHuX. JlaHi Ui aHaji3y KOMiIOIOTHCS 3 CaiTy, SIKUH MICTHTh
Tabmuii ans 30epiramHs iHGopMamii Mpo TECTH, iX NUTaHHS, BapiaHTH BIAIOBIiNI, BiAMOBimeH
KOHKPETHOTO YyYacHHMKa TecTyBaHHS i1 T. A. [licas mporo i nmaHi MOXyTh OyTH BUKOPUCTaHI IS
MOIAJIBIIIOTO aHAI3Y.

3amava CKIagaHHS 1 MPOBEICHHS TECTY 3aBXKAM MOB'S3aHA 3 NESKHUMH BHTPATaMH, BUPQKECHHIMH B
MaTepiaJbHOMY a00 YacoBoMy BUpaxkeHHi. [IpoBeeHHS TeCTiB 3 JpyKOBAaHUMH OJIAaHKaMU TIOB'A3aHO 5K
3 MaTepiaJbHUMH, TaK 1 3 TAMYaCOBUMH BHTPATAMHU, TAKHMH SIK TIaIlip, YOPHUIIO MTPUHTEPA, Yac MOLIYKY
aynuTopii, yac camoro icnmurty. OIiHKa pe3yibTaTiB TaKUX TECTIB TAKOX IMOB'SI3aHA 3 TUMYACOBHMU
BUTpaTaMu 1o 300py OJIaHKIB i MiApaxyHKY pe3ynbratiB. [Ipy mboMy dac, BUTpaueHUIl Ha IMiIBEICHHS
MiICYMKiB, 3pOCTa€ Pa3oM 3 YHCIIOM YYaCHUKIB TecTy. [ BUnMTEINiB, MEHEIKEPIB Ta 1HIINX JFOJIEH, sKi
3aliMarOThCsl MPOBEJICHHSAM Pi3HUX TECTIB PETYISPHO, MiHIMI3allisl BUTPAUCHOTO HA TECTYBAaHHS Yacy i
pecypciB MOXKE BUSBUTHUCS KDHTHYHO BaXKITHBOIO.

BukopucraHHs OHJAaH - CHCTEMH TECTYBaHHS 3 AaHAJTITHYHUMH MOXIIMBOCTSIMU JIO3BOJIUTH
MIPUCKOPUTH TPOLIEC CTBOPEHHS THUII30BAHUX TECTIB, 3AIMCHUTH iX BifJlaieHE MPOBEJICHHS 1 MPOBECTH
aHaJi3 X pe3yNbTaTiB 3a IOTIOMOTOI0 TIEPCOHATFHOTO KOMITTOTEpa. BpaxoByroUn MOMHUPEHICTh MEpExi
IaTepHeT cepen y4HiB i CIiBpOOITHUKIB HABYATBHUX Ta IHIINX OpraHi3aliid, MOXKHA CKa3aTH, IO Taka
CHCTEMa CTaHe JOCTYIHA JUI 0araTbox.

B po3po6ui intepdeiicy Web-ceppicy BukopucroByBanuch HTML Ta CSS. [HTepdeiic kopuctyBada
nporpamMu po3poOIIsiBCs 3 ypaxyBaHHSIM BHMOT MPOCTOTH, 3pYYHOCTI Ta eproHomiyHocti. [louarkoBa
CTOpIHKA HPECTABIIsAE COO0I0 CTOPIHKY BUOOPY KOPHUCTYBaya.

HamucHimb Ha kHONKY, Axa gionoeidae Bawomy cmamycy!

Man. 2 ouamkosa cmopinka Web-cepsicy.

[Ticas HaTUCKaHHS HA KOTIKY «S1 BUKJIaau», KOPUCTYBad OTPAILIsLE Ha CTOPIHKY aBTOPU3alIii CepBicy
«Online Test Pad» misg Bukiiagaya.
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Online Test Pad

3anam'atati MeHe 3abynu napone?

HeT akxayHTa?
MoxanyAicTa, NpoHAnTE PEMCTpaLMIo

Man. 3 Cmopinka 6xo0y ons euxnadaua 6 cepgic « Online Test Pady.

SIK11o KopHrcTyBad HaTUCHE KHOTIKY «S1 yueHb», TO IOTPAKTh Ha CTOPIHKY HPOXOHKEHHS TECTY, 1€
HoMy MOTpiOHO BBECTU KOJIOBE CIIOBO, sIKE 3a3/IaJieTiib BUKJIa a4 HOMY TIOBiJOMIISIE.

Tect 01:30:00

BubauTte, ane gocTtyn Ao TecTy obMexeHuN.
[lnsi NpoXomKeHHs TecTy HeobxiaHO BBECTW KOAOBE CNOBO.

Man. 4 Cmopinxa 68edenns k0008020 CL08A 00 Mecmy.

BucHoBku

OmnnaiiH-cucTemMa nepeBipKu-3HaHb 3MOKE CTATH PIlIEHHSIM 3aBJaHHS CKOPOUEHHS 3araJibHOTO 4acy
NPOBENIEHHS TECTiB 1 30UIbLIEHHS SAKOCTI aHAJITHMYHOI OLIHKM iX pe3ynbTariB. Llg cucrema moBuHHA
MiHIMI3yBaTH 4Yac Ha CTBOPEHHS TECTY 1 aHali3 pe3yJIbTaTiB 3a PaxyHOK BHUKOPUCTAHHS Cy4YacHUX
TEXHOJIOTIH y cdepi BeO-po3poOku. Bubip apXiTekTypu CHCTEMH i KOHKPETHOrO0 HaOOPY TEXHOJIOTii
NOBUHEH OyTH 3/iHCHEHMH BUXOISYM 3 BUMOTH JO MAaKCUMAaJbHOI IIBUIKOCTI POOOTH CHCTEMH IPU
B3a€MOIIT 3 HEIO KOPHUCTYBauiB. AHAIITUYHA CKJIaZ0Ba CUCTEMH TaKOX TIOBUHHA JIO3BOJISITH BIIMOBICTH
Ha HaWOIbII 3aTpeOyBaHI MUTAHHS KOPHUCTYBAUiB IIPH POOOTI 3 pe3y/IbTaTaMH TECTIB.
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Y cydacHOMY CBIiTi CHCTEMH CTEKECHHS aKTHBHO BIIPOBA/DKYIOTHCA B PI3HOMY BUIIAII, NOYHHAIOYM 3 PO3YMHHX Kamep
CIIOCTEpPEKEHHS, KOMIUIEKCHHX CHCTEM pO3YMHOTO OyIMHKY Ta 3aKiHYYIOUHM BiJICT&XCHHSM IOCHIIOK, MaCaKMPCHKOIO
TPaHCHOPTY YM TPAHCHOPTY, IO NMEPEBO3UTh BAKIMBHN BaHTaX. JJOCHUTH MOMYJSIPHOIO € I TeMa cepell KOMIIaHid, o
MPALIOIOTh 3 TPAHCIIOPTOM, Jie HEOOXITHMM 3aX0JI0M € HOTO BiJICTeKEHHsI, HAIPHKJIIA]] CTPAaXxOBi KOMIIaHii, CIIy)kKOHM eKCTpeHOT
Jornomord i aBronapku. Cepes TakMx KOMITaHiH TaKo)K 3HaXOSIThCS Ti, SIKi BBO)KAIOTh 32 Kpallle IPanioBaTH BaXTOBUM METOJIOM
1 MalOTh HiIPSAAHKUKIB Ha KOJIecax, HAPUKIIA KOMIIaHii 3 BUIOOYTKY KOPHCHHX KOMAJIMH, BKIUBOIO CKJIa0BOIO POOOTH SIKUX
€ TOYHE BIJICTe)KEHHS PO3TalllyBaHH: TPAHCIIOPTY Ta MMiJPaxyHOK 4acy BUKOHAHUX TPAHCIIOPTOM XOAOK. Tpekep — e HeBEMMKHUi
HPHUCTPIfl CTEXECHHS, 10 3aCTOCOBYEThCS ISl BU3HAYEHHS MICIIE3HAXO/PKEHHS Ta HOTO BiCTEXKEHHS, HA JaHWIl MOMEHT Mae
Jy)Ke LIMPOKWH Jiana3oH BHKOPHCTAHHS, HE3BAKAIOYM Ha CBOIO HEBEJIMKY Bary, Ieil NMpUCTpiii Mae HU3KY YHIKaIbHHX
BJIIACTHBOCTEH, SIKi TOTIOMAararoTh OPraHi30BYBaTU CIIOCTEPEKEHHS SK 3a HITBMH Ta JIIOIBMH IOXWIIOTO BIKY, TaK i CKJIAJaTH
ONTHMaJbHI MapUIPYTH MEepeMillleHHs] BaHTaXIB 3a JOMOMOIOI0 aBTOMOOIUIBHUX HAaBIraTOpiB Ta BiJeopeecTpaTopiB abo
3a0e3neyyBaTti Oe3MeKy Ta TOYHICTh PyXy NPHUBATHOTO Ta KOMeEpIiHHOTro TpaHcmopTy. Lli HeBeNWKi eIeKTpOHHI MpUcTpoi
MOXXYTh HE TIJIbKM BH3HAUaTH CBOI KOOPJAMHATH 3a JomoMororo cynyTtHukis GPS, arne i 3a momomororo BOYJOBaHOTO MOAYJIS
3B'S3KY BIJICHJIATH Ha BiIaJI€HHUH cepBep VIS MOJAbIIOro 30epekeHHs 6a3u qaHux i 00poOku. lis podi BiganeHnx cepBepiB
MOXYTh BUCTYIIATH, HATIPUKIIAM, TOMYJIPHI 3apa3 XMapHi cepicu Amazon Web Services, 00UnCITIOBaNIbHI TOTYKHOCTI SKHX
3HAXOAATECS B 0araTbox reorpadigHux 30HaX y pi3HUX KyTOYKAX CBITY 1 3aBISKH IbOMY MO>KHA HE TiJIbKH 30€perTH OTPHUMaHi
JTaHi B HAWOJIDKYIN 10 KIHIIEBMX KOPHCTYBadiB reorpadiuHiii 30Hi, ajie i BUKOHYBATH iX aHali3 00pOOKy, HE OPEHAYIOUH MPU
pOMY OKpeMuii pismuHmil cepsep.

Knrwwuoei cnosa: ceonoxayis, ananiz MicyesHaxo0xiceHHs, mpexep.
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In the modern world, tracking systems are actively implemented in various forms, ranging from smart surveillance cameras and
integrated smart home systems to tracking parcels, passenger vehicles or vehicles carrying important cargo. This topic is actual
for the companies working with vehicles, such as insurance companies, emergency services, and car fleets where tracking the
vehicles becomes the commercial necessity. It also concerns those who prefer to work on a rotational basis and have contractors
on wheels, for example mining companies, where it is important to track accurately the location of vehicles and calculate the
route time. The tracker is a small device used to determine the location and track it. Nowadays, due to its unique properties, this
device has a wide range of implementations such as monitoring of children and the elderly, creating optimal routes for the
movement of goods using car navigators and video recorders, or ensuring the safety and accuracy of movement of private and
commercial vehicles. These small electronic devices can not only determine their coordinates using GPS satellites, but use the
built-in communication module to send them to a remote server for further database storage and processing. The currently popular
cloud services can be used as a remote server, for instance, Amazon Web Services, the computing power of which is distributed
in many geographic locations all around the world, and therefore, it is possible not only to save the obtained data in the geographic
location closest to the user, but also to perform their analysis and processing without renting a separate physical server.

Key words: geolocation, location analysis, tracker.

Pa3pa60TKa MOJ€JIU CUCTEMBbBI OIIPECACICHUA MECTOIIOJIOKCHUSA JIJIA
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B coBpeMEHHOM MHpE CHCTEMBI CIEKSHUS] aKTHMBHO BHENIPSIOTCS B Pa3sHOM BHUJE, HAYMHAs C YMHBIX Kamep HaOJIOJeHUs,
KOMIUIEKCHBIX CHCTEM YMHOTO JIOMa M 3aKaHUYMBAasl OTCJIEKMBAHUEM IOCBUIOK, NTACCAXKUPCKOTO TPAHCIOPTA WM TPAHCIOPTA,
MEePEBO3AIIEr0 BaXKHBIN Ipy3. Jl0CTaTOYHO MOMYIISIpHOM SBJISETCS 3Ta TeMa CPeli KOMITaHHUH, pabOTAOIIKX C TPAHCIIOPTOM, /e
HEO0OXOIMMOIT Mepoii SIBJISIETCS €ro OTCICKUBAHUE HAIPHMEp CTPAXOBbIE KOMIIAHUH, CITY)KObI SKCTPEHHOH MOMOIIN a TaK ke
aBTONApKH. B 4mciie Takux KOMITaHHI TakK XKe HaXOAATCS Te, KOTOPBIE IMPEIIOYHTAOT pPab0TaTh BaXTOBBIM METOIOM U UMEIOT
MOAPSITINKOB Ha KoJIecax, HapHMep KOMITAHHH TT0 TOObIYe TOJIE3HBIX HCKOTIAeMBIX, BAXXHOH COCTABIAIONMEH paboTh KOTOPBIX
SBIISIETCS. TOYHOE OTCIECKUBAHUE MECTOINOJOXEHUS TPAHCHOPTa U MOJACYET BPEMEHHU BBINOJIHEHHBIX TPAHCIOPTOM XOJIOK.
Tpexep — 3T0 HEOONBIIOE YCTPOUCTBO CIICKEHUSI, IPIMEHSEMBIH JUIsl ONpeJIeNIeHIsT MECTOTIONOKEHHS ¥ €r0 OTCIIeKHUBAHNS, Ha
JTAaHHBIE MOMEHT HMEeT OYeHb IIMPOKHH Hama3oH HCIIOIb30BaHMS, HECMOTPsS Ha CBOM HEOONBIIOH Bec, 3TO yCTpOICTBO
06na)1aeT PAAOM YHHUKAJIBbHBIX CBOP’ICTB, KOTOPBIC MOMOTAaOT OPraHU30BbLIBATH HaGH}OJleHI/Iﬂ KakK 3a JAC€TbMHU W IOXHJIBIMH
JIIOAbMHU, TaK U COCTABJIATH ONTUMAJIBHBIC MApUIPYThl NEPEMELICHUSA I'PY30B C IIOMOIIBIO aBTOMO6I/IJ'[beIX HaBUTaTOPOB U
BHICOPETHCTPATOPOB WK 00ECTIeUnBaTh OE30MacCHOCTh U TOYHOCTH JIBMDKCHHS YaCTHOTO M KOMMEPYECKOT0 TPaHCIopTa. DTH
HeOOJIBIINE IIEKTPOHHBIE YCTPOHCTBA MOTYT HE TOJIBKO ONPEAENSATH CBOM KOOPANHATHI ¢ OMOIIBIO cITyTHHKOB GPS, HO 1 3aTtem
C TIOMOIIBIO BCTPOEHHOTO MOJYINS CBSI3M OTCBHUIATh HA YAAICHHBIN cepBep I AanbHEHIIero coxpaHeHWs B 0a3e JaHHBIX H
o6paboTku. [y poin ymaleHHBIX CepBEpOB MOTYT BHICTYIATh HAIPHMeEp MOMYISIpHBIE ceifyac obiavHble cepBHCH Amazon
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Web Services, BBIYHCIUTENBHBIC MOIHOCTH KOTOPBIX HAXOJSITCS BO MHOTUX reorpadMuecKux 30HaX B Pa3HbIX YTOJIKaX MHUpa U
Onmaromapsi STOMy MOXKHO HE TOJBKO COXPAaHHTH IIOJMydeHHBIC NaHHBIE B OJDKaWIIell K KOHEYHBIM ITOJIb30BaTEIISIM
reorpaduIecKoif 30He, HO M BBIIOIHATH NX aHAIHU3 U 00paboTKy, HE apeH/ys IPU STOM OTAENBHBIH (U3NYECKHI cepBep.

Knrouegwie cnosa: ceojlokayus, anaius /\/léCmOH[lXOchaeHue, mpexep.

1 Beryn

VY TtemnepimHiil 9Yac TOCUTH MBUAKO HAOWPAIOTHh MOMYJSPHICTH CHCTEMH CTEXKEHHS, IO 3B’S3aHO 3
HapOCTAI0YOI0 MOMYJISIPHICTIO KOHTPOJIIO HABKOJIMIIHIX MOJIH, 1110 TaK MOMIOOISAIOTH Moan. Tpumaroun
i1 KOHTPOJIEM Te, IO BiIOYBA€THCS HABKOJIO MU TIOUyBaeMo cede kpaie. CHCTEMHU CTEKEHHS aKTHBHO
BIPOBA/DKYIOTBCS Y PI3HOMY BHIVISAI, TIOYMHAIOYN 3 POSYMHHUX KaMep CIOCTEPEKEHHS, KOMIUIEKCHUX
CHCTEM PO3YMHOTO OYAMHKY Ta 3aKiHUYyIOUM BiCTEKEHHSIM IMOCHIOK a00 TPaHCIOPTY 3 BaXKIUBUM
BaHTaxeM. J[OCHTh MOMYJSIPHOIO TAaKOXK € I TeMa cepel KOMIaHii, M0 IO Mpaliol0Th BaXTOBHM
METOJIOM Ta MalOTh MAPSAHNUKIB Ha KoJiecaxX, HAPUKIIAl KOMMAaHil 3 BUJ00yBaHHA KOPHUCHHUX KOTTAJINH.
e Haae KOHTPOIIB 32 YACOM, TE€OJIOKALIEF0 MAIINH Ta BUSBICHHS HECAHKI[IOHOBAHUX 3YNMHOK, 110 Bese
JI0 MABUILEHHS MPOAYKTUBHOCTI mpaui. JletansHa iH(opMaliis mpo Micle3HaxoKeHHs TPAaHCIIOPTHUX
3ac00iB TOJErnrye KOHTPOJb. Takok 1me Oe3yMOBHO HAJa€ MOXIWBICTh BHU3HAYUTH HANWOUIBII
MPOAYKTUBHUX CITIBPOOITHHKIB Ta MIOBUCUTH PiBEHh KOHTPOIIO HaJ KOMIIAHIETO.

B Takomy BuUmagky mnporpaMHe 3a0e3MeUeHHs CKIAAA€Tbcs 3 TPHOX CKIAJOBUX — JaTyhKa
BIJICTE)KEHHS, CUCTEeMHU 0OpOOKH MO0 CUTHAJIIB Ta MPOrPaMHOI0 3a0e3MeUeHHS 3a JJOTIOMOI'O0 SIKOTO 3
CHCTEMOIO B3a€MOJIi€ KOPHCTYBad. TakoK TaKy CHCTEMY MOXXYTh BUKOPHCTOBYBATH i1HIII TPaHCTIOPTHI
MiAIPUEMCTBA IS TIABUIICHHS €(EKTUBHOCTI Ta KOHTPOIIO 32 TEPEBE3CHHSIMH IS BiJACTEKCHHS
0cO0JIMBO IHHOTO MalHa.

2 AHAJi3 pilleHb 1J151 BUSHAYEHHS MiCIIe3HAXOZKeHHS

PimenHst 1yis BU3HAYCHHS MICIE3HAXOKEHHS — 1€ TEPMIH, IO BiTHOCUTHCS IO TEXHOJIOTIH, SKi
BUKOPHCTOBYIOTBCS ISl BiJICTC)KCHHS IOJIOKEHHS 00'€KTa B peajbHOMY a00 HaHOIMKYOMY daci.
3acTocoBaHi Ui MBOTO TEXHOJOTIi BHKOPUCTOBYIOTHCS CIIJIFHO 3 CHCTEMaMH TO3WIIOHYBAaHHS LIS
300py nmanux. Y 1998 pori Oyino BBeneHo Takuii Tepmidn sk RTLS (cucrema mno3wilioHyBaHHS B
peaJIbHOMY Yaci) JUIs ONKCY HOBOT TEXHOJIOTI, IKa He TIIbKHU 3a0e3MeuyBajia MOKJIMBOCTI aBTOMATHYHOT
inenTudikarmii 3a gomomoroto aktuBHuUX RFID-miTok, ame ¥ momaBama MOMJIHMBICTE TEPETIIATY
pO3TalllyBaHHS HA €KpaHi KOMITIOTepa. 3 TOrO 4acy 3'IBWIIOCS OUTBII MPOCYyHyTe OONaTHAHHS IS
MICIIe3HAXO/DKEHHS, a TaKOX PO3BHBAIOTHCS JlaHI Ta MporpamMHe 3abe3medyeHHs Ui BU3HAUCHHS
MICIIe3HAXO/IPKCHHSI.

Jlo OCHOBHHX pillleHh BU3HAYEHHS MiCIIE3HAXOKEHHS BiTHOCATH Pa/li04acTOTHY iIEeHTH}IKaIi0
(imenTudikamis 3a gomomororo RFID-miTok), inentudikamiro 3a gomomororo UWB wmitok (Ultra-Wide
Band — nammmpoka cmyra pamaiodactot), Bluetooth mitok, Wi-Fi TexHosoriit, MOOIEHOTO 3B’SI3Ky Ta
GPS (Global Positioning System — cucrema ri100a1bHOTO MO3UI[IOHYBAHHS).

InenTHdikais 3a J0NOMOroKw MiTOK, Hanpukiaa RFID-MiTok mpaifoe 3a J0MOMOI0OK 34HMTYBaHb,
To0TO migKmounBmy 3unTyBad RFID no Iarepuery, 06'ext 3 RFID-mMiTkamMu MokHa iIeHTH(IKYBaTH
Ta BiJicTe)KyBaTH. TakoX MITKH AUISTHCS HA aKTUBHI 1[0 MAOTh BIACHE JKEPEIIO XHUBIICHHS Ta MTACUBHI
110 BiAIOBIIHO HE MaroTh [1].

Inentudikanis 3 GPS minxooM mpaiitoe yepe3 BU3HAYCHHsI Ie0JIOKallil 00’ €KTy uepe3 CYIyTHUKH, a
3a JIOMOMOT'0I0 MOOIJIBHOTO 3B’513KYy — 4epe3 CTUIbHUKOBI BUIIKK. OCTaHHI J[Ba CIIOCOOU BIIHOCSITH JI0
TUITY OCHOBHUX JUIA BiJICTEKEHHS 00’ €KTiB HA BIJJIKPUTOMY IPOCTOPI.

3 AHaJii3 po00TH 0CHOBHHX CHCTEM BiICTeKeHHS reoIoKaIii 00’ €KTiB

[TouaTok CTBOpEHHS MEPILUX TECTOBUX CHCTEM BiJICTEXEHHS 00’ €KTiB moyanock 3 epekry omepa,
KOJI aMEpUKaHCBhKi BYEHI 3’sICyBaji, IO 3aBISKH IOMY €(EKTy 4acToTa CUTHAILy DPIBHOMIpHO
30LIBIIYETCS 3 HAOMIDKEHHSM 1 3MEHINYEThCS 3 BIIIAJICHHSM JDKepelia CUrHany. BoHu 3poOuim
BHUCHOBKH, IO SIKIIO TOYHO BU3HAYHUTH KOOPIUHATH HA3€MHOT'0 00’ €KTa, TO CTa€ MOKJIMBUM BUPaxXyBaTH
TOYKY 3HAXO/DKEHHS Ta MIBHAKICTh IEPEMILCHHS CYNMyTHUKA 1 HaBIAKW, iHpOpMaLis Mpo TOYHI
KOOPJIMHATH KOCMIYHOTO arapara Jia€ MOKJIMBICTh BUPaXyBaTH MicClle pO3TAlIyBaHHS 1 IIBUIKICTh PyXY
Oynp-sikoro 06’€xTa Ha 3emiti. Ha niboMy nipuHIHITI OyiM peari3oBaHi Nepll CYyMyTHUKH, SKi TPU3BEIH
JI0 aKTMBHOT'O PO3BUTKY L€l ramysi. Sk pe3ynpTar mboro Hapasi iCHYIOTh BJIaCHE JIBI HAWIOLIMPEHII
cuctemu GPS ta 'JTIOHACC, kpim TOro icHYIOTh MEHII momkpeHii cucremu Taki sik: DORIS, Beidou,
Galileo. Bei BoHM BiIpi3HSIOTHCS KUIBKICTIO CYITyTHUKIB BUBEICHUX Ha OPOITY 3eMITi.
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Hagiraniiini cucTeMu IpaiiolTh y Oyab-akiil Touii 3emii B Oyab-iKMX MOroAHux ymopax. GPS
CKJIQJIA€ThCS 3 TPhOX YAaCTUH — CYIYTHUKIB, CTaHIiii Ha 3emii Ta mnpuiimadiB curHamy. Cdep
3actocyBanHsi GPS mocutes Oararo mounmHaroun 3 kKaprorpadii i HaBiramii Ta 3aKiHUyIOYd MOOITBHUM
3B’13K0OM. [ pyHTY€ThCS MaHuii METO HA TPIaHTYJISILi, y [IbOMY BUIIAJKY BUMIPIOETHCS BiICTaHb 00’ €KTa
Mo HaBiramiiHux cymyTHUKIB. [Ipamtoe cucrema GPS B Takmii cmoci6 — mpuiiMad CHTHaIy BHUMIPIOE
3aTPUMKY MOIIUPEHHS CUTHAY BiJl CyIyTHUKA JI0 TpUiimMaya.

OcHOBHHI TPUHIMII POOOTH TIOB’S3aHWN Ha PaJiOXBHIAX, SIKI HAJICHIIAIOTHCS CYNMyTHHKAMH 3
MOCTIHHOIO MIBUIAKICTIO. 3 OTPHUMAHOTO CUTHATY MpHiMad OTPUMYE JaHI MPO MiCIE3HAXOKSHHS
cynmyTHUKa. TyT TakoX BaXJIMBHM € 4ac, 3a SIKMM CHTHajl Jiiiae BiJ mxepena a0 mpuiiMada. Bin
BU3HAYAETHCS aTOMAapHUM TOJMHHUKOM Ha KOCMiuHOMY amaparti. lIBHAKicTh, 4ac Ta po3TallyBaHHS
CYIyTHHKIB JO03BOJSAIOTh OOYMCIHTH iXHIO BiACTaHb A0 O0’€KTy, SIKOMYy TOTpiOHa HaBiramis. s
BU3HAUEHHS BiJICTaHi Bl CyMyTHWKa O MpHiiMada 3aTPUMKa CUTHANY MOMHOXKYETHCS Ha IIBUAKICTD
CBITJIa.

3 norsaay reoMeTpii poboTy HaBiramiifHOT CHCTEMH MOKHA ITPOLTIOCTPYBATH TaK: KiTbKa cep, y IKuX
nepeOyBarOTh CYMyTHUKH, IEPETHHAIOTHCS U Y HUX TiepeOyBae KOPUCTYBaY.

Pucynox 3.1 — Mooenwv 83aemHo20 posmauiy8anHs CynymHuKie Hagieayii

Paniyc xoxHO1 13 chep BiAMOBIAHO JOPIBHIOE BiACTaHi 0 IIbOTO BUAMMOTO CyIyTHUKA. CUTHAIM Bif
TPHOX CYMYTHHKIB JIO3BOJISIOTH OTPUMATH JIaHI MPO MIMPOTY Ta JOBIOTY, YETBEPTHU CYMYTHHK JIA€
iHpopManio mpo BHCOTY 00'ekTa Haj moBepxHet. OTpUMaHi 3HAYEHHS MOXKHA 3BECTH JI0 CHCTEMH
PIBHSIHb, Y TOMY YHCJI MOKHAa 3HaWTH KOOPIMHATY KOpHCTyBaya. TakuM YMHOM, JUISi OTPUMAaHHS
TOYHOTO PO3TaIlyBaHHS HEOOXIJHO MPOBECTU 4 BUMIpU JNANBHOCTEH IO CYMyTHUKA (SKIIO BUKIIOYUTH
HETPaBIONo/i0OHI pe3yibTaTH, J0CTaTHO TPHOX BHUMIpiB) [2].
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Pucynox 3.2 — Moodenw 63aemno20 posmautysanis Cynymnuxie Hagieayii 6ioHocHo 3emui
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IlepeTnH curHATY YOTHPHOX 1 OLIBIIE CYITyTHUKIB JO3BOJISAE 3 MiHIMAJIBHOIO TTOXHOKOIO BU3HAYNTH,
JIe 3HAXOAWUTHCSA JioauHa. Jleski TporpaMu Hapiramii TaKoXX BpPaxOBYIOTHb BIJCTaHb JO BUIIIOK
CTLUTBHUKOBOTO 3B'SI3KY, JaHi BOYJJOBAaHOTO KOMIIaca Ta aKCceJIepoMeTpa i HaBiTh IIBHIKICTh PyXy TOTO,
XTO 3aMUTy€e KoopauHaTH. Arne siki © TexHOIorii He BHKOPHCTOBYBANHCS, € Oarato (akTopiB, sKi
BIDIMBAIOTH Ha pOOOTY MO3UIIOHYBaHH. HalBIIMBOBIIII 116 HMOBIpHI IIOMWIIKH y TOJMHAX CYIMYTHHKIB,
MICI€3HAXO0/PKEHHS CaMHX CYITyTHUKIB, SKiCTh GPS Moynst B €eKTpOHHOMY TIPUCTPO1, 3UUTYBaHHS Ta
BimoOpakeHHSI CHUTHaNy Tpu mepeOyBaHHI 00’€kTa MOpyd i3 IMITBPHUMH CHOPYIaMH, BCEpPEIHHI
npuMilieHs abo HaBiTh y morany moromay [3].

l'onoBHa norika KOPHCTYBaHHS CYIYTHUKOBUMH METOJaMU BH3HAUYCHHS MICIIC3HAXOKCHHS
3aB’s3aHa Ha HeBenmkoMy GPS-Mopyii, 110 BCTAaHOBIIOETHCS B 00 €KT, SIKUH HEOOXITHO BiJCTCKUTH
TOOTO B aBTO 2060 MOOLTEHUH Teme(oH.

o\ . >~ :
cucmemu 05 imaka abo Mauiunu

Pucynox 3.3 — Mooenv pobomu G

IcHye iHmMIA BapiaHT BiICTEXKEHHS MICIE3HAXOMKEHHS 3a JOMOMOTOI0 CTIIEHUKOBUX BHIIOK i3
3aCTOCYBaHHSIM U1 ILOTO CHCTEeMH MoOiIbHOrO 3B’s3ky (GSM — Global System for Mobile
Communications). Location-based service (LBS) — cepic Bu3Ha4deHHsT 00'€KTa MUITXOM MPHB'SI3KH J10
OpieHTUpIB 3 0a3W JAaHUX MOCTAaYaJbHHUKA MOCIYT 3B'A3KY. Y MPOCTOMY BHMAJAKY MiCIC3HAXOKEHHS
o0'exta BH3HAdaeTbcsd 3a KoopaumHatamMu GSM 0azoBux cranmiil. Cama CTiIBHHKOBA Mepexka €
MaBYTHHOIO 3B'SI3KY, IO [TOJIIJICHA Ha CEKTOPH, KOXKEH 3 KX BiJIMOBIIA€ 33 CBOIO BEXKY.

et BapiaHT TeXX BU3HAYAE JIOKAIIIO 3a IOTIOMOTO0 TpiaHTyIsiiii. ToOTo, 1yis KOpEeKTHOI pOOOTH HaM
HEOOXiTHO MaTH B HasIBHOCTI TPH BHUIIKU CTITLHUKOBOTO 3B’sA3Ky. [lomryk KoopauHaT BiOyBa€eThCs 3a
JTIOTIOMOT OO TIEPETUHY CEKTOPIB MiXK COOOI0 Ta MOTPAIUISTHHSA 00’ €KTa Mk HUMH. [[11s iepenadi naHux
GSM mozeM MOBHHEH 3apeecTpyBaTHCs Ha 0a30Bill CTaHIliT MOOUIEHOTO omeparopa, sika, Imepeac CBii
inentudikauiiitnuii Homep (Cell ID) ta meski inwi ciry>x60Bi napamerpu (MCC, MNC, LAC). lanwuii
METOJI BIJICTe)KEHHsI 3aCHOBaHWI Ha TPHUHIHNIN, MO OyAb-IKUi BKIFOYeHWH Momxynb GMS Oyne
nepeaBaTH JlaHl Ha HalOmk4dy 0a30By CTaHIIIIO, EPEMUKAIOYHCH MO Mipl pyxy MiX HHMH. | Ko
npucTpiii Moxke 3unTyBaTH JaHi 6a3opoi cranmii (Cell ID, MCC, MNC, LAC), ui nani MOXyTs OyTH
3BipeHi 13 30BHIIIHIMY 0a3aMu 1aHUX JIJIs1 OTPUMAaHHsI pO3TalllyBaHHs 00'eKTa.

JlaHuii MeTo/1 BiJICTeXKEHHS JJOCUTh HE TOYHHH, HOTO po3paxyHKu MoxyTh Oyta Bij 100 mo 1000 M,
1110 3aJIeKUTh Bijl KIJIBKOCTI BUIIIOK BAaIIIOT0 ONepaTropa B boMy paiioHi [4, 5, 6].
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Pucynox 3.4 — Hpunyun pobomu LBS/GSM cucmemu

Le#t croci6 Mae MOCHTH HEBEIHWKY TOYHICTh T€OTO3WIIOHYBaHHS O0’€KTY i TOMY Il € BEIMKHM
MiHyCOM uepe3 Te, IO 1€ MPAIIO€ TUTBKU Y 30H1 MOKPUTTS CTUTBHHUKOBOTO 3B SI3KY, @ Y TAKUX MICIAX SIK
METPO, MiABaIN YU MDKMICBKI TpacH, Jie CUTHAI 3 BUIIKAMH JyKe HEUITKHi abo HOTo HeMae 30BCiM,
BIJICTEXKUTH JIOKAIlif0 KOPEKTHO Maibke HeMOoxuBO. [1[010 TOYHOCTI HOTO0 BUMIPIOBaHHS, Y BEIHKHX
MicTaxX BOHa Jiocsrae 1o 2.7 KM, a BXKe Ha BIIKPUTIH MiCIIEBOCTI IIeil MOKa3HUK MOXKE 3MiHIOBATHCS 10 22
kimometpis [3].

Ha manmit momenT GPS — 11e HaliTOUHIINH cOCiO MO3UIIIOHYBAHHS, Yepe3 MpsAMe i KITFOYEeHHS 10
CYIyTHHUKA. BIBIIICTh TpekepiB i MOOLTEHUX MPUCTPOIB BUKOPUCTOBYIOTH Mepexy GSM st nepenadi

JIAHUX a BU3HAYaIOTh CBOE MICLIE3HAXOKEHH caMme 3a pornoMororo GPS cucrem, nepexitouarouuch Ha
LBS.

4 Mpukaan Moaeti Tpekepy BiacTeKyBaHHSA

[Ipukmnamom Toro, 1o 3a gornomMorow GPS MoxkHa MaTu OiIbIIT TOYHI KOOPJIUHATH MiCIIC3HAXOKCHHS,
Moke OyTH MOJENb CUCTEMH BH3HAYCHHS MICIIE3HAXOMKCHHS B Mapi 3 MOIEIUII0 TPEKEpy, IO MaE y
ckiani GPS monyns Ta BukopuctoBye Mepexxy GSM ans nepenaui 1aHuX.

Pucynox 4.1 — IIpuxnao modeni GP- mpexepy

st Toro mo6 3po0uTH Taky Moaels 0ysio po3po0ieHo cXxeMy 3 HACTYITHUMH KOMIIOHEHTaMU: TOJIOBHA
wiata Arduino Nano, GSM-mozem (SIM 800L), GPS monyis (GY-GPS6MV2), nepeTBoproBay Harnpyru
(MT3608), mitiii-ionHuii akymyistTop Ta BuMmukad, GSM moayns, GPS Momyib, akymyssitop, KHOITKa
BMHKaHHS T BAMUKaHHS.
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Pucynox 4.2 — Cxema mooeni GPS-mpexepy

3aranpHa apXiTEKTypa MPOTOTHILy CHUCTEMH BIJICTEKYBAaHHS 3 BUKOPUCTAHHSIM JAHOI MOJENI TPEeKepy
300pakeHa Ha PUCYHKY 8

Arduino
system

z@—’ - 1%

GFS-ransmitter GSW-module API Gateway Mode JS|Lambda
"GPS_Data_Receiver’ "GPS-Receive-and-save”

Dynamo DB
GPS-coordinates-table

1
L B

Telegram bot AP| Gateway Python Lambda
"GPS_api_for_TG_bot" “tmpGPs”

Pucynox 4.3 — Apximexmypa cucmemu 8i0cmency8ams

VY naHoMmy NpHUKIaai M BUKOPUCTOBYEMO HaOip xmapuux cepriciB AWS (Amazon Web Services) s
B3aemozii 3 TpekepoM. Ha nanamryBanas GPS-mMomyiist micinst migKimoueHHs Horo 10 Mepexi MOXe MiTH
1o 10 xBuiuH, B 3aJIe)KHOCTI BiJ oOpaHoi jokauii. Ilicas HamamTyBaHHS KOXXHY XBWIMHY BiH BiICHIIA€E
iHopMaIlil0 PO MICIE3HAXOMKEHHS Ha cucteMy 00poOku. Ilicist mporo koa-oOpoOHHMK 30epirae
OTpUMaHi BiJ TpeKepy JaHi 3 HOro KoopauHaTaMu J0 0a3u NaHUX Ta Ha KapTi MU MOXKEMO MOOaYuTH
KOOPJIMHATHU JJaHOTO 00 €KTY.
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; 1 — “T‘“Wm Yasnogorka Belen'koye

Pucynox 4.4 — Ipuxaaod 300padsiceniss Micye3Haxo0dcenHs Mooeli mpekepy Ha Kapmax

5 BucHoBkH
CucteMHu BiZICTeKYBaHHSA TPAHCIIOPTY HAIEKaTh IO CKIAJIOBHX YaCTHH CHCTEMH YIpaBIiHHA. X

3aCTOCOBYIOTH SK IS BiICTEXKYBaHHS MiCHKOTO TPAHCIIOPTY, TaK 1 JUIA MiAPHEMCTB, POOOTa SKHX TiCHO
MOB’s13aHa 3 BiICTEXKyBaHHAM TpaHcropTy. GPS-Tpekep Sk mpaBuiio He 3aJIeKHUTh Bijl pi3HOBHY MaIIMHU
gepes Te, 10 BiH Oy/ie mij’eqHaHUi 10 CUCTeMH 00poOKHM Oe3 3aiiBUX HaJlalITyBaHb. | Tak Sk MOJCIb
JTAHOTO cepBicy 0a3yeThcs Ha apXITEKTYpi 3 BUKOPUCTAHHSAM XMapHHUX TEXHOJIOTiH, HOro Mo)kHa Oyze
po3micTuTn Omk4ye M0 TreorpadidHOoi 30HM KOPWUCTYBaHHS, MO0 HaAae OUTBIIOI THYYKOCTI IMiJ 4ac
BUKOPHUCTaHHS.

o>

o>
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JocnimkyeTbes 00TIKaHHS T€OMETPUYHUX (OPM, SKi BIAMOBIAIOTH TiJIaM iXTi03aBPiB Pi3HOTO €BOJIOIIHHOTO BiKY, TOTOKOM
B’s13k01 HecTHcanBOi piguHU. [IpoBeneHi po3paxyHKH pPO3MOAUICHP THUCKY 1 IIBHIKOCTI PIAMHH HABKOJIO Tl B MakeTi
npukiagaux nporpam AnSys Fluent 2021 R2. TTokasano, 110 IpH JSSKUX KyTax HAXWIY Tija 0 MOTOKY 3 SBJISIOTECS BUXOPH,
napy BUXOpiB a00 BUXPOBI JOPIXKH, SIKi IPUBOAATH 10 3MiH 3CYBHHX HaIlpyXXEeHb B3JIOBXK Tisa. L{e MoXe BUKOPUCTOBYBATHCS
BOJJHUMH TBapHHAMH JUIS KOHTPOJIIO IIBUAKOCTI Ta «KyTa aTaki» IPH 3aHYPIOBaHHI a00 BHUIUIMBAHHI, a TAKOXK JUIS PEerii i
KOMyHiKanii Mk HUMH. [IpoBenieHe MOPIBHAHHS I'iIPOJUHAMIYHIX BIACTHBOCTEH TLT iXTiO3aBPIiB 3 MOJIOHMMHU 3a po3MipamMu
nenbdinamu i kutamu. [lokaszaHo, 10 B TepMiHaX aepoANHAMIYHMX {HIEKCIB HEMA€ SIBHUX PO3Pi3HEHb MiX GopMaMu 3 pi3HUM
EBOMIOIIfiHIM BikoM. IMOBIpHO, pi3Hi MiIBH/IH TO-Pi3HOMY 3MiHIOBAIHM OCOBIHBOCTI ITABAHHS, TAKi SIK IIBUAKOCTI, KyTH aTaKH,
MPOKUBaHHS Y BepXHiX a00 HOKHUX IIapax Ta iHIII, MIPHCTOCOBYIOUMCH A0 CBOIX YMOB NpOKUBaHHSA. OTpUMaHi pe3yiabTaTH
JTO3BOJIIIOTE Kpallle 3p03yMITH MEXaHi3MH IMPUCTOCYBAHHS 1 HAITPSAMKH €BOJIIOII1 BOJHUX TBAPHH.

Knrwwuoei cnosa: mamemamuune MOOen08aHH A, NIABAHHS, 2IOPOMEXAHIKA, MEXAHIUHI HANPYIHCEHHS, eBONIOYis

Comparative study of aerodynamic properties of ichthyosaur bodies
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The flow of viscous incompressible fluid around the geometric shapes corresponding to the bodies of ichthyosaurs of different
evolutionary ages has been studied. The static pressure and flow velocity distributions around the bodies have been computed
with the help of AnSys Fluent 2021 R2 software. It is shown that at some ‘angles of attack’ of the body to the flow there are
vortices, pairs of vortices or vortex wakes, which lead to changes in the shear stress distribution along the body, that can be used
by aquatic animals for purposes of sensing their environment and communicating. The hydrodynamic properties of the
ichthyosaur bodies have been compared with dolphins and whales of a similar size. It is shown that in terms of aerodynamic
indices there are no obvious differences between body forms of different evolutionary ages. Different species are most likely to
have adapted the specifics of swimming, such as speed, angles of attack, habitation in the upper or lower layers, and others to
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their living conditions. The obtained results allow us to understand better the adaptational mechanisms and direction of evolution
of aquatic animals.

Keywords: mathematical modeling, swimming, hydromechanics, mechanical stresses, evolution.
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Hccnenyercs o6TekaHne reoMeTpUYECKHX (POPM, COOTBETCTBYIOIIHX TEJIaM MXTHO3aBPOB Pa3HOI0O 3BOJIOLMOHHOTO BO3pACTa,
MIOTOKOM BSI3KOH HecxHMaeMoi xkuakocTu. [IpousBeseHbl pacueTs! pacipeelIeHuil JaBIeHUsl U CKOPOCTH KUJKOCTH BOKPYT
TeJ B IaKeTe NMpUKIagHEIX nporpamMM AnSys Fluent 2021 R2. Tloka3aHo, 4TO IpH HEKOTOPBIX YIaX HAKIOHA Tela K IOTOKY
HOSBILIFOTCS BUXPH, NTAaphl BUXPEH WM BUXPEBBIE TOPOKKH, KOTOPBIE IPUBOJAAT K U3MEHEHUSIM CABUTOBBIX HAIIPSKEHUH BJOJIb
Tenma. OTO MOXKET HCIOJIb30BaThCA BOAHBIMU JXKMBOTHBIMHU IJISI KOHTPOJS CKOPOCTH M «yTJla aTaku» IPU MOTPYKEHUH HIH
BCIIIBIBAHHH, & TAOKE AT PELENIUH 1 KOMMYHHKAIIMU MeX Ty HUMU. [IpoBefieHO cpaBHEHHE THAPOANHAMUIECKIX CBOMCTB Tell
HXTHO3aBPOB CO CXOJHBIMH 10 pazMepaM AenbGHHAMU U KuTaMH. [loka3aHo, 9TO B TEpMHHAX a3pPOJUHAMUYECKHX HHAEKCOB
HET SBHBIX Pa3NH4Mil MexTy (opmMamu ¢ pa3HBIM SBOIOIMOHHBIM BO3PAacTOM. BeposiTHO, YTO pa3HbIe MOABHIBI O-Pa3HOMY
M3MEHTH OCOOCHHOCTH IUIaBaHMs, TAKUE KaK CKOPOCTH, YIVIBI aTaku, OOWTaHWE B BEPXHHUX WJIM HEKHBIX CIOSX U JApYyTHe,
NPUCIIOCA0NNBAsICh K CBOMM YCIOBUSM oOutaHus. [lodydeHHBIE pe3ynbTaThl IO3BOJIIOT JIydIle HOHATH MEXaHHW3MBI
HPUCIIOCOOIICHHS ¥ HAlIPABJICHUS YBOJIIOIIMY BOJHBIX KHBOTHBIX.

Knrouesnle cnosa: mamemamuueckoe mooenuposanue, nidaeanue, SUOPOMeXaHUKA, MexaHuyeckue HanpafCcerus, 6010Yus

1 Beryn

Po3yminHs po3mupeHHs 6i0pi3HOMaHITTS B IPUPO/Ii € OCHOBHOIO METOIO €BOJIOLIIHOT OioJorii, sika
BUKOPHUCTOBYE MOP(OIIOTIYHI MOTIOHOCTI i TeHETUYHUH aHai3 7S IOUIYKY MOIIOHOCTEH 1 BiAMiHHOCTEH
y pi3HuX BUIB TBapuH [1]. B ocTaHHI poky nepeBara 1a€Thcst MOJIEIi pAaHHBOTO CIUIECKY, SIKa Iepe1oavyae
MIBUJIKY Ta IIMPOKY MOPQOIOTiYHy IuBepcH]iKaIilo Ha MOYaTKy €BOMIOMiHHOI ictopii. Llei crureck
PO3TIIAAETECS SIK PE3YNIbTAaT BHCOKUX TEMIIIB €BOJIOLII, IO MPU3BENIO A0 PAHHBOTO MAKCUMAaJIbHOTO
MOP(}OJIOTIYHOIO PI3HOMAHITTS (HEBIAMOBIAHOCTI), 32 SIKUM CIIiJIy€ MOMITHE YIOBUILHEHHS TEMITIB Ta
3MEHIIeHHs auctporopiiii. dioreHeTHYHI MOPIBHSAJIBHI METOAM € HEJOCTAaTHIMH 1 B OCTaHHI POKH
BUKOPHUCTOBYIOTHCSI TaKOXK TMOPIBHSHHS €(QEKTUBHOCTI Pi3HUX (i310JIOTIYHUX CHUCTEM Ta JIOKOMOIIIM,
TOOTO 37aTHOCTI mepemintyBartucsi. OCKiTbKH mepiri GopMHU KUTTS 3 SBUIIMCS Y BOJI 1 €BOJIIOLIHHI
nepeTBOPEeHHs (OpMU 1 Oy/I0BH Tijla MPOXOAMIN Y BOJHUX TBAapUH, JUIS MOPIBHAHHA 1X 37aTHOCTEH 10
pPyXy B BOJi BHKOPHUCTOBYIOTHCS KOMIT'IOoTepHi cumyJsmii (computational fluid dynamics, CFD)
OOTIKaHHS TUI MOTOKOM BOAHM Ta OOYMCICHHS TiIPOJMHAMIYHOrO oOmopy Z, migiomHoi cuim Fi,
HanpyXeHb TEPTS Ha MOBEPXHI Tina z, i 3aranbHoro Tepts Fp [2]. [lopiBHSIHHS €(EeKTUBHOCTI MOIBOTY

PI3HUX TBapWH BiJi KOMaxX JI0 NTaxiB 3 €(PEKTUBHICTIO JITAaKiB MOKA3aJI0 CXiJHI 3aJEKHOCTI MiX
BeauunHamu Z, Fi, Fp, MakcUMalibHOIO MIBHJKICTIO 1 MAaCOK Ta PO3MipaMH Tija (OBXHHA PO3MaXy
kpw) [3]. TakuM 9HMHOM, MOXIIMBOCTI JIO MOJILOTY KMBHX 1 TEXHIYHUX CHCTEM OOYMOBIEHI THMH K
camMuM (i3MIHUMH 3aKOHaMH TeHepalii miAHoMHOT ciid i oropy B HOTOLI MOBITPs. OCKIIBKH Y BOAHUX
TBApUH Ti K CaMi CHIIM TEHEPYIOThCS Mijl 4ac 0OTIKaHHI Tijia BOJIOI0, 3aKOHOMIPHOCTI pyXy MOBHHHI OyTH
TaKUMH XK, SIK 1 Y TBapHH, IO 3/IaTHI JIO MOIHOTY ab0 MapiHHS.

[onepenni CFD po3paxynku Ha 9 ¢opmax iXTio3aBpiB 3 €BOMIOLIKHO pi3HUM BikoM Bix 250 1o 150
MIIH.poKiB ToMy (MPT) He BHsBWIM 3HAYHUX 3MiH KOE(QIIiEHTY OMOpY i BHUTpAT €Heprii Ha pyx 3
nocTiiiHol MmBHIKICTIO [2]. IXTio3aBpu mpoTAroM cBOro icHyBaHHsS NpuOIH3HO 160 MIIH. POKiB
€BOJIIOL[IOHYBAIM BiJ] BHIOBKEHHX 1 3Mi€eBHIHMX (GOpM y OifbIl KpeMe3HHUX TBapUH, CXOXHX Ha
cydJacHUX akyjd Ta aenb¢iHiB. Po3paxynku [2] mokasanu, 10 HaBiTH paHHI 1XTi03aBpH Majd HU3bKI
3HAYeHHS Z B IepepaxyHKy Ha (ikcoBaHUI 00 €M Tij, OJHAK OyJIH MPOBECHI PO3PaXyHKHU TUTBKH MPH
«KyTi aTaku» =0 (HaXuj MOTOKY JI0 ITO30BKHBOT OCi Tija).
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B nmaniif po6oTi npoBeneHMH MOPIBHAUTBHIN aHaji3 e()eKTHBHOCTI PyXy B BOJI TiJl, TEOMETPIS SIKUX
BIJITIOBi/1a€ €BOJIOMIITHO pi3HUM (hopMaM iXTio3aBpiB npH pizHUX KyTax —30° <a <30°.

2 AnaJi3 reometpii TiJ ixTio3aBpiB

HocmimkyroThest onrdpoBani TPUBUMIPHI 300pa)Xe€HHS TLT 1XTi03aBPiB PiI3HOTO €BONOIIHOTO BIKY
(Big 250 mo 150 MPT) i Tin cyuacHux nenbdiniB-adanin (Puc.la). EBomromis dopmu Tinm BKirodana
noctynose 30inbineHHs JoBxuHM Tina L Big 40-50 cm mo 20-23 M, sike 3MIHIIOCS 3MEHILICHHIM J10 2-4
M, IO BIiANOBINA€ MOBXHWHI T cydacHuX AenbGiHiB (Bix 2-4 M y adamia g0 6-8 M y KOCaTOK).
Mopaundikarii mamaTd TakoX BiTHOCHI MTO3MOBXKHI po3MipH (MilelIeBUH MEPETHH B acpOAMHAMITHHUX
TepMinax): 3poctanns Bijx 0.15 (popma 1) mo 0.45 (dopma 6) 3minmnocs 3menmeHHsM 110 0.28 (dhopma
9). EBoumtoniiiiHi 3MiHH TOPKHYIHUCS PO3Mipy, POpMHU 1 po3TalIyBaHHS XBOCTOBHMX IUIaBHHKIB, 8 TaKOX
HaAIpPAMKY HOTo pyXiB (3 BEPTHKAIBHOI 10 TOPU3OHTAIBHOI TUIOIINHH).

TBapuHu 3 OIIBIIMMH PO3MIpaMU MarOTh OiNbIIMK 00°€M M’sI31B, @ TOMY MOXYTh PO3BHBATH O1ITBIII
JIOKOMOTOPHI CHITH. 1715l MOPiBHSUTBHOTO aHaji3y TUIBKU TiApOIMHAMIYHUX BIACTUBOCTEH TiJl TBAPHUH SIK
aepoauHaMigHIX (hopM, iX po3mipw, Ak i B [2], Oynu npuBeneHi 10 cTaHAapTHOI JoBKuHN L=1 M, a Bci
TUTaBHUKY ycyHeHi (Puc.10).

PesynbTati po3paxyHKiB pO3MIpHHX BETUYMH 1 Oe3po3MmipHuX mNapamerpiB HaBeaeHi B Tabm.l.
Besposmiphuii mapameTp M / P XapaKTepHu3ye BiJIHOCHMIT po3Mip Tina, 6e3po3Miphuii mapametp S/ P? -

3BUBHUCTICTH KOHTYpY, a Oe3posmipui mapamerpu V /P® i V/S¥? - cknagmicte Qopmu. Jlesku 3
napametpiB 30inbmeHi B 10 ta 100 paziB ams OiabIn 4iTKOI JEMOHCTpaIlii Ha OJHOMY PHCYHKY. Bci
napaMeTpH MO-pi3HOMY XapaKTepU3yIOTh BiIHOCHY TOBIIMHY 1 cKiamgHicTh moBepxHi Tin (Puc.2). Tak,
NPaKTUYHO BCi KPUBI MatOTh MaKCUMYyM AJ1s1 PopMu 6 — HaWOITBII KPYITHOTO iXTio3aBpa 3 HAWOUIBIINM

1 Chaohusaurus (T ~245,L ~1-2 m)
2 Cartorhynchus (T ~ 248, L ~ 0.4 m)
3 Utatsusaurus ( T ~245-250, L ~ 3 m)
4 Mixosaurus ( T ~240-250,L <2 m)

5 Guizhouichtyosaurus (T ~232,L ~4-5m)

6 Shonisaurus (T ~227-237,L ~15 M)

7 Temnodontosaurus (T ~175-200, L ~9 m)
8 Stenopterygius (T ~171-183,L ~4 m)
9 Ophthalmosaurus (T ~ 150-165, L ~ 6 M)

)y
)—adip—
)iy

0.2

—— Chaohusaurus

—————— Cartorhynchus

Utatsusaurus

Mixosaurus

Guizhouichtyosaurus

- - - - Shonisaurus

Temnodontosaurus

- - - Stenopterygius

——— Ophthalmosaurus
Dolphin

01}

Puc.1 Ilouamxkosgi (a) i Hopmanizosani 0o dosdcunu 1 m (6) mina ixmiosaepis.

MijIeJIEeBUM TEpEeTHHOM, oaHak s dopmu 4 xpusi S/P?*i V/S¥’ MaoTh MakcuMym i MiHIMYyM
BIZIMIOBIAHO, a 1HIII TapaMeTPU HE MAIOTh €KCTPEMYMY B Liil Touwi. MOKIIMBI HETOUHOCTI HOPiBHAIBHOTO
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aHali3y IMOB’s3aHl 3 PO3TAalllyBaHHIM Yy HaHOUIBII apXxaldHUX (OPM XBOCTOBOI'O IIABHHMKA, SIKUU OYyB
MPOJIOBKEHHSIM XpeOTy, B BEPTUKAIbHIN IJIOMIKHI.

Tabmuns 1. 'eomerpruni mapameTpu JociipkyBanux ¢opm 1-10

MM | P M| SM|V )| SIPP|VIP|V/S? | MIP
10.1682 | 2.1427 | 0.0873 | 0.0079 | 0.0190 | 0.0008 | 0.3080 | 0.0785
2 1 0.1670 | 2.1465 | 0.0912 | 0.0083 | 0.0198 | 0.0008 | 0.3003 | 0.0778
3] 0.1578 | 2.1589 | 0.0893 | 0.0068 | 0.0192 | 0.0007 | 0.2531 | 0.0731
41 0.2017 | 2.1570 | 0.1912 | 0.0110 | 0.0411 | 0.0011 | 0.1320 | 0.0935
510.2593 | 2.0874 | 0.1219 | 0.0189 | 0.0280 | 0.0021 | 0.4442 | 0.1242
6 | 0.4183 | 2.4345 | 0.2439 | 0.0623 | 0.0412 | 0.0043 | 0.5170 | 0.1718
7 1 0.2489 | 2.1996 | 0.1353 | 0.0188 | 0.0280 | 0.0018 | 0.3779 | 0.1132
8 | 0.2171 | 2.0455 | 0.1174 | 0.0145 | 0.0281 | 0.0017 | 0.3593 | 0.1062
9] 0.2710 | 2.2041 | 0.1463 | 0.0228 | 0.0301 | 0.0021 | 0.4082 | 0.1230
10 | 0.2199 | 2.0668 | 0.1426 | 0.0208 | 0.0334 | 0.0024 | 0.3862 | 0.1064
06 | \
- - - -VISA(312)

05— |——Ss/PA210 . SR Th
------- VIPA3*100 . :
—m : e

04— e ~ 2 1

NN

0.2 / \‘“_"/\

01—

0y 2 3 4 5 6 7 8 9 10

Puc.2 Be3posmipHi reomerpuyni napamerpu Tia 1-10

3 MareMaTH4YHa NOCTAHOBKA 3aa4i 00TiKaHHSA

Posrnspaerbes cramioHapHa Tewiss B’SI3KOI HECTHCIMBOI PiAMHM HAaBKOJO TBEpPAOI MOBEpXHi. Y
BUTIAJIKY MOBUTEHOTO pyxy (Re<1200) Teuis MmoaentoBanach piBHsHHsIME HaB’e-CTokca

div(V) =0, ¥, (V, V)V = —EVp +VAV, (1)
ot p

Jie V 1 p - MBUAKICTH i T1IPOCTATHYHUIA THCK B PIIUHI, o 1 v - TyCTHWHA | KIHEMaTUYHA B SI3KICTh PiIWHU.
V Bunaaky msuakoro pyxy (Re~10°-108) suxopucrosysanacs k — @ SST Mmonens TypOyieHTHOT Tedii

a—u+(G,V)G=—£Vp+vAG—G’_ﬁ', (2)
ot p

%k+(ﬁv)k =R —,B*ka)+div[(v+c:7kvt )Vk] ) (3)

%+(UV)CO =y8% - po’ +div[ (v +o,1)Vo |+2(01-F)o

w2

vk v, 4)
(4]

el

ne k i @ - KiHeTHMYHa eHepris 1 MIBHJIKICTh TUCHIAIIl TypOyJNeHTHOI Teuii, U

- . ak .

IIBUJIKOCTI 1 iX OCepeIHeH] 32 YacoM 3HaYEeHHSs, v, =—————— - TypOyJIeHTHA B SI3KiCcTh, S° =25, S,
max(aw, SF,)

2
, S, 3[6”i+_a”k) Pk=min£rik%,10ﬂ*kw], F, = th {max(—zj/E 5OOVH
X

“ T x| ox, ] faor o

1 U - ¢aykryamii
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. 4k
F, =th| | min| max \/E ,5002‘/ = Tu2
p oz wz° ) 2°CD,,

, CDkw:max(Zpalek-Va),lo10), a=0.44, y=5/9, p’
w

=0.09, ¢,=0.85, ¢,=0.5, o,, =0.856.
B skocTi rpaHmdHMX yMOB mpuiimanucs (1) yMOBM NpWIMINAHHS PIAWHW HAa TMOBEPXHI Tima, (2)
NOCTiHA IMBUAKICTh HOTOKY, 110 Habirae V,, =5-25 m/c 1 (3) Tuck B noroui p,, =0.

YucenbHi po3paxyHKU MPOBOIWINCS 3 BUKOPUCTAHHAM MPOTPaMHOI peaiizaiii MeToy CKiHUeHHHUX
eneMeHTiB B maketi AnSys Fluent 2021R2, sxwuii € 6e3KOIITOBHUM JJIsl HABYATBHUX 1 JOCIHIIHUAIBKUAX
uineid. Po3paxyHkoBa ciTka mozpiOHIOBajacs A0 IMOBEPXHI Tijla 3 BUKOPHUCTAHHAM bias-TeXHOJIOTIi
(Puc.3a). Mogens po3paxyHKOBOI 00J1acTi CKiIaAanacs 3 MoeJHaHHS napajenenineaa i miBkymi (Puc.30).
st ckopodeHHs 4acy 004HCIeHb PO3MIIAAAIACh TUTHKY TTOJIOBHHA Tijia 3 TOBEPXHEI0 CUMETPil B3AOBXK il
MO310BXKHBOTO TiepeTuny. s piBastHb (1) 1 (4)-(5) BUKOPHCTOBYBAIHCS YUCENbHI CXeMHU 2-TO TIOPSAKY
TOYHOCTI. SIKiCTh CiTKM mepeBipsutacs 3a gonomororo onmii Y ' makety Fluent. Citka moxpiOHIOBanach
IO JIOCSITHEHHS BiMOBIIHOCTI MOCITiTOBHUX OOYHCIICHD 3 TOUHICTIO & =107.

10.000 (m)
]

a 6
Puc.3. Cmpyxmyposeana cimka Hagko0 nogepxui mina (a) i pospaxynkosa obaacms (0).

4 Pe3yJibTaTH YMCeJIbHUX PO3PAXYHKIB i IX 00roBOpeHHs!
B sikocri piauau 3 6a3u nanux Marepianis Fluent Oysa o6pana mozens water-liquid 3i cranaaptHuME
MEXaHIYHUMH TapaMeTpaMd 0pd KiMHaTHI Temmepatypi. ns mosimeHOro pyxy V,=5-10 wm/c

po3B’s3yBanuch piBHAHHA (1), a A7s mBUIKocTed pyxy V,, =20-25 m/c — piBasHHS (2)-(4). Pesynbratn
PO3paxyHKiB pO3MOAIEHB TAPOCTATUYHOTO THCKY, MIBUIKOCTEH, KIHEMaTHYHOI eHeprii TypOyJIEHTHOTO
pyxy 1 ninii Teuii piguan HaBeneHi A popm 6 1 7 Ha Puc.4 i Puc 5.

st Ginbiocti opM OTPUMAHO IJIABHE JJaMiHAPHE OOTIKaHHS 3 YTBOPSHHSIM BUXOPY JIAIIE TOOIU3Y
XBOCTa, PO M0 TOBOPUTH 1 PO3IIOJTiIEHHS BeWYMHU K HaBKoJj1o Tina. [IpakTndHo Ha BCi hopmu npH pyci
3 HyJIbOBUM KYTOM HaxWily « Jli€ HEHYJIbOBA MiJHOMHA CHJIa 32 PaXyHOK OUIBIINX THCKIB, IO JiIOTh Ha
HIDKHIO TIOBEPXHIO Tijla Y TIOPIiBHSIHHI 3 BEPXHBOIO TIOBEPXHEI0. Pe3ynbTaTu po3paxyHKiB BiJlIOBIJAIOTh
nanum [2] oo Re~108-108. Tpu HeHyab0BUMX KyTax Haxwily Tita (mipHaHHs ab0 CIUIMBaHHs) KapTHHA
CYTTEBO 3MIHIOETBCS, & CaMe y BUNAJIKy JIaMiHApHOT Tedii CroCTepiraeThes cemapallis JiHIH TOKy i
YTBOpEHHsI o0nacTell BTOPWHHOI IUPKYJSANil, a NpH TypOYJIEHTHiI — pPO3BUHEHHS TYpOYJIEHTHOTO
IPUCTIHHOTO MIapy 1 BUXPOBOTO JIAHLIIOTA, SIKUH BiAXOIUTH BiJ MOBEpxHi Tina Oinst xBocta (Puc.6). B
pe3ybTaTi HaNPY>KEHHsI TEPTS B3JIOBXK Tijla y MOPIBHIHHI 3 HOTO BEIMYHOIO IPH o =0 CYTTEBO 3pOCTAE
(Puc.7).

contour1
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ACADEMIC

Puc.4. Konmypui epagixu ciopocmamuynozo mucky (a), éenuuunu weuoxocmi (0), exmopy weuoxocmi (8) i
JIHIT MOKY piouHu (2) 0 mina 6.

-~ ’ __d
o =
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—
T
e
1
ot s
o 2 .
2ot
P
=, ~—— —
ra—ar
s
e
s

3

Puc.5. Konmypui epagixu ciopocmamuunozo mucky (a) i éenununu weuoxocmi (6) ons mina 7.

0
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B
I €
Puc.6. Konmypui epagixu xinemuurnoi enepeii mypoyrenmunoi meuii piounu npu kymax waxuay +10° (a), -10°
(6), +20° (8), -20° (2), +30° (9), -30° (e) mina 6.

A WSS(T
300 | WSS(Ia) _— S(ITa)
250
200

150

100

Puc.7. Posnooinennsa nosepxnesux nanpyceno mepms (WSS, wall shear stress) 630061 6epxuvoi (a) i
HUdCHbOI (6) nosepxons mina 4 npu a =20°.

[HTerpanpHi aeponrHaMivHI TapaMeTpu KOeillieHTH TiAHOMHOI CHITH 1 TEPTS PO3paXxOBYBAIUCS 32
CTaHJapTHUMU popMynamMu
C __h C o
L= 2 1 D — 2 ’
PVA, 12 PV A, 12
ne F - migiiomua cuna, Fy - cuia Teptd, A, - Iiolla MijieJieBa epeTHHY.

®)

Pesynprati po3paxyHKiB MOKa3zaiiu, 10 BUCHOBKH [2] € mepemdacHumu. Koedimientn tepts i
NiAHOMHOI CHJIM MalOTh 3HauHi po30iKHOCTI MiX Tiamu 1-10 npu mo3uTHBHUX 200 HEraTUBHHUX KyTaxX
Haxwuiy. 3anexsocti C (), Cy(a), C_(Cp), a Takoxk aepoanHaMiuna sikicte C. /CZ2 () BiOpi3HAIOTHCS
UIA TN 3 pI3HUM €BOJIOLIHHMM BikOM. MOHOTOHHa 3aJIeKHICTb, CHPSMOBaHAa Ha MOJIMILIEHI
aepoJIMHaMIYHI XapaKTepUCTUKH €BOJIOIIHHO HOBUX ()OPM HE BHUSBIICHA, OJHAK OKPEMi T€OMETpUYHI
(hopMH MaroTh NepeBary NpM CIUIMBaHHI a00 3aHypEHHI 3 BEIMKUMHU KyTaMH aTaKH.
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Puc.8. 3anescnocmi C (a) (a), Cy(ax) (6)i C (Cy) (8) 0naa mina 7.

5 BucHoBku

IlopiBHATEHUI aHATI3 aepOIUHAMIYHUX BIACTHBOCTEH (POPM Tl iXTi03aBPiB Pi3HOTO €BOIOIIITHOTO
BIKY ITOKa3aB, IO MPOTATOM €BOJIOIIT BiIOyBaIHCs 3MIiHU T€OMETPIi BiJl KOPOTKUX BUTATHYTHUX (QOPM 3
MaJIMMU 3HAYCHHSIMH O€3pPO3MIpHUX BiJHOUICHb MOBEPXHI MIJEICBOTO MEPETUHY 0 IUIONUHH Tija,
MIEPUMETPY, TUIOMIKWHU Ta 00’eMy Tijla 0 KPYMHUX (GOpM 3 OLIBII CKIIaJHOI T€OMETPIEr0 1 BIAHOCHO
BHCOKHUMH 3HA4YeHHsSMHU Oe3posMipHux mnapamerpiB (Tadm.1, Puc.2). AepoamHaMidHi BIacTHBOCTI
reoMeTpUYHUX (OpM, sIKi OyJIM HOpMasIi30BaHi 10 CTaHAAPTHOI B aepoUHAMIIl Kpuiia JoBxkuHu L=1M,
HE3HAYHO BIJPIZHAIOTHCS MPH KyTaxX HaXwiy o =0, aje MaloTh CYTTEBI BIAMIHHOCTI JUIsl TIO3UTHBHUX
a=10-30 i HeraTuBHUX « =—(10—30) KyTiB, SIKi BiAMOBIIAIOTH 3aHYpEHHIO a00 CIUIMBaHHIO. Takum
YUHOM, EBOJIIOIIMHI 3MiHK (popMm Tina, ki Oynu paHiiie MATBEpHKeHI MOPQOIOTIYHAM aHATI30M, €
HEOJTHO3HAUYHUMHU. [lesiki 3 HuX Morin OyTH CIpsSMOBaHI Ha 3MEHIIIEHHS HANpPy>KEeHb TepTs Ha TOBEPXHI
TiNa Mmij 9Yac MBHUAKUX PYXiB iXTi03aBpiB B mepeciiyBaHHi MUTKOT prOu, a00 B YHUKHEHHI Bi/l XHXKaKiB.
Kpim TOro, mpoBeieHi AOCHIHKCHHS BUSBUIM HEOIHO3HAYHICTh HOpMaJTi3allii mpodiIiB 10 cTaHAapTHOT
JIOBKHWHH, IO TakoXK Oyno BusBieHo B momepennix CFD mocmimkennsx [2]. OTpumani pe3ynbTaTH
MOXYTh OyTH BUKOPHCTAaHI [T TOJATKOBOI OI[IHKH €)EeKTUBHOCTI Pi3HUX CBONIOLIHHUX (HOPM BUMEPIIUX
TBapyH.
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JlocnimKyoTeCs 3aKOHOMIPHOCTI AWHAMIKK maHaeMii covid-19 B YkpaiHi Ta iHIKX KpaiHax €BpoIu 3 BUKOPHCTAHHSAM METO/IIB
aHaNI3y «BEJNWKHUX TaHUX» Y BUTJIAIl YacOBHX PSIIB Ta CYIyTHBOI iH(popMamii 3 BiIKpUTHX OHJIAWH JpKepen. CTaTHCTHYHUH
aHaJi3 3r71aDKEHIX KPUBUX HOBUX BHITAJKIB 3aXBoproBaHHs I(t), momepiux D(t), ogyxamux R(t) Ta iHIINX YacoBUX psIiB BUSAB
pI3HM THIM AWHAMIKH: XBWIBOBY (i), KBa3iXBHWIILOBY 31 3CyBOM 3a wacoM (ii), cxiguacty (iii), 3 aHOMaJIbHO BHCOKHUMH a0o
HHU3BKAMH aMIUTITyJaMH JIOKAJIbHUX KOJIMBaHb. 3a IONMOMOTOI0 METO/a HAHOIIKIOro cycifa moOymoBaHi BIiANOBIAHI JepeBa
noaiOHOCTI, B K1 KpaiHH 3 pi3HUMHU TUIIAMHU TUHAMIKH (1,11,ii1) BXOAATE y Tpynax. Ha ocHOBI momysipHOT MaTeMaTn4aHOi MOAETL
SIRS mocmimkeHa CTIHKICTh HYJIbOBOI Ta HEHYJIBOBOI CTAI[lOHAPHUX TOYOK. OTpUMaHi pO3B’SI3KH JTiHEAPU30BAHOI CUCTEMH Ta
JIOCHIPKEHUH BIUTMB NIApaMeTpiB MOJENi Ha BIACHI 3HAUCHHS MaTpHLi cucTeMd. [loka3aHa HasABHICTh Pi3HUX THUINIB JUHAMIKH:
3 TPhOMA HETaTHBHUMH TIHCHIMH (), OZHUM MO3UTUBHUM AilicHUM (0), OTHIM HIHCHUM i Hapol0 KOMIIEKCHO CHPSHKEHUX (B)
BJIacHUX 3Ha4eHb. [100ymoBaHi (a30Bi HOPTPETH i MOKa3aHUH 3B'A30K TUIIB YaCOBHX PsIiB (1,11,1i1) 1 po3B’s3KiB (a,0,B) CHCTEMHU
piBasiHp Mozeni SIRS. Otpumani pesynbTaTH JO3BOJISIOTH HAa OCHOBI aHANi3y YaCOBUX PsJ/IiB HA JAaHUH MOMEHT OLIHHTH
JMHAMIYHY ITOBEIIHKY CHCTEMH, 1i CTIHKiCTh 200 HECTIHKICTh 3 MOXKJIMBICTIO MOSIBJICHHSI XaOTHYHOI TMHAMIKH.

Knrwwuoei cnosa: mamemamuuna enioemionozis, covid-19, ananiz «senuxux 0anuxy, (pazoeuti nopmpem, Cmiikicme.
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of smoothed curves of new cases | (t), dead D (t), recovered R (t) and other time series has shown different types of dynamics:
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appropriate similarity trees have been constructed by using the nearest neighbor method. It is shown that the countries with
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conjugate(c) eigenvalues. The phase portraits have been constructed and the connection of the types of time series (i, ii, iii) and
solutions (a, b, c) of the SIRS equations is shown. The obtained results allow us to estimate the dynamic behavior of the system,
its stability or instability with the possibility of chaotic dynamics on the basis of the analysis of time series on any current day.

Keywords: mathematical epidemiology, covid-19, Big Data analysis, harmonic analysis, phase portrait, stability.

AHaAJIN3 «0OJIBIINX JAHHBIX» H MATEMATHYECKOE MOIeJIMPOBAHME YITHAEMHUH
covid-19 B crpanax EBponbl

Kyauxk cmyoenmka,

Jdapbs AHpeeBHa Xapvrosckuil HayuoHnanorblil yHusepcumem umenu B.H. Kapasuna, nn. Ce0600wi,
6, Xapxis-22, Vxkpauna, 61022

Kypkun cmyoeHmKa,

Xapvrosckuil HayuoHanbHulil yHugepcumem umenu B.H. Kapaszuna, ni. Ce0600bi,
6, Xapxis-22, Vxkpauna, 61022
Kuznnosa 0.¢p.-m.1., npogeccop; npogheccop Kageopvl NpUKIAOHOU MAMEMAMUKU,
Haranbs HukoJsiaeBHa Xapvkosckuul HayuoHnanbuwill ynugepcumem umenu B.H. Kapaszuna, na. C60600ul,
6, Xapxis-22, Ykpauna, 61022

EauszaBera IlaBioBHa

Hccnenyroress 3aKOHOMEPHOCTH TUHAMUKH HaHaeMuu covid-19 B YkpauHe u Apyrux cTpaHax EBpoIbI ¢ MCIONB30BaHUEM
METOJIOB aHann3a «OONBIINX JTAHHBIX» B BHAE BPEMEHHHIX PSJIOB M COIYTCTBYIOIIEH MH(OPMAIMU W3 OTKPBITHIX OHIAIH
UCTOYHUKOB. CTaTHCTHYECKHUI aHAIN3 CIIIa)KEHHBIX KPUBBIX HOBBIX CIydaeB 3a0oseBanus I(t), ymepmux D(t), BEI3HOpOBEBIINX
R(t) m npyrux naHHBIX BBIABHJI pa3Hble TUIBI JMHAMUKHU: BOJHOBYIO (i), KBa3MBOJHOBYIO CO CMEIIEHHEM IO BpeMeHH (ii),
cTyneH4aryio (iii), ¢ aHOMaJbHO BBICOKMMHM WJIM HU3KMMH aMIUIUTYJaMH JIOKaJbHBIX KojeOanmid. C HOMONIpI0 MeTozaa
OmmKaiero cocesa MOCTPOSHBI COOTBETCTBYIONIHNE AEPEBbsI MTOJOOHOCTH, B KOTOPHIE CTPAHbI C PA3HBIMU THIIAMU AUHAMHKH
(1,11,1i1) BXOIAT OTAETBHBIMHU TpynnaMu. Ha ocHOBe monmymsapHOi Matematudeckoit monenu SIRS mccinenoBana ycToHuMBOCTD
HYJIEBOIl M HEHyJEeBOH CTAI[MOHAPHBIX TOUYEK. [lOIydeHBl pelleHHs JIMHEapH30BaHHOH CHCTEMBI M HCCIEIOBAHO BIMSHHE
MapaMeTpoB MO Ha COOCTBEHHBIE 3HAUCHUSI MATPUIIBI CHCTeMBI. [1oka3aHo HAMYKe pa3IHIHBIX THIIOB JHHAMUKH: C TPEMs
OTPHUIATEIbHBIMA JIEHCTBUTEIBHBIMH (2), OJHUM ITOJIOKUTENBHBIM JeHCTBUTENBHBIM (0), OMHUM AEHCTBUTENBHBIM H MApol
KOMIUIEKCHO COTIPSDKEHHBIX (B) COOCTBEHHBIX 3HaueHuit. [locTpoeHs! (pa30BbIe IOPTPETHI M [TOKA3aHA CBS3b TUIIOB BPEMEHHbIX
psnoB (i,11,iii) u pemenuii (a,0,B) cucteMs! ypaBHeHnit Mmogenu SIRS. TlomydeHHbIe pe3yabTaThl TO3BOJISIIOT HA OCHOBE aHAJIM3a
BPEMEHHBIX PSI0B OLEHUTh JUHAMHYECKOE ITOBEICHHE CHCTEMBI, €€ YCTOHYMBOCTh WM HEYCTOWYHMBOCTD C BO3MOXKHOCTBIO
MOSIBIICHUS XA0THYECKON THHAMUKH.

Knrwuesvie cnoea: mamemamuuecxkas enudemuonozus, covid-19, aumanuz «boavuux OauHbix», da306vili nopmpem,
YCMOUYUBOCMb.

1 Betyn

Maiixe 1Ba poKH BiJICHiAKYBaHHS TUHAMIKW PO3IOBCIODKEHHS maHaemii covid-19 B Ginbir Hixk 220
KpalHax Ta OKpPEMHUX perioHax (OCTPOBH, BHNAJKH HA OKCAHCHKHX JaliHepaX, MicTa 3 OCOOIMBHM
CTaTyCOM) JIO3BOJISIIOTH CTBEPJKYBATH, 110 HABEACHI Ha 0araTbOX BIAKPUTUX OHJIAWH pecypcax [1,2]
pe3ynpTaTH IMOJEHHUX BUMIiproBaHb umcia 3axBopimmx (I, infected), omywxammx (R, recovered),
nomepiux (D, dead) Ta HU3KM IHITMX OKA3HUKIB BITHOCATHCS 10 «BeNUKHX AaHuX (BigData), ockinbku
3aJI0BOJILHSIIOTH TOJIOBHOMY KpuTepito VVV (volume, velocity, variety) [3]. Okpim 3poctanHs 00’ emy
JIAHUX, CIIOCTEPIra€ThCs JOJABaHHS 3 NMPUCKOPEHOKO MIBUIKICTIO HOBHMX YaCOBHMX PSJIiB, TaKUX SK
KinpkicTh BaknuHOBaHuX (V, vaccinated), rectoBanux (T, tested), camoizonmboBanux (Q, quarantined),
rocritamizoBanux (H, hospitalized), a Takox koedimienty indixysanus (Ro, infection rate, To6TO
cepeHbOl KITBKOCTI 0cCi0, sIKy iH}iIKYye 0/Ha XBOpa 0co0a), MOKa3HUKIB PO3BUHEHHS KpaiHu 1 T.71. Taki
MaCHBH JIAHUX JO3BOJIAIOTH BUSIBIISATH HOBY BaXKJIMBY 1H(QOpMAIiI0 METOJaMH OOPOOKH «BEITHKHX
JAaHUX». ByB MOCIHiKeHHUI MOYKITHBHIA BIUIHB COIiaIbHO-€eKOHOMIYHUX (DaKTOPiB HA TMHAMIKY MaHAeMil
B KpaiHi [4], moka3aHa HasBHICTb MOMAIOHOI MUHAMIKK y KpaiH-cycimiB [S5]. [lopiBHsUIbHUH aHai3
BUMIPSHUX KPUBHUX IOKa3ye, IO TUHAMIYHA TIOBEIIHKA PO3MOBCIOKEHHsS covid-19 BinmpizHAEThCS B
pi3Hux kpainax (Puc.1). Ans minei cTaTUCTUYHOrO aHaJi3y KPUBiI OCEPEIHIOIOTh METOJIOM BiKOHIIS, SIKE
MIPOCITM3A€, UPUHOI B 7 Ai0, 110 T03BOJIAE 3IJIaUTH BUIAIKOBI KOJUBAHHS 1 BUSBUTH JIHIIO TPEHIY.
Tak, B psi/ii KpaiH CIIOCTEPIraeThesl KJIACHYHA JIJISl MATEMAaTUYHOT eriieMioniorii [6] XBHIbOBa KapTHHA 3
YiTKUMU MaKCUMyMaMH 1 MiHIMyMaMm#u (ITPaKTHYHO JI0 He3HAUHUX BennunH) KpuBux I(t), D(t) (Puc.1a).
OpnHak HafyacTille OKpeMi XBUJII «HAIOB3al0Th» ofHa Ha ofHy (Puc.10) i He 3aBkau 3pO3yMijio, Iie
JIpyra XBWJIS ITIEPEXOAMTh B TPETIO, a00 II€ MPOAOBKCHHS APYrol XBWI. Y OKPEMHX BHITaJKaX
CIIOCTEPIracThCs HE3HAUHE 3HWKEHHS 3HaueHb [(t), D(t), ike IIBUAKO MepexoIuTh 10 HOBOTO MAKCHMYMY
1 IOCTYHOBUM 3pOCTaHHAM MiHIManbHUX 3HaueHb (Puc.1B).
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Puc. 1 Piznu munu ounamiunoi noéedinxu uacosux paoie |(t) 6 Yipaini (a), Imanii (6), Benuxobpumanii (s); k

nosunauae 10%(xino-).

s 3po3yMiHHS NPUYUH PI3HUX THIIB PO3MOBCIOMKEHHS 3aXBOPIOBAHHS MOTPIOHMI Oinbin
JICTAJIbHUN aHaJli3 YaCOBUX PSJIiB METOJAMU «BEJIMKHX JAaHUX» 1 BUBUCHHS BJIACTUBOCTEH PO3B’SI3KiB
BIATOBITHAX MAaTEMATHYHUX MOJEJIEH, 10 CKIAJA€E IUTh JaHOTO TOCIIKEHHS.

2 CTaTHCcTHYHMIA aHATI3 YacOBUX PATiB

Buxinni nasi y Burisiai yacoux psais Ii(t), Dj(t), Rj(t), Ta in., e j=1,2,...,n — NOpSAKOBHUIA HOMED
Kpainu, 3rnakyBanucs. [IpoBonuiacs 3arajibHa ONyMcoOBa aHATITUKOIO B KOXKHOMY 3 psAiB BUAUISITUCS
ninii TpeHny 1 ocuwrsanii [5]. OcTaHHSA KOMIOHEHTa JOCHIDKyBajacs 3a JOINOMOIOK CIIEKTPaIbHOTO
aHamizy. OCKUNBKHM BiAMOBIAHI 1MOBIpPHICHI pO3MOAITICHHS He BiAmnoBimaau [‘aycoBoMy, 3amicTb
PO3paxyHKiB KOBapialliii i KOpeJsAliiHOro aHali3y OyB BUKOPUCTaHHU METO] HAWOJIMKIOTo cycina. Jls
koxHoi 3 map kpuBux (Xj(t),Xk(t)), me j i k — Homepa 3 mouaroro Habopy 3 n kpaiH, X(t) — 4acoBi psiau
OJTHOTO THITY (3aXBOpiJi, MOMEPII, i T.J.) obuucimoBanacs BiacTanb D(Xj,Xk) Mk HUIMH Y JI€KapTOBii
METPHII

1/2

N
1 2
DX}, i) =| N7 (X (tm) = Yietm)) ™ | (1)
-1
ne N — 4uciio IHIB CHOCTEpEekeHb a00 JOBKHUHA YaCOBUX PSIIB.
[Tapa kpaiH 3 MiHIMaJIBHOIO Cepel] YCiX 00JIYCHHX BIJICTAHHIO 3aMIHIOBAJIacs Ha HOBHMM YacOBUH P
N N . . . . .
{Xjk(tm)}m=1 :{X j(tm)_xk(tm)}m=1’ MiCJIs 4oro Mpoleaypa oOYHCICHD BijcTaHeH Ui BCixX map 3i

cnucKy n-1 kpain noBroproBanack. Ilicist KoxHOT iTepauii KiITBKICTh KpaiH 3MeHIIyBaiacs Ha oany. 1o
3aKiHUeHHIO iTepauiil 3a (1) renepyBajiocs JepeBO HaWOMMKYMX CYCifiB, SIKE BiAMOBiNANO HaMOLIbII
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MOAIOHMM KPUBUM JMHAMIKH emimeMii B kpaiHax. Ha Puc.2 mHaBemeHwmii pe3ynbTaT po3paxyHKIB IS
gacoBuxX psniB Ij(t) kpain €Bponu. Takum YWHOM, Ha BIAMIiHY BiJ Bi3yaJdbHOI OIIIHKM IOAIOHOCTI
JUHAMIKW Y BUTJISII KIIBKOCTI 1 CTPYKTYpH OKpeMux XBuIIb (Puc.1a-B), BUKOpUCTAaHHI METOA JO3BOJISIE
KUTPKICHO OIIHIOBATH CTYIiHb TOAIOHOCTI y BHIIIAAI JepeBa Binmcrtanei. Okpemi arperatu noOpe
BIJIMIOBIIal0Th TeorpadivHNM JIOKAIlisM, Hanpukial, BenukoOpuranis i [pnangis; Icnanis, [lopryramis i
Mounaxo; Ilonpma i Yropumna; Hopeeris i ®@innsnais, Pocis 1 Bemapych, 1 T.4. Taki armoMepaTtu
BiJIMIOBIAI0Th KpaiHaM 3 HAlO1IBII iIHTEHCHBHIM CITOTyYeHHSIM, CIIUIKYBaHHSM 1 TIepeHoCy 1H(EeKIil.
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Puc.2. Jlepesa éiocmaneu ons kpusux 1(t) kpain €gponu.

3 MaremaTH4He MOJCJIOBaHHS IMHAMIKH emigeMiil

MatemaTh4Ha emieMiosIoris CXOAUTh J0 KiIacHuHuX npailb KiHig XIX — mouatky XX cr. [4-6], sKi
BUKOPUCTOBYBaIN Mojeib JloTka-BonbTeppa BUMIISALY «XWKaK-KEpTBa», e B SIKOCTI ABOX OCTaHHIX
posrasganucs Bipycu (abo Oakrepii) i momymsamis (abo TBapuH). byna copmynboBaHa rinoresa, mo
emifieMisl CrHajia€e, KOJW 3HAYHO 3MCHINYEThCSA KUIBKICTh CHPUHHATIMBUX a0 iH(QEKIii iHAUBIIIB
(BMHparOTh a00 OYKYIOTb), TOOTO 3aKiHUYETHCS «IIATMBOY JUIS «BOTHIO» emigeMii [5]. B akux Bunamkax
CIIOCTEPITAEThCSl XBWJIS 3aXBOPIOBAHHS 3 YITKMUMH UIBHAKHM, a TIIOTIM MOBUIBHHM MiZHOMOM,
MaKCHMyMOM, IIBUAKHM, a TIOTiM MOBUIRHUM CIafoM 10 MiHiMymy (Puc.la).

JuHamika BipyCHUX emiJeMii BiAPI3HAETHCS KOPOTKHUM YacOM IMYHITETY, MOXIIHBICTIO TOBTOPHHX
3apakeHb, BUCOKUM PiBHEM MYTallill Bipyca, 0 y BCili CYKYITHOCTI CIIOCTEPITraeThCs Uit BUMAAKY covid-
19 [7]. Ana ypaxyBanus nux ocobsuuBocteil BipyciB SARS 1 psaay inmmx 6ynu po3pobineni mogeni SIRS
(Tpu 3BHyaiiHi nudepenuianbhi piasHHs, 3/IP), SEIRS (qotupu 3/1P) ta me Ginbur geransHi (5-8 3/1P)
MatematuyHi Mozeni. B nmaHiii poOoTi BukopucTaHa craHmapTHa Moxaeiab SIRS, ska mo3Bosse
Bi3yaui3zallito JHHaMivHIX KpUBUX B KoopauHartax (S,I,R) Ha 3D rpadikax. BiamosigHo mo miei moseni,
NOTEHUIHHO CIpUHHATIUBI (S, susceptible) mo iHdexuii iHAMBIAM michs 3ycTpidi 1 CHiNKyBaHHS 3
ingikoBanumu (I) ocobamu MOXKYTh TIEpelTH O TPYNH 3aXBOPUIUX, MICIS YOTO MEepelTH abo 10 rpynH
D, a6o o rpymu R. ¥V 3B’s13ky 3 ocobnmuBocTsimu SARS-CoV eminemilt, Aeska 4acTUHA iHAMBIIIB 3 TPYTIH
R (3 HEmocTaTHHO BUCOKHMM IMYHITETOM) 3HOB MEPEXOAMTH N0 rpynu S. Biamosinna cucrema 3/IP mae
Bursg [4-7]:

S s—asivor, Y ogsicpr, Bopisr, )
dt dt dt
ne ¢ 1y - npupoaHi KoediieHTH HapOAKYBaHOCTI Ta CMEPTHOCTI, & - IMOBIPHICTh 3aXBOPIOBAaHHS IIPH
KOHTaKTax 3 iH(IiKOBaHMMH, y - KOeQiIlieHT cMepTHOCTI BiJ covid, S - Koe]illieHT oayXaHHS, & -

IMOBIpHICTH IOBTOPHOTO iH(iKyBaHHS covid.
Cywma piBHsHB (2) BiAmoBigae auHaMini nomyisii B oMy (P=S+I+R)
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Z—T=§—ﬂ5—y|, @)
ne P — gucenbHicTh HaceneHHs (KpaiHu, obnacTi, i T.1.), Ka BU3HAYAETHCA TIIBKH HAPOIKYBaHICTIO
HacesieHHs ( { ), HOro CMEPTHICTIO Bij 3BMUaiiHuX akTopiB ( ) Ta Big covid (y ). Takum unHOM, MOAETH
(3) Bimmosimae miHiitHOMY 3pocTannro nomyssii (dP/dt=¢{ =const) 3a paxyHOK HapoKEHHS 1 Mirpartii,
Ha BIJIMIHY BiJl €KCIIOHEHIIabHOI Mojieni Manbryca (dP/dt=¢ P).

3 mpaBoi wactuHM (3) BHIHO, IO CHCTEMa 3HAXOMUTHCS y crarioHapHomy ctasi (dP/dt=0) skmmo
lg = I*, I =({—uSg) ! y. Axmo g > I*, MMOYMHAETHCS 3HAYHE 3MEHIIICHHS YMCEIBLHOCTI HACCIICHHS BiJ
MaHAeMii.

Cucrema (2) Mae JIBi CTallioHapHi TOYKH:
l)nymboBa Sy =¢/u, 1lg=0, Rg=0, sKa BiANOBIAAE BICYTHOCTI eMigeMii;

B\ _CoBrD) g B AB)

a ay ady
Jocmianmo ymoBu cTiiikocTi cucteMr (2) HaBKOJIO CTAaIliOHAPHUX TOYOK. s bOTO PO3TISTHEMO
PO3B’sI130K (2) y BUTTISAI

S(t) =Sy +S*e™, I(t) =1y +1*e*, R(t) =Ry +R*e™, (4)
Ile A - BIacHIi 3HaYeHHA MaTpulli cuctemi (2), {S%, I*, R*} - amrmrityau. Sxmo Re(1) <0, po3B’si30k (2) €

2) HeHyJbOBa 3 IOCTIMHUMM 3HAUY€HHSAMHU Sy =

acuMnToTHYHO cTivikuM. [limcTanoBka (4) B (2) 3 ypaxyBaHHsM (3) ae cucTeMy piBHSHB JIsl BU3HAYECHHS
amrutitya {S*, I*, R*} y Bursi

S* A=(C - p)+aly aSo -5
M| I* [=0, M= —alg A-aSy+(B+y) 0 |. (5)
R* 0 iy A+6

VmoBa det(M)=0 icHyBaHHs HeTpuBianbHOrO po3B’si3Ky (5) nae KyOiuHe pIiBHSHHS I A
BH3HAYCHHS BJIACHUX 3HAYCHBL CUCTEMH (2)
ABrdi?2+01+0Q=0, (6)
ne ®=5+p+q, ©=6(p+q)+R, Q=38(pq+aSyly), p=f+7—aSy, q=alg—¢ + 4.
Koediuientn (6) € miiicHi yucia, a TOMy po3B’s3KH anreOpaidHOro piBHSHHS MOXYTH NaBaTH abo
Ha0ip 3 TPHOX MIHCHHUX YHUCell, a00 OfHE JiIiCHE 1 Mapy KOMILIEKCHO CIPSHKEHHUX BEJTUYHH, BiATIOBIIHO 110
3HadYeHb mapamerpiB Mozen (2). Skmo ©=d2/3 Q=®%/27, cucrema (5) Ma€ OIMH TPHOXKPATHHI

mificEmit  kopiHb. Skmo  7290° —708.7502d2 + 2340d* — 26d° + 27030 -121.5000 +182.2502 =0,
cuctema (5) Ma€ OJIMH OJTHOKPATHUH 1 OIMH JBOKPATHU JIHCHI KOpHI. TakuM YMHOM, B 3aJIE)KHOCTI BiJl
napameTpiB, JHHAMIYHA [TOBE[IHKA CUCTEMH OyJie CyTTEBO BiIPI3HATHCS.

IIpu npomy 3HaueHHs ¢ 1 g MOXYTh OYTH B3ATi 31 CTATUCTUYHUX JaHUX HAPOKYBAaHOCTI i
CMEPTHOCTI Yy JaHid KpaiHi, a 3Ha4YeHHSA « ,fB,y,d 3ajlexarb BijJ PI3HUX COIIATBHO-CKOHOMIUHUX
(baxTopis, sKi crienudivHi IUIs JaHOT KpaiHH, 1 MOBUHHI OyTH BH3HAYCHI IIJISIXOM TOPIBHSHHS PO3B’S3KY
3anadi (2) i JaHUX BUMIpIOBaHb, HAPUKJIA, 32 IOTIOMOTOK0 METOIy HaliMeHITX KBaapaTiB. L1i 3HaueHHs
o0YHCITIOBaNKCS 3 BUKOPUCTAHHM JIaHHUX Pi3HUX KpaiH [5-10]. Byno nokaszano, 1o mapaMeTpy MoJedi,
sKi Oynu OOYHUCIIeHI 3 BUKOPHCTAHHSM EKCIEPHUMEHTAIbHHUX JaHUX Pi3HOT NOBKUHH N, Jal0Th TPOXH
pi3HI 3HAUEHHS I Ti€l % camoi KpaiHu. Takum 4YMHOM, apameTpu « , 3,7 ,5 € He KOHCTaHTaMU, aje

(GYHKIIISIMH 4Yacy, OCKIJIbKM BOHH BIAIOBIJAIOTh MOCTYIIOBUM 3MiHaM DPIiBHIO IMYHITETY, MPUHHITHX
3ac00iB 0OMexeHHs (BiJ] MACOK 1 COI[IaJIbHOI JMCTAHIIIT /IO JIOKAAYHY 1 3aKPUTHUX TPAHHMIb), JUHAMIKH
BaKI[MHAL1, HAIBHOCTI HOBHUX JIKIB 1 T.JI.

4 YncenbHi po3paxyHKH i 00roBopeHHs pe3y/bTaTiB

Jiist aucenbHUX PO3paxyHKIiB PO3B’SI3KiB 1 (p)a30BUX MOPTPETIB CUCTEMU (2) BHKOPHCTOBYBAIUCS
MOYaTKOBI 3HAUEHH IapaMeTpiB, siKi Oynu oO4MCIIeHi SIK OcepelHEeH] B JaHii KpaiHi 3a BCiMa XBHIISIMH
emigemii, sIKi onepeHso OyJIM OTpUMaHi B IiM KpaiHi Pi3HUMHU aBTOpaMH 1 OITyOJIIKOBaHI MPOTATOM
2020-2021 pp. [4-10]: g :1.44-10_7, Bo =0.27, 75 =0.06, 55 =0.5. B minsx MoaenoBaHHS aHOMAJILHO

HU3bKOT 200 BHCOKOT 3aXBOPIOBAHOCTI, CMEPTHOCTI Ta O/1y>KyBaHHS 11i 3HaueHHs B 10 pa3iB 3MeHIITyBaH
1 miBUIIYBany BiANMOBiHO. Po3paxyHku npoBoanucs Ut TpbOX XBWIIb NaHaeMii B Ykpaini, Hopserii,
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@panii i Icnanii, 3Hauennst {¢, u} s skux B 20219 p. 6ynmu {0.0105,0.0144 } (Vkpaina),{ 0.0122,
0.0081} (Hopgeris),{0.0123,0.0093 } (®panmis),{ 0.0094,0.0091} (Icmanis).

Pe3ynbraTti po3paxyHKiB KOPeHiB piBHAHHA (8) METOAOM HOTHYHMX 3 TouHicTIO 107 mokasamu, mo
A 3aJIeXUTh TUIBKU Bif & 1 a1 6 =0.18y,8,,108, y Beix kpail ckiagae 4 =—0.05,-0.5,—5 BiANOBIAHO.
JBa ocrannix kopui mis Hopgerii, ®panmii i Icmanii (rpyma ) € KoMIIIeKCHO CIPSHKEHUMHA YHCTIAMHE
BUTIIALYy —azxib, a mus Ykpainu (rpyma II) — mificHi KOopHi, AKi MarOTh pi3HiI 3HaKH. BimmoBigHO 10
3araipHOI Teopii cucteM 3/IP mepmoro mopsaky i ABI Tpynu KpaiH OyAyTh BIAPIZHATHCS JUHAMIYHOO
MOBEIIHKOIO, IPUYIOMY JUTsI YKpaiHU cHcTeMa MOXKe OyTH HECTIHKOI0 MOOIN3Yy CTalliOHApPHUX TOYOK (
A3 >0). [na rpynu II B mnomuuax R=const Oyne cnocrepiratucs (a3oBuil IOPTPET «BY301», a B
wIommHax S=const i [=const — «cemyoy», Toxi sk s rpymnu | B monmaax R=const 6yzxe ciocrepirarucs
(hazoBuit mopTpeT «pokycy, a S=const i [=const — «By307».

BinnosigHi po3B’sizku Burisny (4) mis kpain rpyn 11 11 €, Bignosigao

£5,1,R}(t) ={So. I, RO}(Cl exp(4gt) +e 2 (C, cos(bt) + Cs sin(bt))),

{5, 1,R}(t) ={Sp. 1o, Ro} Cy exp(At) +C; exp(,t) + C5 exp(st) ),

ne a=—-Re(4), b=Im(4,).
BenuunHa w=27/b BiamoBigae mnepioAgy KOJMBaHb 3MIHHHUX cuUCTeMH (2). 3a pe3yiabTaraMu
PO3paxyHKiB 3Ha4Y€Hb A, 3 JUIA Kpaid rpymu | 6ytu oTpuMani HacTynHi nepioan Konusanb: Opanmis: T

= 3.5; 34; 85 ni6; Icmanis: T = 10.5; 32; 102 ni6; Hopeeris: T=5; 31; 90 ni6. Ha Puc.3 HaBenewni
npukiand ¢GasoBUX MOPTpeTiB JiHeapu3oBaHoi cuctemu 3P (2) B 0e3po3aMipHHMX KOOpIWHATaX

(7)
(8)

(S°,1°,R%), ski BignosimaroTh BeauuuHaMm S,ILR, po3gisieHuM Ha MakcUMajbHI 3HAYCHHS (KUIBKICTBH
HaceneHHs y kpaini). Lli ¢a30Bi mopTpeTy BiANOBIIAIOTH IEPETHHAM TPUBUMIPHOI CUCTEMH TPAEKTOPIH

wiommHo R=0.1, T00TO B KOOpAUHATHIM TwIOIMHKHI (S°,1°).

L e N L LSS T ] /s R R R R R RN Y | A e AL S L L C R N

IR R R R AR RN NN P e LG L L L LN LN SN T et e e o N N N N N N N NN

P e N N NN N e SN C N CC S C N I A o S S S S

08 AR TR R RN R R RO R R R R RN b o o et e R R R R NN Y 0.5 TR L L S LRSS SN

B L e T R R R R RN R RN RN L R A e R SN C L C LS SN R Y N e e S O G LN N NN N NN

Pt S L N N S N NN D e RO R R R R R R R R R I L L L R S

A e e e e e e e e e Nyt S CCECECCC R RN e N e S S T T T

0.6 T TR N NN RNARRNANANY P e e S e 0.6 jjf“’“k“\\\\\ktt:::

A IR SRR NN g B

e R CEC L SN jj/ :::Q:t

J o R IR0 e S e NN AN

it RN NN j/ bar Iy NANNANN

R RN R RUR R R R R [/ v SNRN RN

PN N TR NEE NN ‘ A N L L L

024 &/ =T IR RN RN RN NN N iy 02 1 ¥ wremmmnnno Ny

IR R R R RO R R R R R e S e e

e e s P N G N NN Y

IR R R R R R R R R AR RN RN S L O LN S S S

0- 0 T T T T T
0 0.2 0.4 0.6 0.8 18° 0S* 02 0.4 0.6 08 18°

1°

0.8

0.6

0.4

0.2

a

S R N S T
IS S NN N R S
I S S S NN
I NSNS LN S NN
] R R R R R R R
IS N S R R R
[
[
[
[
[
[

AR R AR AR RN
IR RN
RO RN R R RN R
AR R R RN R R R
P e L S L LN NN

Pl O G i g o oV g g
P g o g g g g g e
Pl ' o o i g b
Pttt ot o al at af a al el o P ey

=
(5]
w
Ed
=
=
=]
&

0.8 18°

R R R R R RO R
AR R R R R RN RN R RN
R RN NN NN
A S LN N NN NN
R R N RO R R R R
A R R R R R RN R R RN
i N e T N N Y

——— R R R R

P el ot o ot o
i

AR
BNRRR

SOV RN R R NANNNN
NN NANNNN
N AR X NARRNN
e A RN NERRRR
e Y NN
~———e S NNRNN
e PRAAN

e e APAPY
0 0.2 0.4 0.6 0.8 1

7]
o

B

R Pl A
NN N g f
A e b
NN N N aaer o A A
0.8 NN 7
R T e e
R T S o e e
RNV VRN e S
R e P PP Y
R N S PP VY
R P

NN AT e —e—
e R

f
f
f
7
f
7
¥
Y

R e o A A e

B e S

~a—a—e

o

=

T -

02 5% 04 0.6 0.8
€

18°

Puc.3. Tunosi ¢hazosi nopmpemu 6 6e3posmipnux koopounamax (S°,1°) ons eunadkie y=01, §=0, fla=0.1

(@, Bla=025(@), Bla=01, 5=01 (), =03 (2), fla=025, §=02 (3), y=03 5=05().

VY Bumnajky criiikoro iMmyHiteTy (6 =0) HOMyJAILis TOCUTh HIBHJKO TIEPEXBOPIE 1 MOBEPTAETHCS JI0
CTIMKOTO CTaHy 3 BIJICYTHICTIO XBOpUX. MakCcUMalbHi 3HAUEHHS YMCIIa 3aXBOPLIUX B3IOBXK TPAEKTOPIT
3aJexaTh BiJl CHiBBiIHOMEHHS B/« = 0.1 MiX IBUAKOCTSIMH OJTyKaHHs 1 3axBoproBanHs (Puc.3a,0). [Ipu

C1a0KOMy iMYHITETI MeBHAa YaCTHHA OAYKalIMX MOBEPTAETHCS B TPYHy S i, TAKUM YHHOM, KPUTHYHE
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3HadeHHs S° wmcensHOCTI TpynmH S 3poctae (Puc.3 B,r). Ilepexinnuii pexxuM Bin CTiiKoi guHAMIKH (
Re(4) <0) no Hectilikoi (oauH KopiHb (6) 3 Re(4,,) >0, Re(4;) >0 ) HaBenenuii Ha Puc.311, a HecTilKui

BUMAOK — Ha Puc.3e.
Ha Puc.4a-e maBeneni po3s’s3ku (2) y Burisai kpusBux S(t), I(t),R(t), Aki BignmoBimaroTs HabOpam
napameTpiB mozeni 3 Puc.3a-e i mouatkoBum ganum S°(0)=1,1°(0) =0,R°(0)=0. Takum 4uHOM, TIpH

HAsSBHOCTI CTIWKOCTI CTamiOHApHOi TOYKH Moelni (2) CIoCTepira€Tbcs MOCTYIOBE 3POCTAHHS YHCIIA
3axXBOPLIMX 1 ofyxanuX. JluHamika kpuBux R(t) y BCix BUMaJKax BiJAIOBIJA€ JOTICTHYHIN 3a1€KHOCTI

(S-moxibHa kpuBa), TOAI sIK KpuBi 1(t) MarTh YiTKO O3HAYEHI 3pOCTAHHS J0 MAKCUMyMY 1 3MCHIIICHHS

10 MiHIMyMy MoOin3y 3HadeHHs | =0, o0 BiNOBiJa€ eKCIIEpUMEHTANbHUM KPUBHM, SIKi HaBEICHI Ha
Puc.la. HecTi#ikicTh cTarioHapHil TOYII PiBHSIHG (2) y BUTIAAKY JaHUX MOJIEN Al Y KpaiHu MOXke OyTH
MOB’s13aHa 3 BUKIIIOYHOIO Uil KpaiH €BpoNH HEraTHBHOIO TUHAMIKOIO MOIMYJALIl (HApOHKYyBaHIiCTh ¢

MEHIIIE 38 CMEPTHICTh 4 Ha | MITH. HAacEJICHHS).

—

0

Puc.4. Kpusi S(t),1(t),R(t) ons napamempise moodeni (2), siki gionosioaioms ¢hazoeum nopmpemam 3 Puc.3a-e.

5 BucHOBKH

CraTUCTHYHUI aHaNi3 MaHUX 3 BIAKPHUTUX JpKepenl Merogamu BigData BUSBHB Pi3HI THITH «XBHIIbY»
naugemMii covid-19 B pi3HuUX KpaiHax, a came: XBWIbOBA JUHAMIKa 3 YITKUM IMIJBUIICHHSAM YHCIA
3aXBOPUIUX 1 TOMEPIIMX Bij Maibke Hyns 1o Hyns (Puc.la); xBunboBe 30inbiieHHs i/abo 3Menmienns I i
D (Puc.16); cximguyacte 30inbIIEHHS 4YHClIa 3aXBOPUIMX 0O€3 3HAYHOTO 3MEHIIEHHS, 0 BKa3ye Ha
HEKOHTPOJILOBaHe po3BUHEeHHA maHziemii (Puc.1B). Monens SIRS mo3Boisie ommcaty BCi HasBHI THIH
JUHAMIYHOI TIOBEJIHKH 3 BUKOPUCTAHHSIM MiHIMalbHO MOXKIIMBOI CHCTEMi piBHSIHb. B pamax skicHOT
teopii 3/IP BusBneHi pizHu TMnM QasoBux noprperiB moxem SIRS, a came criiikuil dokyc i cimio.
MaremarnuHe MoieTIOBaHHS Ha OCHOBI MoJieni SIRS 103BosIsie MPOBOANTH MPOTHO3YBaHHS 3 iMiTaIli€l0
CIPUSTIUBOTO/HECTIPUATIIMBOTO PO3BHHEHHS emijeMil B KpaiHi 3 ypaxyBaHHAM BiANOBIJHO
MOMIpHUX/TIIBUILIEHUX KOe(IIlIEHTIB 3aXBOPIOBAHOCTI, OJy»aHHs 1 piBHsS HagbaHoro imyHitery. s
OlMBIl JeTaNbHUX pEKOMEHJAIill TOTpiOHI TOPIBHMIBHI JOCTIKEHHS SK 3 BHKOPUCTAHHIM
CTaTUCTHYHMX JAHWX IHIIMX KpaiH €BpOMH i CBITY, Tak i OLIBII CKIaJHIX MaTEMAaTUIHUX MOCIICH.
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Damping of liquid sloshing in the tanks subjected to vertical acceleration by
using the boundary element method

Maria Myronenko

Myronenko Maria PhD student
Institute of Mechanical Engineering Problems A. N. Podgorny NASU, 2/10
Pozharsky Street, Kharkiv, 61046, Ukraine;
assistant of the Department of Land Administration and Geoinformation Systems
O. M. Beketov National University of Urban Economy in Kharkiv, 17, Marshala
Bazhanova Street, Kharkiv, 61002, Ukraine
e-mail: mariamyronenko87@gmail.com
http://orcid.org/ 0000-0002-0266-4463

The paper presents numerical simulations of liquid sloshing in the partially filled fuel tanks subjected to vertical acceleration.
The tanks are considered to be shells of revolution, and a liquid inside the tank is supposed to be incompressible with viscosity
effects being accounted for. The liquid motion is irrotational, and a velocity potential can be introduced. The boundary value
problem is formulated for the Laplace’s equation to obtain the velocity potential and the free surface level. Non-penetration
boundary conditions are used at the wetted surface of a shell. The kinematic and dynamic boundary conditions are given on the
free liquid surface. Effects of a surface tension are included into the Bernoulli equation as an additional pressure that is
proportional to the mean curvature of the free surface. It allows considering coupled effects of both gravitational and capillarity
waves. The boundary value problem is solved by using boundary element method. The system of the Mathieu equations is
obtained and modified according to the damping effects. These effects are estimated, and stability regions on Ince-Strutt diagram
are specified.

Key words: mathematical modeling, sloshing, boundary element method, free surface, gravitational waves, capillarity waves.

JemMnpyBaHHs KOJMBAHb PilUHH Y pe3epByapax IijJ Ji€l0 BePTHKAJIbHOL
30ypOBAJIbHOI CHJIM 3 BAKOPUCTAHHAM METOAY TPAHUYHMX €JIeMEHTIB

Mupounenko Mapist acnipaum

JleoHigiBHa Incmumym npobrem mawunobyoyeanus im. A. H. Iliocopnoco HAHY, eyn.
Hooicapevroeo, 2/10, Xapxis, 61046, Yrpaiua,
acucmenm Kageopu 3eMenbHO20 AOMIHICMPYSAHHS MA  2e0IH@OPMAYIUHUX
cucmem
Xapxiecokuil HayionanvbHull yHisepcumem micvkozo eocnodapcmaa im. O.M.
bexemosa, eyn. Mapwana bBasicanosa, 17, Xapxie, 61002

VY crarTi MoAaHoO YHCENbHE MOJIENIOBAHHSA BUMYIICHHX BEPTHKANGHUX KOJIMBAHb PIJUHHU y YaCTKOBO 3alIOBHEHUX MAIMBHUX
Oakax. MeTow MaHOTO MOCTI[KEHHS € BUKOHAHHS YHCIIOBOTO aHAJi3y piBHS MiOHOMY PIAWHH TPU BpaxyBaHHI BIUIUBY
nemmyrounx QakropiB. PesepByapu po3rismaloThCcs SK OOONOHKHM OOEpPTaHHS, IO 3allOBHEHI HECTHUCIMBOIO PIIHHOKI 3
ypaxyBaHHSM BIUTHBY B's3K0cTi. [Ijis1 00070HOK 00epTaHHs, 3aIIOBHEHUX PiAMHO0, PO3TILIHYTO 3B's3aHy 3a1ady. Pyx pinuHu €
0e3BUXPOBUM, i MOXKHA BBECTH MOTeHIian mBuakocti. ChopMyIso0BaHO KpaioBy 3a1ady st piBHIHHA Jlamaca s OTpUMaHHS
MOTEHIlialy MIBUAKOCTI Ta PiBHS BUJIbHOI MoBepxHi. Ha 3MoYeHiil moBepxHi 000JOHKH BUKOPHCTOBYIOTHCS I'DaHWUYHI YMOBH
HEMPOTIKaHHs, a TaKO)K HaBeAeHI KiHEeMaTH4YHa Ta JWHAMiYHA T'PaHUYHI YMOBH Ha BUIBHIM moBepxHi pimunHu. Crodartky
MPOBE/ICHO aHali3 BILIMBY JeMI(yBaHHs Ha pi3Hi pianHu. [Ipumyckaemo, 1110 MOBEPXHEBHI HATAT HE BpaxoByeThesl. OTpUMaHO
CUCTeMY piBHSHb Matbe 3 ypaxyBaHHsAM JeMndyrounx edekTiB. [aHo omiHKK IHX edeKTiB, 1 BKa3zaHi o01acTi cTiKOCTI Ha
niarpami AliHca-CtperTa. BuBueHHS BINIMBY OBEPXHEBOTO HATSTY BUKOHYEMO, BUKOPHCTOBYIOUH CKIHUCHHI 3HAUSHHS YHCIIa
Bonna. [ToBepxHeBHil HATAT BKIIOYAIOTHCS B PIBHAHHS BepHyIuli SK NOJAaTKOBHU THUCK, MPOTOPIIHHUI cepenHiil KpUBH3HI
BiJIbHOI TOBepXHi. Lle 103BOsIe BpaxoByBaTH SIK TpaBiTalliifHi, TaK 1 KamiIsApHI SBUINA MPU PyCi BUTBHOT MOBEPXHI PiIHHU.
KpaiioBa 3agaua po3B’3y€eThbCsl METOZIOM FPAaHUYHUX eJIeMeHTIB. [IJIs JoCHiKeHHsI SIBUIIA [UIECKaHb BPAXOBAHO Pi3Hi 3HAYCHHS
yucna Bonga mnst pisHux piguH. OIMHIOIOTECS e(peKTH B'I3KOCTI Ta YTOYHIOETHCS IX BIUIMB Ha CTaOUIbHICTH pyxy. byio
IPOAEMOHCTPOBAHO, 1110 B 30HAaX HECTIHKOCTI Aiarpamu AiiHca-CTperTa IpH BpaxyBaHHI B'S3KOCTI 3'SIBISIOTHCS HEBEJIUKI 30HH
CTabiIbHOCTI PyXy Ta 30HHU CTIHKOCTi 301IBLIYIOThCS 31 301bIICHHSIM KoedinienTa aemndipyBanns. OTprMaHi YKCIOBI JaHi
BKa3yIOTb Ha T¢, 110 30LIBIICHHS ITOBEPXHEBOTO HATATY MIPUBOAUTD 10 301TbIIEHHS YaCTOTH KOJIMBAHb Ta 3MEHIIIEHHS aMILTI TN
KOJIMBAaHb.

© Myronenko M., 2021
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Knrwwuoei cnosa: mamemamuyne Mooenr08anHs, NIECKAHHI, MENOO SPAHUYHUX eleMeHMI8, 8LIbHA NOBEPXHSL, 2PAGIMAYIIIHI XGUJ,
KaniiapHi xeui.

HNemndupoBanune KoJjed0aHuil »KUIKOCTH B pe3epByapax noj JeiicTBueM
BEPTHKAJIBHON BO3MYIIAKIIECH CHJIBI C HCII0JIB30BAHHEM METOAA
TPAHMYHBIX 3JIECMEHTOB

MuponeHko Mapust  acnupanm

JleonnioBHA Hnucmumym npobaem mawunocmpoenus um. A. H. Ilodeopnozo HAHY, yn.
Hoocapckoeo, 2/10, Xapvros, 61046, Vkpauna,
accucmenm Kagheopuvl 3eMeNbHO20 AOMUHUCTPUPOBAHUSL U 2E0UHPOPMAYUOHHBIX
cucmem
Xapvkosckuill HAYUOHANBbHBIN YHUBEpCUmMem 20pOo0CcKo2o xossatucmea um. A.H.
bexemosa, yn. Mapwana Bascanosa, 17, Xapvkos, 61002

B crathe mpuBeneHBI pe3yNbTaThl YHCIEHHOTO MOJAEIHPOBAHUS BBIHYXKICHHBIX BEPTUKAIBbHBIX KONEOAHUH KHUAKOCTH B
JaCTUYHO 3allOJHEHHBIX TOIUIMBHBIX OakaX. PesepByapsl paccMaTpHBAarOTCs Kak OOOJOYKM BpallEHWs, 3alONHEHHbIE
HEC)KMMaeMOW JKUJIKOCTBIO C YYETOM BIMSHHUS BS3KOCTH. JIBH)KEHHE JKMIKOCTH SIBISETCS OE3BHXPEBBIM, M MOXKHO BBECTH
notenuan ckopoctu. ChopmynupoBaHa KpaeBas 3azava Uil ypaBHeHus Jlamiaca 1uist onpezesieHus IOTeHIMana CKOPOCTH U
YpOBHsI cBOOOIHOIT OoBepXxHOCTH. Ha cMO4YeHHOH OBEpXHOCTH 000JI0YKHU BBIIOJIHSIOTCS TPAHUYHbIE YCIOBUS HEMPOTEKAHNS,
a TaKoKe IMPHUBEICHbl KNHEMaTHIeCKOe U IMHAMIYECKOE TPAaHUYHBIE YCIOBHUSI Ha CBOOOTHON MOBEPXHOCTH KHUAKOCTH. DPDeKThI
MOBEPXHOCTHOTO HATSHKEHMS BKIIOYAIOTCA B ypaBHEHHE BepHyIH Kak JOMONHHUTENBHOE AABICHUE, MPOIOPIHOHAIBHOE
cpenHeil KpUBH3HE CBOOOJHON MOBEPXHOCTU. DTO MO3BOJIET YUUTHIBATH KaK TPAaBUTAIMOHHbIE, TAK U KAIMIIIAPHBIC SBICHUS
NP JIBHKEHUH CBOOOIHOM MOBEPXHOCTH KUAKOCTH. KpaeBas 3amada pemaercs METOAOM TPaHWYHBIX 371eMeHTOB. IlomydeHa
cucreMa ypaBHeHHI Matse ¢ yueroMm nemmn¢upyrommx 3¢dexroB. J[aHbl OHEHKH 3THX 3PQPEKTOB M yKa3aHbl 00IaCTH
ycrounBocTu Ha auarpamme AitHca-CTperra.

Kniroueswvie cnosa: mamemamuueckoe MO@E/ZMPOGCIHU@‘, niecKanuA, memoo CPAHUYHBLX D]1E€MEHMO8, c80000Has noeepxHocmo,
epasumayuOHHble 60JIHbl, KANUJIAPHbLE 60JIHbL.

1 Introduction

The boundary elements methods (BEM) have been widely used in engineering in last decades,
especially for solving the fluid-structure interaction (FSI) problems. The main advantage of using BEM
is reducing dimensions of the problem without losing accuracy. So, for three-dimensional FSI problems
we only have to discretize the boundary of the fluid volume. Now BEM is successfully applied to the
multi-medium problems considering fluid-solid, fluid-structure-soil or air-fluid interactions. The special
attention here should be paid to the boundary conditions on the interface surfaces. It is topical in aero-
space applications, especially considering low-gravity conditions. There is a lot of research devoted to
liquid sloshing in ground gravity conditions. The first simulations relied upon mechanical analogies of
pendulums or springs to simulate the resultant dynamic pressure on reservoirs during sloshing are
presented in [1, 2]. Comprehensive reviews of the sloshing phenomenon, including analytical and
experimental research were done by Abramson [3] and Ibrahim [4]. The boundary conditions with the
surface tension effect were obtained by Ibrahim in [4] and Myshkis et al in [5] by including the pressure
changing across the free liquid surface described by the Laplace — Young equation. The sloshing motion
that occurs in a low gravity differs drastically from the sloshing in the ground gravity [6]. It should be
noted that in [4] Ibrahim concludes that exact solutions for the linear liquid sloshing are limited to tanks
with straight walls (rectangular and upright-cylindrical containers). However, it is specified in [7], that it
is difficult to directly apply computational fluid dynamics models to designing spacecraft attitude control
devices because the analysis is very cumbersome and time-consuming. So, it is important to elaborate
effective methods based on fast numerical procedures [8, 9]. Recently, a series of sloshing model tests
for various viscous liquids have been elaborated, that allows investigating the effects of liquid viscosity
on sloshing [10, 11]. The experimental results show that the liquid viscosity has an important effect on
sloshing pressure [12, 13].

In this paper the boundary element method is applied to simulation of the liquid vibrations in rigid
tanks, the effects of viscosity and capillarity being considered. The stability regions on the Ince- Strutt
diagram are specified.

2 Problem formulation
Let us consider a shell of revolution partially filled with liquid (Fig. 2.1). Here S; is a wetted part of
the shell, and S is the liquid free surface. It should be noted that free surface So represents the interface
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surface between two mediums: water and air. It is considered as a thin membrane if effects of the surface
tension are sufficient.

Fig.2.1 Fluid-filled shell of revolution

The fundamental equations of the liquid motion are following:
ap _ . avy .
G= div(pV;) + Q, p—S=pb+ div(ay). (2.1)
Here p and V are the liquid density and velocity, Q is the mass sources, b is the vector of volume
forces, and a5 is the stress tensor. So
op=—pl+T; T= zu(s" —%(divVﬂ),
where p is the liquid pressure, | is the unit tensor, and S is the stress deviator. Supposing the fluid flow is
irrotational, we can set the velocity potential as V; = grad ¢.
As in [8], let us consider the following formulation for determining the velocity potential without
including viscosity and capillarity effects
—o 29 9l _o. 9P o K_2
49 =0; ae2lsg, anso_o' ansl_o' ot anlg,
with the following additional condition

99
ffso %dSO = 0
Let o be a surface tension. It may be included in the Bernoulli equation by using the Laplace-Young
equation [14]

Ps = OK,
where k is the surface curvature. The expression for x can be linearized as follows [4]:
K = —A.

Here A is the surface Laplace operator, the function ¢ describes the shape and location of the free
liquid surface. So, the dynamical boundary condition on the free surface can be represented as

99 _s _
5c T 98— 5. 45¢ . 0. (2.2)

The above formulation allows us to define the velocity potential and the free surface level without
including the effects of viscosity [15].

2.1 Estimation of viscosity effects
The following presentations are applied for the velocity potential and the free surface level functions
[14]
@ = Y= €05 M 0 X3y dpic ()P (1, 2),
{ =5 Zinmo c0smO Ty A (P (7, 0).
Here
dmir(t) = ¢pe(t), m=0,1,...M, k=12,...N.
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The functions ¢,,,,(r, z) are obtained by using BEM described in [16]. These functions are the
solutions of the following boundary value problems (supposing for simplicity ¢, (1, z) = w(r, z)

2y =0 ¥ —og ¥_2 %
72y =0, an|51 =0, =% ¢| {fy, 5%dSo = 0. (2.3)
The equations (2.3) are reduced to the system of integral equatlons in the following form:

2mp + [f;, 1 () 451 = [, o e p| Sy + [Ty, o 2 (i) dSo = 0
- ffslwl%(m_—m) d51 — 2mpy + L [, o dSy = 0,

where |P — P,| is the Cartesian distance between points P and Po. In the equations (2.4) we denote by
the values of potential  in the nodes of the free surface So, and by y its values in the nodes of the wetted
surfaces S; of the shell. For the numerical implementation of the equations (2.4) the methods have been
developed in [17, 18].
After obtaining functions 1., (r, z) and the frequencies ., from [14] the next differential equations
are formed for evaluating the time-dependent coefficients ¢, (t)
Cnie(8) + A2 (14 “Z“)) cnk(®) =0, m=01,...M, k=1.2,...N. (2.5)
Here g is the gravity acceleration, . are sloshing frequencies.
It should be noted that the equations (2.5) are the Mathieu’s equations. Therefore, we suppose that
g,(t) = a,cosw,t. (2.6)
According to [19], the equations (2.5) are modified to calculate the viscosity and gravity effects as

Emic(®) + 7 Coie(O) + oy, (14 “Z“)) k() =0, m=01,...M, k=12,...N. (2.7)

Here
y = 4,47 /w P Wi = GoXmic + 2 ka (2.8)
111%0

It should be noted that the equations (2.7) are so called the damped Mathieu equations [20]. For their
numerical implementation the Runge-Kutta 4 order method is used.

(2.4)

3 Numerical simulation

Let us consider a cylindrical tank with the following geometrics: the filling level H=1m, the shell
radius R=1m. Taking into account different values of the Bond number, i.e., studying the effect of
damping on a liquid at different levels of gravity. First, consider the case when B, = oo, so we neglect
the surface tension forces. In the equation (2.8) we have the following expression for the frequency:
wo? = gox?,. Let us consider the vibrations corresponding to the first harmonic. The values of the
characteristic wave numbers are given in Table 1.

Table 1. Characteristic wave numbers for the 1st harmonic

n Characteristic values y;,
1 1.841183781
2 5.331442774
3 8.536316366
4 11.70600490
5 14.86358863

We consider various variable components of the residual acceleration g,(t), but we believe that this
acceleration is harmonious.

In Table 2 the values of kinematic viscosity for some typical liquids, such as water, nitric acid,
kerosene, hexane, and nitrogen tetraoxid are shown.
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Table 2. Kinematic viscosity value

. . Kinematic viscosity, v o
Ne Fluid 105 m2/sec. Temperature, C
1,13 15,6
! Water 0,55 54,4
5 Nitric acid 25 % 0,6957 20,0
Nitric acid 100 % 0,4934 20,0
3 Kerosene 1,2-45 (2,71) 20,0
4 Hexane 0,683 178
0,401 37,8
5 Nitrogen tetraoxide 0,2917 20,0
The surface tension values for typical liquids at various Bond numbers B, = 1,B, = 2,By = 3, By =
4, B, = 5 are presented in Table 3.
Table 3. Surface tension values
Densit Surface tension, H/m
. . ensity,
Ne Fluid kg/ m3 Bond number, B,
1 2 3 4 5
1000 100,00 50,00 33,33 25,00 20,00
1 | Water
986 98,60 49,30 32,87 24,65 19,72
2 | Nitric acid 25 % 1150 115,00 57,50 38,33 28,75 23,00
3 | Nitric acid 100 % 1520 152,00 76,00 50,67 38,00 30,40
4 | Kerosene 850 85,00 42,50 28,33 21,25 17,00
5 | Hexane 684 68,40 34,20 22,80 17,10 13,68
643 64,30 32,15 21,43 16,08 12,86
6 | Nitrogen tetraoxide 1440 144,00 72,00 48,00 36,00 28,80

We are interested in the damping effect during vibrations with a frequency w,, which approaches to
w41 or a double value 2w, ;.

First, the effect of damping on various fluids is analyzed, the surface tension not being taken into
account. The frequency w, = 3Hz has been chosen for forced vibrations, and it is not close to either w,

LALLM
VY

Fig.3.1 Influence of damping on vibration amplltudes for various liquids
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Figure 3.1 shows the amplitudes of fluid vibrations under the following conditions. It is assumed that
a, in the formula (2.6) is equal to a, =0.01, w, = 3Hz, g, = 0.1g.

Number 1 indicates the graph of the function in the absence of damping, namely, at y = 0, figures 2-4
refer to nitric acid (100%), water and kerosene respectively (the value of kinematic viscosity 2.71 10
éxm?/sec is taken).
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Further, taking into account the kinematic viscosity, we will consider kerosene, since the damping
effect is the most prominent in that case,.

Let us consider forced vibrations with the frequency w, = 1.8412Hz, atg, = 0.1g and at different
a,. As could be seen from Table 1, this frequency is practically equal to the fundamental frequency of
fluid vibrations.

Figure 3.2 shows the time dependences for the coefficient c;,(t) in the expansion for the function .

; VAVAVAVAVAVAUGﬁ\vAV%%%%%v %ﬂﬂ Q\, :
| I

2

Fig.3.2 Time dependence of ¢, (t) for different a, at w, = 1.8412Hz

Here numbers 1-5 correspond to the values a, = 0.01,0.05,0.07,0.09, 0.1. In contrast to the Mathieu
equation without damping, there is a zone of stability in the first unstable region (Fig. 3.3).

—Il —DI,S—DI,6—0,4—DI,2 0 D,IE D,I4 D,Ié D,IS 1I 1:2 1:4 1,|6 1,|8 2| 2,'2 2,|4 K
Fig.3.3 Ince-Strutt diagram

It should be noted that in zones of instability of the Ince-Strutt diagram small zones of motion stability
appear, when viscosity is taken into account. According to [18], the stability zones increase with the
increasing damping coefficient.

A similar pattern is observed with forced vibrations of a fluid with a frequency equal to twice the
fundamental. The calculation data are shown in Fig. 3.4.

Here the numbers 1-4 correspond to the values a, = 0.01, 0.0075, 0.005, 0.004. In the case of
parametric resonance, only the motions at a, < 0.004 will be stable in the second zone (Fig. 3.3).

MMM
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Fig. 3.4 Time dependence of ¢;,(t) for different a, at w, = 3.6824Hz
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Next, we study the effect of surface tension, namely, we move to the finite values of the Bond number.
In this case, the frequency values are determined by the formula
0% =2 = e (1452) tan (ki o) (3.1)
mn g/Rz mn BO mn R2 '
Figure 3.5 shows the values of the free surface amplitudes for kerosene at various Bond numbers,
namely, By = 1,By = 2,By = 3,By = 4,By, = 5, B, = co. We investigate the movements caused by the
external load with a frequency of w, = 3Hz.

i
!

9

Fig. 3.5 Time dependence of ¢;,(t) for various Bond numbers at w, = 3.0 Hz

Here the numbers 1-6 correspond to the following values of the Bond number: B, = 1,B, = 2,
By = 3,By = 4,B, = 5, By = oo. From the numerical data it can be concluded that with the increasing
surface tension, the vibration frequencies increase and the vibration amplitudes decrease.

4 Conclusions

The boundary element method is applied to humerical estimations of the surface tension and viscosity
effects on liquid vibrations in rigid shells of revolution partially filled with the liquid. For the velocity
potential the boundary value problem is formulated with modified boundary conditions on the free
surface, taking into account the surface tension. The basic functions corresponding to the problem of free
surface vibrations have been obtained without considering the surface tension. Then the modified
boundary condition on the free surface has been used for obtaining the unknown coefficients. Various
Bond’s numbers for liquid sloshing of different liquids have been considered. The viscosity effects have
been estimated, and their influence on stability of motion has been specified. It has been demonstrated
that in the zones of instability of the Ince-Strutt diagram small zones of motion stability appear, when
viscosity is taken into account, and the stability zones increase with increasing damping coefficient.
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OCHOBHHM BUPIIICHHSIM NPOOJIEMH ITiIBUIICHHS €()eKTHBHOCTI NapajenbHUX O0UHCITIOBAIBHIX CHCTEM € METOIH (POPMAIILHOTO
CHHTe3y e()eKTHBHHX 4acolapaMeTpU30BaHUX MYJIbTHIIApaeIbHIX Mojener 3anad. CTaTTs MpUCBSYeHa 3a1adi JOCIIHKCHHS
e(eKTHBHOCTI BUKOPHCTAHHS METOAIB ()OPMAJBHOTO CHHTE3y IaHOTO KIacy NapajelnbHUX MoJeledl Uil KOHKPETHHX
NPUKIATHAX 3a7ad, [0 POOUTH ii aKTyaJbHOIO Ta MPAKTUYHO 3HAYYHIOK. Y POOOTI MPOBENCHO aHalli3 METOJIB MapajieilbHOL
00poOKH HaHUX Ta MOKa3HUKIB €QEeKTUBHOCTI, a TaKOXX aHali3 METOAIB CHHTE3y Ta 3aco0iB cmenudikamii Ta Bizyamizarmii
HapajieJbHUX CTAaTHYHUX Ta YacollapaMeTPH30BaHUX MoJeNel 3aqa4. Po3po0ieHo napaliebHy YaconapaMeTpU30BaHy MOJCIb
anroputMmy 'ayca Ha ocHOBI MeTozy cTpykTyp CUC, a TakoK mapaliebHy 4acomnapaMeTpHU30BaHy MOJIeb alropuTMy [ayca Ha
ocHoBi Metoxy ctpykryp CUC Ta popmansHuX moiHOMIB. [laHa TOPIBHSJIbHA OIIHKA e)EKTUBHOCTI INX JBOX METOIIB CHHTE3Y
UL KpHUTepilo MiHiMi3alil KiIBKOCTI MDKIPOLECOPHUX OOMIHIB INOBIJOMJICHHSAMH B KJIAcTepHill cucreMi. Po3pobienHo
NpOrpaMHy peaiizallifo CTBOPEHHs IMapajiebHUX YacolapaMeTpU30BaHUX MOJENEH PO3B'SI3aHHS CHCTEM JIHIHHHUX PiBHSIHB
MeToZoM [ayca Iuisl KIacTepHHX CHCTEM 3 ypaxyBaHHSIM KOMYHIKamiiHOI ckianoBoi. OO'€KTOM JOCHIDKEHHS € METOIH
(hOpMaNBHOTO CHHTE3Y MapajeNbHUX YacolapaMeTpH30BaHUX Mojeneil 3a1a4 Uil 00YNCITIOBATIEHUX CHCTEM 3 PO3MOAIICHOI0
nam’stTI0 (MPP, CLASTER). Ilpeamerom mocmikeHHS € €(pEeKTHBHICTb BHKOPHCTaHHS METOMAIB (POPMAIBHOTO CHHTE3Y
MYJIbTUIIAPATICTBHAX YacOMapaMeTPH30BaHIX MOJIeield KOHKPETHUX MPHUKIAIHUX 3aBIaHb JJIS KPUTEPio MiHiMi3amii KUTbKOCTI
MDKITPOIIECOPHUX OOMiHIB ITOBIJOMIICHHAMH Y KJIACTEPHIH CHCTEMI.

Knrwowuoei cnosa: napanenvri 06uucnosanivHi cucmemu, kiacmepui cucmemu, memoou cmpykmyp CUC, memoou popmansrozo
CUHmMe3y, Haconapamempuzoeana mooeiw aneopummy I'ayca..

Using the methods of formal synthesis and verification of parallel time-
parameterized models for solving the system of linear equations by Gaussian
elimination
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Svobody Square 6, Kharkiv, Ukraine 61022

The main solution to the problem of improving the efficiency of parallel computing systems is the methods of formal synthesis
of efficient time-parameterized multiparallel models. The article is devoted to investigating the efficiency of using the formal
synthesis methods of the given class of parallel models for the specific applied problems. The analysis of methods of parallel
data processing and efficiency indicators, as well as the analysis of synthesis methods and means of specification and
visualization of parallel static and time-parameterized problem models have been carried out. A parallel time-parameterized
model of the Gaussian algorithm based on the method of SCS structures, as well as a parallel time-parameterized model of the
Gaussian algorithm based on the method of SCS structures and formal polynomials have been developed. A comparative
evaluation of the effectiveness of these two synthesis methods for the criterion of minimizing the number of interprocessor
messages in the cluster system. The software implementation for creating parallel time-parameterized models of solving systems
of linear equations by Gaussian elimination for cluster systems taking into account the communication component has been
developed. The research object is the methods of formal synthesis of parallel time-parameterized models for computing systems
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with distributed memory (MPP, CLASTER). The research subject is the efficiency of using the methods of formal synthesis of
multiparallel time-parameterized models of specific applied problems for the criterion of minimizing the number of
interprocessor exchanges in the cluster system.

Keywords: parallel computing systems, cluster systems, methods of SCS structures, methods of formal synthesis, time-
parameterized model of Gaussian elimination.

Hcnoab3oBanue MeTo10B (POPMAIBLHOIO CUHTE3a U BepU(PUKALUU
NapaJuleJibHbIX BpeMANApAMETPU3MPOBAHHBIX MO/ eJIeH AJIsl pelIeHUs
CHCTEeMbI JIMHEeMHbIX YpaBHeHU MeToaoM ['aycca

Mopo3 cmapwuii  npenodasamenv — Kageopbl  MeopPemuyeckol U - NPUKIAOHOU

Oabra CUCMEMOMEXHUKU

IOpbeBna Xapvkosckuti  HayuoHanvHuld  yHugepcumem umenu B.  H.  Kapasumua,
nn. Ceob6o0ul 6, Xapvkos -077, Yxpauna, 61077

Toxacromyxckast 0.Mm.H., C.H.C., npogheccop Kageopvl meopemudeckou U  NPUKIAOHOU

Ejena CUCMEMOMEXHUKU

I'ennagueBHa Xapvrosckuil  HayuoHanvHblll  yHugepcumem umenu B. H. Kapasuma

ni. Ceoboowr 6, Xapvkos -077, Ykpauna, 61077

OCHOBHBIM pelnieHHeM IpoOaeMbl MOBBIIEHUS 3()(HEKTUBHOCTH MapauIeNbHBIX BBYUCIUTEIBHBIX CHCTEM €CTh METOMBI
(dopMasibHOTO cHHTE3a 3((GEKTUBHBIX BpeMsIIapaMeTPU30BaHHBIX MYJIbTUIIAPAIUICIBHBIX Moaenel 3anad. CTaThs MOCBSIICHA
3amade HcciaenoBaHus 3(P@(EKTHBHOCTH HCIOIb30BaHUS METONOB (POPMalNbHOTO CHHTE3a JAHHOTO Kiacca MapaulelIbHBIX
Mozieneil Ui KOHKPETHBIX MPUKIAJHBIX 3a/1a4, YTO AENIaeT e¢ aKTyalbHOW M NMpaKTHYEeCKH 3HauuMol. B pabore mposeneH
aHaJIM3 METOJOB MapaiiebHON 00paOOTKH JaHHBIX M IMOKa3aTeliel 3(QEKTUBHOCTH, a TAKKe aHAM3 METOJOB CHHTE3a U
CpelcTB CrnenM(UKAMM W BU3YaJM3allMM IapauIeNbHBIX CTaTHYECKMX Mojeieil. PaspaboTaHa mapasienbHas
BpeMsIapaMeTPU3UPOBaHHas MoZeNnb anroputMa laycca Ha ocHoBe Merona crpykryp CUC, a Taxke mapauieibHas
BpeMsiIlapaMeTpU3NpOBaHHas MoJelb anropurMma ["aycca Ha ocHoBe Metona cTpykryp CUC n dopmanabHBIX HONMMHOMOB. JlaHa
CpaBHUTENbHAS OLEHKAa J(P(EKTHBHOCTH OSTHX JBYX METOJOB CHHTE3a Ul KpPUTEpUs MUHHMH3AIMH KOJINYECTBa
MEXKIPOILIECCOPHBIX OOMEHOB COOOLICHMSIMH B KIAacTepHOH cucreme. Pa3paboraHa mporpaMMHas peajM3alust CO3JaHHS
napajuIeJIbHBIX BpeMsapaMeTpH30BaHHbIX MOJIENICH PelIeHHs CHCTEM JINHEHHBIX ypaBHEHUH MeToIoM ["aycca Juist KitacTepHBIX
CHCTEM C y4eTOM KOMMYHHUKAIL[MOHHOW cocTaBistomieii. OOBbEKTOM HMCCIIEIOBaHHS SBIAIOTCS METO/BI (OPMAIBHOTO CHHTE3a
HapaJuleNbHbIX BPEMsIIapaMeTPU3UPOBAHHBIX MOJeNeil 3a71ad A1 BBIYHCIUTEIBHBIX CHCTEM C PACIpPE/IeSICHHON MaMATHIO
(MPP, CLASTER). IlpenmeTrom mccrnemoBanus sBisiercss 3)()EKTHBHOCTh MCHONB30BAaHUSA METOOB (HOPMAIBHOTO CHHTE3a
MyJIbTHIIAPAIUICIIBHBIX BPEMSIAapaMETPU30BaHHBIX MOJIENEH KOHKPETHBIX MPHKIAAHBIX 3a/a4 Ul KPUTEPUs MUHUMH3AILMU
KOJIMYECTBA MEXKITPOLIECCOPHBIX OOMEHOB COOOIIEHUIMH B KIIACTEPHOH CHCTEME. .

Kniouesvle cnoea: napannenvhule geiuuciumenshole cucmemsl, KiacmepHule cucmemst, memoos: cmpykmyp CHC, memoow:
@opmanvrozo cunmesa, epemAnapamempusuposantas mooens arcopumma I aycca.

1 Betyn

Ha nmanuii yac ueHTpasbHOIO MPOOIEMOI0 NMEPCHEKTHBHOI 00UHCIIIOBATIBHOI TEXHIKU € MiABHUIICHHS
edpexTuBHOCTI napanenbHux EOM/mepexx. BuHUK po3puB MiK 30UIBIIEHUMH 3alIUTaMHU NPAKTHKH —
HEOOXIZIHICTIO TMOJAANBIIOr0 MiJBUINEHHS €(PEKTHBHOCTI BHCOKOMPOAYKTHBHOI OOYHCIIOBAIBLHOI
TEXHIKH, 3 OJTHOr0 OOKY, Ta BiJICYTHICTIO MOXKJIMBOCTI 3a/I0BOJICHHS IIUX 3aIIUTIB 3a JOMOMOI'OI0 BiJIOMUX
napanenbiux EOM/mepex, 3 iHmoro ©Ooky. HeoOximHoro yMOBOIO MiIBUILEHHS €(EKTHBHOCTI
cynnepEOM Ta pPO3BUTKY NEPCHEKTHUBHOI MapaneabHOi OOYMCIIOBANIBHOI TEXHIKH € IIiJIBUIICHHS
e(heKTUBHOCTI MapajesIbHOro MPOrpaMHOro 3ade3neueHHs. Sk 3a3HauaeThes y po0oTi [1], «B maHuii yac
npobiema po3poOKH eheKTUBHOTO MapaiebHOr0 MPOrpaMHOro 3a0e3neueHHs BUSIBUIACS LIEHTPAILHOIO
npo0JeMor0 napaieslbHUX 00YHMCIICHb 3arajloM. ..» Ta LEeHTpajlbHe UTaHHS NapajleIbHUX 00UUCIICHb —
SIKMM YMHOM CTBOPIOBATH €()EeKTUBHI MTPOTPaMH JIJIsl apaieIbHUX CUCTEM?

OfHMM 3 OCHOBHHUX IIIISIXIB BUPILICHHS I(i€l TPOOJIeMH € MiZABUINECHHS €()EKTUBHOCTI MapaieabHOro
IPOrpaMHOro 3a0e3MeYeHHS 32 PaXyHOK PO3IIMPEHHS METOAIB MapajeabHoi 00poOKH AaHUX, IEPEXOTy
BiJl TpaJMIiHHUX CTATUYHWUX TNapalieIbHUX TMporpaM JO 3acTOCYBaHHS dYacolapameTpU30BaHUX
MYJIbTATIAPAIETBHAX IPOTPaM Ta PO3POOKH METOJIIB 1 TEXHOJIOTIH iX aBTOMAaTHYHOTO MTPOEKTYBaHHS [ 1—
3]. Bimomi cucTeMu mapaiesibHOTO MporpaMyBaHHs He 3a0e3NeuyoTh BUPILIeHHs i€l mpobiemMu yepes
0oOMEKeHHH CKJIaJ METOJIB MapajebHOi 0OpOOKM MiATPUMKH, BiICYTHICTH O0JIiKy peanbHOro 4acy Ta
PYYHOTO XapakTepy MPOEKTYBaHHS JIIOJAMHOK mapanenbHux mporpam [1-4]. OcHOBOKW BHpIillICHHS
npobjeMu € MeToau (POPMANBHOTO CHHTE3Y €(EKTHBHUX YacolMapaMeTPU30BaHUX MYJIbTHIIAPATIEIbHUX
Mozedel 3aiad [5-7]. Came 3agaya 1OCiPKEHHS €PEKTHBHOCTI BUKOPUCTAHHS METOJIIB (POPMAIILHOTO
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CHHTE3y JAaHOTO KJacy MapayelbHUX MOJIeNel ISl KOHKPETHHX MPHKIAJHUX 33734 € aKTyallbHOIO 1
MPaKTUYHO 3HAYYILOIO.

MeTi0 pOOOTH CTano JOCHIHKCHHS e()eKTUBHOCTI BUKOPUCTAHHS METOMIB (POPMAIILHOTO CHHTE3Y
MYJIbTATIAPANICITBHIX YaconapaMeTPU30BaHUX MOJEIICH JIJIsl KOHKPETHHX MPHUKIAJIHUX 337134,

3amadi MOCTIHKEHHS: TIPOBECTH aHalli3 METOMIB IMapayiebHOI OOpOOKM ITaHWX Ta ITOKA3HHKIB
e(eKTHUBHOCTI; TPOBECTH aHai3 METO/iB CHHTE3Y Ta 3aco0iB crienuikarii Ta Bizyasizamii napaneinbHuX
CTaTUYHUX T4 YacolapaMeTPU30BaHUX MOJEIeH 3a/1ad; po3poOUTH mapajelbHy 4acomapaMeTpU30Bany
Monmenp anroputMy layca Ha ocHOBI Meromy crpykryp CUC; pospobutn mapanensHy
yacomapaMeTpu30BaHy Mozelb anroputMmy ['ayca Ha ocHoBi Metoay cTpyktyp CUC Ta dopmanibHHX
MOJIIHOMIB; JaTW TOPIBHSUIbHY OLIHKY €(QEKTHBHOCTI LIUX JABOX METOMIB CHHTE3Y IS KPHUTEPilo
MiHiMi3amii KUTBKOCTI MIKIIPOLIECOPHUX OOMIHIB MOBIJOMIICHHAMH y KJIACTEPHIA CHCTEMi; pO3pOOHTH
MpOrpaMHy peaizallilo CTBOPEHHS MapaelIbHIX YacolapaMeTpU30BaHUX MOJIeNieil O3B’ I3aHHS CHCTEM
THIMHUX PiBHAHB METOJOM ["ayca /Ui KJIacTepHUX CHCTEM 3 ypaxyBaHHIM KOMYHIKaI[iiiHOT CKIIa/10BOi.

O06’ekTOM HOCTIKEHHS € MeTOoau (POPMAaTbHOTO CHHTE3y MapajellbHUX YacomapaMeTpHU30BaHUX
MoeIel 3amad 1 O0UHCITIOBAIBHUX CHCTEM 3 po3mnoineHoro nam’ 110 (MPP, CLASTER).

[IpeameroM nocHiKeHHS € e(QEKTHUBHICTh BHUKOPUCTAHHS METOMAIB (OPMAalIbHOTO CHHTE3Y
MYJIbTUTIAPANTICTBHAX YaCOMapaMeTPHU30BAHUX MOJEICH KOHKPETHUX MPHKIAJHUX 33129 JJIsT KPUTEPIro
MiHiMi3amii KUTBKOCTI MDKIIPOIIECOPHUX OOMiHIB IMOBIJOMJICHHAMH y KJIACTEPHIN cHCTEM.

Sk 3aco0u YUCTIOBOTO OMHUCY MapajelbHUX YacOBUX MOJeNed 3a1au OyJI0 BUKOPHUCTAHO CTPYKTYpH
cemaHTHKO-4nciI0Bo1 crnienugikamnii (CYC) ta yreoproroui nojinomu (YII) [4-7]. 3acobamu rpadivnoi
Bizyamizanii € Ci-rpadu Ta yacosi napanensHi rpad-cxemu 4,6].

2 ITocranoBka 3agaui
ITouyatkoBi maHi:
- JOCTIKY€EThCSL «IPOTHO30BaHa» €()EeKTHBHICTh — TOTEHIlIHA e(QeKTHBHICTh MaiOyTHHOTO
BUKOPHCTaHHS aHATi30BaHUX/PO3POOITFOBAaHIX METOAIB (POPMATEHOTO CHHTE3Y MOJIENEH;
- CKJIaJ] TOCHIKYBAHUX METOIIB (hopMaTbHOTO CHHTE3Y Mojeei [6]:
a) «Merton ctpykryp CUCy;
b) «Merox ctpykryp CUC Ta ®opmanbuux [TomiHOMIBY;
- MIATPUMYBaHANA Kiac TapanenbHuXx obuncimroBanbHuX cuctem (OC) — cucremm 3
posnozinenoro mam’satTio (MPP, CLUSTER);
- MPUKIIaIHA 3a/1a9a — TIOCIiIOBHHIH aJITOPUTM ['ayca BUpILIEHHSI CHCTEMH JIIHIHHUX PiBHSIHB;
— METOJIM TapajieIbHOT OOpOOKM JaHuX, MO0 MIATPUMYIOTHCS, — IOETHAHHS HE3AICKHUX
orepariiii 3aB1aHb;
— OIIIHIOBaHI TMOKA3HUKUA €(PEKTUBHOCTI — Yac BHPIIICHHS 3a/Ja4, MOXJIMBOCTI 3MCHILIEHHS

YaCOBHX BUTPAT 3a OOMIiH ITOBIJIOMJICHHSIMU;
0

. t; .o
- TPUBAJICTh BUKOHAHHA | omepamiil (y Takrax).

typ Vx +,- = * % / VixX Bp stop cont

t° 1.00 | 1.00 2.00 | 10.00 | 35.00 | 35.00 1.00 1.00 1.00 1.00

3. MaremaTnuHa Moaeanb aaropurmy [ayca
MareMaTiyHa MOJENb PO3B’A3aHHS CUCTEMH JI
iHIHKUX piBHSIHD MeTooM ['ayca Mae Takuii BUTIsLT [4].
Jana cucrema N JTiHIHHUX PIBHSHD anreOpH:
allxl + alZXZ ot alan = a:L n+l
A% +8pX, +o 85X, =8y

A X +a,X +..+a,X, =34

n n+l
PitieHHs CUCTEMH PiBHSHB 3a KOMIIAKTHOKO CXEMOKO TOJIATAE Y IMOCHIIOBHOMY BH3HAYEHHI
Xy X1r-0 X| 13 CHICTEMU PiBHSHB:
X, +CLX, +....+C X, =C; 1
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s cucTtemMa BUXOAWUTH SK PE3YJIbTAT PO3KIAJAaHHS BHUXIJIHOI MATpHUIli HA TPUKYTHI MaTpHIl
BiJIIOBI/THO /IO HACTYIHUX (hOPMYII:

by =2 _Zblk Gy, 1<), j<n, ixj;

1
C;=| & — D b ¢y | /by, 1<isn, 1<j<n+l, i<j.
k=1

Pesynbrari 004KCIICHh BUXOIUTH MATPHUIISL
By1C1,Cr+ €1
o T O Sy

bbb ...b c

nn>~n n+l.

BiacHe oGUHCICHHS 3HAYEHB Xi, | =N, N-1, ..., | BUKOHYETHCS 38 POPMYIIOF0:

n-1
X =G~ Zci,n-m Xkt .
k=1

Merton ["ayca rpyHTy€eThCS HA MOKJIMBOCTI BUKOHAHHSI €KBIBaJICHTHUX TIEPETBOPEHD JIIHIHHUX PiBHSHB,
SK1 HE 3MIHIOIOTh PIllICHHS] CUCTEMH, 10 PO3TIIIAETHCS. Jl0 TaKUX MEPETBOPEHB CTABIATHCS:

*  MHOEHHS OY/b-SIKOTO PiBHSHHSI HAa HEHYJIOBY KOHCTaHTY;

*  TIepecTaHOBKa piBHSHB; h

*  JOAaBaHHS 0 PIBHSAHHS OYy/b-SIKOTO 1HIIOTO PIBHSIHHS CHCTEMH.

OcHoBHa ifest merony mnonsrae y mpuseaeHHi MaTpumi A/U koedillieHTIB 3a JONOMOIOIO

€KBIBaJICHTHHUX IMEPETBOPEHB 10 TPUKYTHOTO BUTJISIY, IMIiCTsl YOrO 3HAYCHHS HEBIIOMHUX MOXYTH OyTH
OoTpuMaHi 0e3MocepeIHBO B SBHOMY BUTIISIII.

4. Y3araabHeHUH aJITOPUTM MeTO/iB CHHTe3y NapajeJbHUX YaCOBUX MOjleJIeil 3aBIaHb s
kJyiacis MPP/CLUSTER

ApXITeKTypa y3araJlbHeHOT0 METOly (POpManbHOIO CHHTE3Y YaCOBUX MapaselIbHUX MOJieliei 3aB1aHb
KJIACTEPHUX CHCTEM MpecTaBise puc. 1 [6]

Etan 1 (1. 2, puc. 1). 3micTom etamy € hopmyBaHHs 17151 BuXigHo1 Ci-mporpaMu CTpyKTYp CEMaHTHKO-
yucnoBoi iHQopmauii (CYC), sKi € OCHOBOIO HACTYyNHUX eTamiB (OpMaJbHOIO CHHTE3Y
yacomnapamerpu3oBanux napaneasanx MPP/CLUSTER mopeneii/mporpam.

Etan 2 (1. 3 puc. 1). 3micToM erany € hopMaibHHUIA CHHTE3 Ta Bizyasizailis rpadivyHoi crierudikarii
Ci-nporpamu y Burisiai Ci-rpada 3 aeranizaniero 1o incTpykuii/¢pynkuid mosu Ci. Ci-rpad 3amae, Tak
camo sk 1 crpykrypu BF i CF cemanTrko-unciioBoi cienudikariii, ckjiaa iHCTPYKIIA/QyHKIIHA BUX1THOT
Ci-nporpamu Ta iX 3B’530K 32 JaHUMH Ta YIPaBIIiHHIO.

Etan 3 (1. 4 puc. 1). 3micToMm eTamny € Bepu@ikalisi CHHTE30BaHUX CEMaHTHKO-YUCIIOBOT Ta rpadiuHol
cneuunikaniii (ctpykryp CUC Ta Ci-rpada) Ci-nporpamu. Metoro Bepudikaliii € nepeBipka KOpeKTHOCTI
pe3yibTaTiB, M0 BHUKOPHCTOBYIOTHCS SIK BUXIJHI JaHI NMpPW BUKOHAHHI HACTYITHUX €TAIliB CHHTE3Y
yaconapameTpusoBanux napaieabanx MPP/CLUSTER - moneneii/mporpam.

Etan 4 (1. 5 puc. 1).3micToM etamy € po3IIMpEeHHs CKIaly onepaTopis Ta 3B’ s3kiB cTpykTyp BF i CF
CEeMaHTUKO-4MCIIOBOT crnenudikanii Ci-mporpamu 3a paxyHOK BBEIEHHS JIOJIATKOBUX 3MIiHHUX, IO
NPEJICTABIISIIOTH PE3YJIbTATH MPOMIKHUX OOYMCIICHb, Ta BIIMOBIIHUX I[UM 3MiHHUM OTIEPaToOpiB pOOOTH
3 mam’sTTi0. Lle 3abe3nedye mepexin no xoncrpyktuBHuX (Constructive, C) crpykryp CBF i CCF
CEMaHTHKO-YMCJIOBOI crerudikallii, 1o BigoOpakae MOBHUH CKJaa Ta 3B’SI3KM OIEPATOpIiB, IO
MiJISTAI0Th BAKOHAHHIO TIPU BUPIIIEHHI 3a71a4i.

Eran 5 (m. 6 puc. 1). 3abe3neuye nepeBipKy HasBHOI CHCTEMH YacOBUX YH PECYpPCHHUX
BUMOI/O0MEXEHb, HASBHICTh SKHX BU3HA4a€ BUOIp KOHKPETHOIO METOAY Ta AITOPUTMY CHHTE3Y
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yacomapamerpusoBanux mapanensanx MPP/CLUSTER mopeneii/mporpam: metomy crpykryp CUC i
metoay ctpykTyp CUC Ta popMansHUX MONIHOMIB.

-1
IHouarkosi naHi:

Ci-nporpama 3ajadi;

xiac HI — MPP/CLUSTER;

gucio OB - NU, nponecopis - NM;

TPHUBAJIOCTI NPOLIECOPHUX OIepariii

(y Takrax) — to(typ);

tonosorist MPP/CLUSTER —

JOBLTbHA BipTyalbHa;

yac 0OMiHy OJTHUM IOBiIOMJICHHSAM

mizx OB-toC;

3aJaHuil pecypc

RC3=NU3|NM3/sinsanii pecypc CR;

BHUMOTH J10 yacy T3.

-11

2 |

CuHHTE3 CeMaHTHKO-YHCIOBAX
ctpyktyp Ci - mporpamu 3amadi

3 |
CuHre3 Ta Bizyaizallis
Ci-rpada Ci — nporpamu 3aBIaHHs

I
4 BepI/I(biKaHiﬂ.
ctpykryp CUC ta Ci-rpaga
Ci — mporpamu 3aga4i

-5

BBenieHHs JOTaTKOBHUX 3MIHHHX Ta
orepaTopiB 3BEpHEHHS 10 TaM'sITi

Bepudixarist cTpyxryp
CYC Ta po3UIHpeHoi THUMUYACOBOL
napajenbHOl MoJiei

12 |

Bsenenns B ctpykrypu CUC Ta
pO3MIMpeHy MOZAENb OTepaTopiB
BPEMEHHOM CHHXPOHM3ALMHI

~13

Po3paxyHOK MOKa3HUKIB
e(eKTHBHOCTI YacOBOi HapaeabHOl
MMP/CLUSTER moneni

r14

Cunres 4acoBoi Mol

\ 4

111 MIHIMAJILHOI'O Ta ITIOTOYHOT'O
pecypcy RecT=NUT/NMT.

Tpeu1>Ts

16

301IbLICHHS TOTOYHOTO Pecypey
RecT = NUT /NMT MPP/
CLUSTER cuctemn

<
«

6— T
Recs| T;

Rec

7

CuHTe3 4acoBOi NapajeabHOl
mogeni Ci-porpaMu yist
pecypcis Rec3/CR

CuHTE3 CXEeMH PO3MOIiTY
orepaTopiB MoJeNi Ha
BipryanbHuii pecypc Recs3/CR
I

9

CuHTE3 CXEeMHU PO3MOALTY
JaHUX Ha BipTyalbHUI pecypc
Rec3/CR

~10

Beenenns y crpykrypu CUC
Ta MapajeibHy MOJeNb
oreparopiB 0OMiHy

Puc. 1. YV3acanonenuii memoo cunmesy ma sepudikayii 4acosux napaneibHux mooenel.

17

CHHTE3 TeKCTiB 4aCOBUX
napajeabHuX MoJienei s
BII/ mpouecopis
MPP/CLUSTER

— 18

CHHTE3 TEKCTIiB MapajelbHUX
Ci-nporpam st BIT/ mponecopis
st MPP/CLUSTER

—19

Buxinna indgopmanis:
Po3noin 064KciIeHs Ta pO3MoIiT
nanux 3 OB/ITP.

Yacosi mapanenbHi Moeri
OB/TIP.

MMapanenbHi mporpamu Juist
OB/TIP.

Texctu MPP/CLUSTER.
Ci-nporpam OB/TIP.
[Toka3HUKH €pEKTHBHOCTI.
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Etam 6 (1.7 puc. 1). 3MicTom eTany € CHHTE3 4acOBOI MapaliebHO1 Moieii BuxinHoi Ci-iporpamu ajis
3a71aHOTO pecypcy obuncmoBanbHuX By3iis/mporecopiB NUs/NM; Ta mepeBipka il KOpEKTHOCTI.

OcCHOBHI eTamnu METO/IiB (POPMATBLHOTO CHHTE3Y MPEeACTaBiIeHI Ha puc. 2 [6]

Etan 7 (m. 8 ... 16 puc. 1). 3micTom eTamy € BHpillIeHHs] HACTYITHUX 3aJay:

*  PO3IIOALT OIIEepPaTOpiB YAaCOBOI MapajelbHOi pecypcHO-opieHToBaHOi Monxeni Ci-mporpamMu Mix
KOMITOHeHTaMu 3a1aHoro pecypcy Rec;=NUs3/NM; st mogaibinoro BAKOHAHHS,

*  PO3IOJALUT JAaHUX MiX BiJIIOBIIHUMU MOTYJISIMU I1aM’SITi, 1110 MiATPUMYE MPUHHATHH Ha 3aIaHOMY
pecypci Recs po3moais onepaTopis;

* BBEICHHS B 4YacOBYy MapajellbHy pPecypCHO-OPIEHTOBaHy MOJENb OmepaTopiB oOMiHY
noBigomienusamu (send(...), recieve(...)), ski 3a0e3meuyroTh OOMIH JaHUMH MK OOUHCITIOBATBHUMHU
By3namu/mpouecopamu MPP/CLUSTER cucremn.

PosrnsiHeMo mpH3HAYEHHS Ta MATEMATUYHUI OMKWC OCHOBHHX CTAaIliB CHHTE3y, MOKa3aHWX Ha
puc. 2 [6].
Etan 1 (1. 2 puc. 2) 3abe3nedye BUPILICHHS TBOX 3aBAaHb:

a) pPO3paxyHOK JIJIsl KOXKHOT BEPIIUHU P eP Ci-rpada GO0= GO( P.U ) 3HAYEHHSI PaHTy I Binnosinmo

JIO HACTYITHUX CITiBBITHOIICHb:
0
r.= max (r+t W(pj)io,

)
I paw(p) 1) gxmo

0) po3paxyHOK s OmepaTopiB Pl €P snauenns npioputery (j, 110 BH3HAYAE BAXKIMBICTH
omepatopa Pj ctocoBHO iHIMX omnepaTopiB Pk, 3 0e3mivi P i THM caMuM 4eproBicTh HOTO PO3TISAY MPH
BUPILIICHHI 33/1a4i BUAUICHHS 00JIaIHAHHS 3 METOIO HOT0 peaizarlii.

- . R — .
CriBBigHOUIeH s, WO 3a0e3MedyioTh pO3paxyHOK mnpuBaTHHX mpioputeris D =1 omeparopis

KOHKPETHOTO anroputmy P J = {P; 0 }, MalOTh TaKUi BI/IFJ‘ISI,I['

=maxfr; r<r.

by —1;[K1uol P p5 JHKHIOI;tJ

5 5 _ 040
bj <k axmo T =0 u >t

( i i (i

) )
bj <b axmo T~ 6

_ 0 0
b <b” sucmo i =1, G =b w W[ > Wil
by <b’ im0 6 =17, 1] =t 7a W[ =W, s j<i

V uux cmisBigHomennsx f, fj, — panru oneparopis P , Pj , », 10 BU3HAYAIOTHCS] HACTYITHUM YHHOM:

I =t i sxmo Wj =9 (sxmo onepatop Pie BUXIJTHUM OTEPaTOPOM aJITOPUTMY, 110 (POPMYE OCTATOUHUI

r _max( I+t )

pe3ynbTar); sxkmo Wi #9 (sximo Pl sniitcaioe oGuucnenns MIPOMIKHOTO PE3YJIbTary,

BUKOPUCTOBYBAHOTO 1HIINM (iHITUMH) OTIEpaTOpaMH aITOPHTMY).
Etan 2 (1. 4 puc. 2) 3a6e3nedye GopmyBanns 6e3miui E% oneparopis P}’ — kanmuaaTis Ha moyaTok

BUKOHAHHA B MOMEHT t BIIIIOBIAHO 10 HAaCTYIIHUX CITI1BBIIHOIIICHDL (IHJICKC «c» B Enj B1AITIOB1J1Aa€
c

3aCTOCYBaHHIO METOJ/y CYMIIlICHHS orepallii). JIorika ¢popMyBaHHS MHOXHHH " 3a7a€ThCS TAKUMHU
CITIBBIIHOIIEHHAMH

= nj 1LJKC
Rc

ae Tnj-1 Oe3iiu orneparopis Pj, peamizariiss skux Oyna posmodara Ha Nj-1-My spyci y 3B’SI3Ky 3

BIICYTHICTIO HCOGXIHHI/IX BUIBHHUX KOMIIOHCHTIB, Knj — Oe3miy OII€paTOoOp1B, BUKOHAHHA AKUX MOXKE 6y’I‘I/I
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po3moyaTo Ha Nj-My Apyci y 38’ 13Ky 3 HAsIBHICTIO BCIX HEOOXiIHUX IS HUX JAHHMX, TOOTO 3 ypaxyBaHHIM
paHille BUKOHAHHX OMepaTopiB Ta iHpOPMALiiHO-KepyrounX 3B’ A3KiB Mix oneparopamu Fj € P _

C )

[TowarkoBi gaHi:
Crpykrypu CUC Ci—miporpammu.
OOMeKeHHS 3a CKIIATHICTIO
Q<=Qsax. TX mporiecopis.

-2

Po3paxyHOK paHriB Fj i mpiopuTeTiB bj
onepatopis Pj CUC

3 |
{ nj=0; t=0.0

dopMyBaHHSI MHOKHHH Ej
omeparopis P}’ — kaununaris Ha
TI0YATOK BUKOHAHHS B MOMEHT Yacy t

Orminka cKiIamy BUTBHUX
MozyniB Fi’ pi3HOMaHITHHX THTIIB «&»
IIPOIECOPIB B MOMEHT 4acy t

|’ 4
|' 5
6
| ®opmysanas MHOKHHA Gt (N]j)
|7 7

oneparopis P}’ i3 o4aTKOM BHKOHAHHS
B MOMEHT 4acy t

Po3paxyHok HalOJMKIOrO MOMEHTY
3BiJIbHEHHS pecypey t =t + dt
Ta HOMEPA YacCOBOTO SIPyCy
ni=ni+1

Cunres 3aBCPILICHO

BucHOBOK pe3ynbTaris:
- CEMaHTHUKO-4HCIIOBa Ta rpadivHa
crienugikaii yacoBoi mapanesbHoi
MO,
- OLIIHKM Yacy BHUPILIEHHS 3a1a4i Ta

|
C )

Puc. 2. Emanu ¢popmanvrozo cunmesy uacosux napaieibHux mMooeiel 3a0ay

npU pecypcHux UMO2ax/00MedHCeHHX.
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0 mpu nj =0,
T ES NG mpu nj > 0;

nj-1 nj-1
L}J P npu S (P;)=0 (sxmo nj=0),
K =
nj

U Pi s YMOBH BUKOHaHHS AJ1s Pj HACTYIIHUX YMOB:
J

a) P EPL;JRW(P;), akimo S(P) =Gy,

0) t; +t? <t()) s ycix P. €S(P).

1 . . P . . P .
Tyt Gyj1 — Gesniu oreparopis | j, pearisais skux Gyio posnouaro Ha apycax N =1..nj =1,

Ertan 3 (1. 5, 6, 7 puc. 2) 3a0e31e4yroTh BUPILICHHS HACTYITHUX 3a1a4 (popmyBanHs MHOKUHH Gt (N])
onepaTopis Pj’3 moyaTkoM BUKOHAHHS Ha Nj-My APYCi B MOMEHT yacy t, y TOMy YMCIIi:

* OIIIHKHU BUIBHOIO B MOMEHT 4acy t(nj) ckiany pecypcy (QyHKIIOHATBHUX MOIYJIIB Pi3HUX THITIB —

JUTSL BapiaHTa amapaTHOI peamizamii Mojaeni Ta KiIBKOCTI MPOIEcopiB — U BapiaHTa MPOTPaMHOL

peautizaii Mojeni);

E; P

njonepatopiB ' j (y MOpPSAKY 3MCHIICHHS

P

MIPIOPUTETIB) Ta MEePEBiPKU HASBHOCTI HEOOXITHOTO TSI BUKOHAHHS OIIepaTopa = j BITLHOTO Pecypcy;

* BuOOpy 3 Oe3miui omeparopiB — KaHIUAATIB

* [pW3HAYEHHs oreparopa ) Ha BiANOBiAHMIT pecype Ta po3paxyHKy MOMEHTY 3BUILHEHHS PECYPCY
TicJIsl 3aBEpIICHHS BUKOHAHHS OTlepaTopa.

4. Po3po0ka yacoBoi napaJiesibHoi MoaeJi antroputmy ['ayca Ha ocnoBi Metoay crpykryp CUC
Hns Ci-mporpamu po3B’si3aHHsI CUCTEMH JiHIHHUX PiBHAHB (puc. 3) 3a momomoror «CuHTE3aTOpa
rpagiB Ci-nporpam» i «CunTrezaTopa mapanensHux wMogenedi Ci — mporpam»  aBTOMAaTH4HO
cunte3ytoTbes ctpykrypu BFC, CFC Ta wyacoswuii ¢aitn TF [6] . Ha ocHOBI nux ¢aiiis 3a 10moMoror
nporpaMu «ABTOMaTHYHHN Bi3yalli3aTop MapajelbHUX Mojeied Ta cTpyktyp»[7] mis «Merony
ctpyktyp CUC» (puc. 1, puc. 2) Tta 3amaHoro pecypcy Recs; mporiecopiB CHUHTE3YEThCsS TpadidHa

Bi3yastizallisi mapajiesibHO1 yaconapamMeTpru30BaHol Moei (puc. 3).
o 0 1 2 2 4 5_ £

Jo[a]<[o]u]s]u[s]-]c]

=)

™
v

ule e [=[el=]=]=
S i

Qoo 0.00 1 ano <400 500 500 9.00 10,00 1200 1200

o
=1

Puc. 3. [lapanenvua uacosa mooenv po3g a3anHs cucmem JHIUHUX pieHAHb Memodom I ayca (nouamox).
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Puc. 3. [lapanenvua uaconapamempu308ana mMooenb po38 A3aHHs CUCHeM NIHIUHUX PIGHAHD

memooom I'ayca (npooosoicerns 1).
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Puc. 3. Ilapanenrvha waconapamempuzo8ana mooenb po3s sI3aHHs CUCeM JEHIIHUX PIGHAHD
memooom I'ayca (npodosowcenns 2).
[t ckopodeHHs 00cATy MaTepialy Jai moKa3aHi 3aBepilaibHi YaCTUHU CHHTE30BaHOI MapajiesibHOT

4acoBOI MOJIEII.
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Puc. 3. Ilapanenvha uaconapamempu3zo8ana Mooeib po36 s3aHHsL CUcnem
JUHIUHUX pieHsanb memodom I ayca (npodoecenns 8).
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Puc. 3. [lapanenvha uaconapamempuz08ana Mooeib po36 A3aHH CUCHEM NIHIUHUX PIGHSHD
memoodom Iayca (npodosocenns 9).
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Puc. 3.Ilapanenvna waconapamempuzosana mooenb po3g sa3anHsA CUCmeM JIHIUHUX pieHAHb memooom I ayca
(3axinuenrs).

Amnaniz crpykryp CUC Tta mapanieibHOI YacomapamMeTpu3oBaHOi Mozelni (puc. 3) mokasye, Mo
MOJIeNIb Ma€ TakKi 3HAYEHHS KiJIbKICHMX MapaMeTpiB: YHCIO omnepaTopiB — 153, KiJdbKICTh 3B’SI3KiB
omepatopiB — 338, KinpKicTh yacoBux spyciB — 91, wac T BukonanHs (y Taktax) mopiBHioe 312.00,
KiTbKicTh 0OMiHIB TIOBiTOMIIEHHSIMH (send-receive) Mix mporecopamu opiaioe 120.

5. Po3podka yacoBoi napasieanHoi Moaesi anroputmy ['ayca na ocuoBi Metony crpykryp CUC Ta
®opmansuux Iogainomis

B ocHOBY (parmenTairii 3aBmaHp i3 3aCTOCYBaHHIM (hOPMATBHHAX TOJTIHOMIB TTOKIAICHO BUKOHAHHS
Takux Jii (puc. 5).

1. Cuntes mns 3amadi cTucHeHOTO TiceBAoYacoBoro rpada/Ci-rpada.

2. ®opmyBanHs mns  ncesgodacoBoro rpaga/Ci-rpada Oesmiui  GopMadbHUX —IIOJIIHOMIB

PL(X) = {P° (X)} = pi3uux cryneHiB S; tyT X = (x1, X2, ..., Xn) — 6e3miu HopMaTbHUX 3MIHHHX,

N — KUJIBKICTh BEPUIMH Y CTUCIOMY TIceBao4acoBoMy rpadi 3amaui, S npuiimae 3Havenns S =1,2,..,n-1.

3. Penyxiiist (3 MeToro crnpoieHHs) GpopmanbHux nmosiHoMis P°(X) pisHUX CTyIEHIB S 38 paxXyHOK

BUKJIFOUEHHSI TEPMIB, IO MIiCTATh 3MiHHI CTyreHeM S < 2 .

4. ®opMmyBaHHS 3 TEPMIB PeAyKOBaHHX (HOPMAIBHUX MOJIHOMIB, MTOOYOBAHUX JJIsI KOKHOTO K-ro

SPyCy CTHCHEHOTO rceBodacoBoro rpada/Ci-rpada, MHOKHH "MOKpUTTIB" BepiuuH K - ro sipycy (1o

MicTATh BCi Bepmmuu spycy), K = 1,2, ..., sl; sl — kinbKiCTh TICEBIOYACOBHX SPYCIB y CTHCHYTOMY

TICEBIOYACOBOMY Ipadi 3aai.

5. OuiHKa CKJIAHOCTI KOXKHOTO «TIOKPHUTTS» BEPIIUH k—T0 IICeBJ0YaCOBOro sIpycCy Ta BUOip BapiaHTa

MTOKPUTTS 13 MiHIMAIILHOKO CKIIAJHICTIO.

6. «PosmmupeHHs» cHhoOpMOBAHUX IS MOTIEPE/IHIX MICEBI0YACOBUX SPYCiB (3 HOMepamu 1,2,..., k —1)

(parMeHTIB MUITXOM BKIIFOUEHHS JI0 iX CKJIay TEPMiB MOKPUTTS, 1[0 Ma€ MiHIMaIbHY CKJIaHICTb.

Pi3Hi erarmm Mopeni ¢pparmenTanii (puc. 5) BUKOHYIOTH Taki Jii [6].

Eran 1 (1. 2 puc. 4). 3mictom ertamy € nodynosa Ci-rpada Ci-nporpamu 3axadi. [lodynosa Ci-rpada
MOJKEe BHKOHYBaTHCS a00 BpyUYHY (32 3aBJIJaHHSM PO3PAaXyHKOBHX CITiBBITHOIICHB), 200 aBTOMaTHYHOMY
pekumi 3a gonoMororo nporpamu «Cunresarop rpadis Ci-mporpam» [4].

Otpumana rpagiyna crenmdikamis 3a1ae KijabKicTb omepaTtopiB Pj — Py 3amaui, ckman Tumis
orepaTopiB Ta CIOJYYSHO — 30BHIIIHI 3B’ SI3KU 3a JIAHUMHU Ta 3 YIIPaBIIHHA MIX oneparopamu Pj 3agadi.

Eran 2 (. 3 puc. 4). 3mictom erany € neperBoperns Ci-rpada 3amaui B CTUCIUH MICEBI0YACOBHIMA
rpad, 0 BUKOHYEThCS B TIPMITYIIEHHI OJHAKOBOTO (PiBHOTO YMOBHiM omuuuili) yacy t° BHKOHaHHS
onepariit/pyukuiit Pj cP pisaux tumis. Tum camum nocsraerbes po3noain Ci-—rpada Ha rmcesodacosi
«rapu» SL(k) Bepmun, K =1, 2, ..., sl.
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r 1
ITouaTrkoBi nani:
MaremMaTi4Hi CITIBBIIHOILIEHHS 3a1a4l;
Ci-nporpama 3aaui.
., L
Cuntes Ci-rpaga
Ci-mporpamu 3amadi P = {Pj}
. |
CuHTE3 CTUCHEHOTO IICEBI0YaCOBOTO
Ci-rpada 3 sipycamu SL(k), k = 1,2,...,s]

®dopmysanns s k-ro sipycy (k=1...sl)
muoxuun PL(K) hopManbHUX MOTiHOMIB

] |
Cunres BapianTis mokputtie C(K,r)
s sipyciB BepmuuH SL(k), k= 1,2,...,s]

_7 |
Pospaxynok cymaphoi cknaanocti Q(K,r) Bapianris
MOKPHTTIB BepiuuH K-To sipycy

g |
Bubip moxputtst Q(K r,)min
3 MiHIMAJIFHOIO CKJIaHICTIO, PO3IIUPEHHS TIOKPHUTTIB

9
Hi

10 |
Cunres ctpykryp CUC
pe3ynpTaTy onTUMaNbHOT (hparMeHTanii 3aaaqi

Buxigni nani:

Besniu popmanbHUX NONIHOMIB Ta
ontumanbHoOro mokpurts Ci-rpada.
Crpykrypu CUC onTrMaabHOTO BapiaHTy
¢parmenrarii 3amaqi P = {Pj}.

Tak

Puc.4. Modenv ¢ppaemenmayii 3aday i3 3acmocysannam cmpykmyp CUC ma ghopmanvrux noninomis.

Eran 3 (1. 4,5 puc. 4) 3a6e3neuye popmyBanus koxHoro mapy SL(K) riceBmodacoBoi Mozeni 3amaui
(k =1, 2,..., sl; ne sl — ximpkicTp sipyciB nceBmoyacoBoro rpada 3amgadi) Haoopy PL(K) dpopmansHux
nosinomis . J{o cknaxy PL(K) Bxoasats moiinomu P*(K), 1o mMaroTh 3HaueHHs crynens S = 1,2,...,nc— 1
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(e Ni— xinbkicTh BepmuH y K-my mapi SL(K)). YV upomy 00’ exnanns (3a S) nadopis P°(K) mae micTutH yci
sepimiam K — ro mapy SL(K): Y0, PS(k) = SL(K).

Eran 4 (1. 6 puc. 4). Jlo eramty € dopmyBanus mis k-ro sipycy SL(k) (k = 1, 2, ...,s]) maoxunau C(K,r)
«IOKPHTTIBY» - CYKYIHOCTI MiIMHOXHH Pi3HOI MOTY»HOCTI onepatopiB Pjirapy SL(K), 00’ eqnanHs siKHX
MICTHUTB («IIOKpHBaey) yci oneparopu K-ro sipycy. Lle 3aBnaHHs BUPILIYEThCS METOIOM MiZ00PY 3 TEPMiB
PEIYKOBaHHX IMOJIHOMIB K-r0O sIpyCy MiIMHOXXUH TepMiB, 00 €IHAHHS SKHX «HAKPUBA€» BCi BEPIIMHU
apycy, mo posrisiaaerses. [Ipu po3s’si3anHi 3aa4i (hparMeHTarii mei eTan OUKIYHO BUKOHYETHCS IS
KOYKHOTO 3 SIPYCiB IICEBI0YACOBOr0O Tpada 3amadi, KUTbKICTh TTOBTOPEHb LUKy BU3HAYAETHCS YUCIOM
spyciB Sl y rpadi 3agadi.

Eran 5 (1. 7, 8, 9 puc. 4). 3MicT etany CkJiajae BUPIIICHHS HACTYITHUX 3a7a4:

1. Po3paxyHok ckmagHOCTI BepmuHHU (omepatopa Pj) mpu i1 BKITIOYeHHI B OAWH 13 (OPMOBAHHX
¢parmentiB @(S), S =1,2,...,p. (ckmaaHicTh BepmMHU Pj MOPIBHIOE HYIIO, SKIIO BHKOPUCTOBYE ii
pe3ynpTaT BepiinHa P; HalIeXuTh TOMY X (pparMeHTy, iHaKIie — KiUTBKOCTI 30BHIMIHIX — IS €T
BepmnHU Pj — BepmnH iHIMX GparMeHTiB).

2. Ouinka cknagHocti Q(K, r) koxnoro r —ro «mokputts» C(K, r) Bepmun k-ro sipycy SL(K) (k =1, 2,
..., 8I). «Cxnagnicte Q(K, r) mokpurts Q(K, r)» morounoro gparmenta @(P) BU3HAYAETHCS K CyMapHa
KUTBKICTh «30BHIITHIX» 3B’SI3KiB ONepaTOpiB Pj MOKPHUTTS, 10 PO3TIISIIAETHCS (SIKi HANIEKATH TOTOYHOMY
¢dparmeHTy) 3 onepaTopaMu Pj, BKIIIOUEeHUMH paHile 10 ckiaay iHmmx ¢pparmentiB O( s),s = 1,2, ..., Ta
s <=p.

3. Bubip ontumansHoro Bapianta MOKpUTTS C(K, I)omn Bepimua K-ro spycy, mo mae MiHiMaibHY
cxmanuicte Q(K, MNowm = mMINQ(K, r) Ta BKIOYEHHS WHOTO ONMEPaTopiB 10 CKIALy ITOTOYHOIO
¢dparmenTa @(p).

4. Kopexitist ckiaay omneparopiB Pj popmoBanux ¢parmenTiB @(S), KOPEKIlis MOTOYHUX 3HAYEHD 1X
cxmaanomnti Q(S), s = /...p, Bugaya (Tpu 3aBEPILICHHI MUKy 3a KiTBKICTIO S| sIpyCiB MCEBA0YACOBOTO
rpada/Ci-rpada 3amadi) pe3yabpTaTiB CTATHYHOT PparMeHTallii.

PesynbTaTi BUKOHAHHS eTariB 1 i 2 moaeni ¢pparMenTartii 3aaad (puc. 4) — ncepmoyacosuit Ci-rpad
moze anmropurmy [ayca ( puc. 5).
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Puc. 5. Ci-epag mooeni Ci-npozpamu ancopummy I'ayca (nowamox)

[MpwuiinsaTi Ha puc. 5 no3naueHHs: K — Homep miapy Ci-rpada, N — KUTbKICTh OIIepaTopiB, M0 HAJISKATh
KOHKPETHOMY IIapy («ITOTYKHICTb»» Mapy), Xj — iM’sl 3MiHHOT (POpPMaIEHOTO MOJIIHOMA, 110 TTOCTaBIIEHA
y B3a€EMHO OJIHO3HA4HY BiMOBiHICTH orneparopy 3 HomepoM | Ci-rpada .
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Puc. 5. Ci-epag mooeni Ci-npozpamu ancopummy Iayca (npoodossicenns 4)
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Puc. 5. Ci-epagh mooeni Ci-npoepamu areopummy Iayca (npodosdicenns 5)
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Puc. 5.Ci-epagh mooeni Ci-npoepamu areopummy Iayca (npodosocenns 6)
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Puc. 5. Ci-epagh mooeni Ci-npoepamu aneopummy I'ayca (npodoedicenist 7)
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Puc. 5. Ci-epag mooeni Ci-npozpamu ancopummy Iayca (npoodossicenns 8)
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Puc. 5. Ci-epagh mooeni Ci-npoepamu aneopummy I'ayca (3axinuenus)

Otpumani mij yac Bukopucranus «Metony crpykryp CUC i ®opmanbuux [ToniHOMIBY» pe3yiabTaTi MalOTh TaKi
3HAYEHHS KUIbKICHUX IIapaMeTpiB: YHUCIIO ornepaTopiB — 153 , KUIbKICT 3B’s13KiB onepaTopiB — 338 , 4MCII0 4acOBUX
spyciB — 91, yac T Bukonanus (y Taktax) ncesaodacoBoro Ci-rpada monenmi mopisHioe 91.00, KinbKicTh OOMiHIB
JAHUMHU MK TporiecopamMu nopiBHIOe 90 Ta, OTKe, 3MCHIIICHHSI KIJIBKOCTI OOMIHIB MOBiTOMJICHHSIMHU CTaHOBHTH

25% (puc.6).

3 AID v.1.101- Testing&Verification - O] x|
File Set RUN RUNWITHERR Help

-

[ View Info panel
View connect of element  View test results [

TecTHpoEaHUS
TESTIMNG FILES: B.5.2021 184436 18:44:38

PN D NEMEHT OB CAMy_proghChR esulthD_1_adWi=1.TxT

aiin ceazeil 3 nemeHTos: CAMy_proghChResulh\D_1_a\WIVI=2 THT

TECT EOPPEKTHOCTM SPAMNOE:

MEKCHMENEHOS KOAMYESCTED 3nemerros . - 331

PASKCHMANBHOS KOAMYECTEO CBASEN : 0-515

TECT COOTEBETCTEMA YHCNA CONPAAKEHHBLE 1 BHEWWHM: CBA3ER: DK =l
TECT YMCNa CEAZER NO CONPARMEHHLIM 3NEMEHTAM: O

TECT 4MCNA CBAZER NO BHEWHMM 3NEMEHTAM: DK

TECT COOTBETCTEMA BEEIBOO0E NO CONPAMEHHBIM INEMEHTAM: OF

TECT CODTEETCTEWMA ERIE0OO0E NO EHEWHWM INEMEHTAM: 0K

TECT COOTEETCTEMA YWMCNA BEX000E 3NEMEHTA M KONMYECTEA EFD CONPAAEHHBES: OF

) 1 Ny

Puc. 6. Pesynomamu seepupixayii cknady onepamopie ma iiozo 36 ’saskie y Ci-npoepami ancopummy I ayca.

6. BucHoBku.

MOXIUBICTh ~ MPAaKTHYHOI  peamizamii B KJACTEPHUX  CHCTEMax  MapajelibHUX
YyacomapaMeTpU30BaHUX MOJETCH BHMarae BBEICHHS [0 CKIaay MOJeNei omepaTopiB OOMiHY
noBigomieHHsMu (send-receive). Po3pobiieHo nporpamy, 1o 3a0e3euye aBTOMaTHYHE «PO3LIHPEHHS
crpykryp CUC BHXiZHHX 4aCOBHX MOJIEIIEH IIITXOM BKIFOUEHHS 10 TX CKIIady orepaTtopis (send-receive)
Ta 3aMHUKaHHS iX 3B’SA3KiB 3 onepaTopaMu BUXiTHHX Mojened Ta cuHte3 cTpykryp CUC kmactepHol
Mozeii. Po3pobiieHa mporpama po3MIMPIOE MOXKIMBOCTI CTBOPEHHSI CUCTEM aBTOMATHYHOIO CHHTE3Y
mapayeIbHIX YacolmapaMeTPHU30BaHUX TIPOTPaM JUIst KJIACTEPHUX CHCTEM.
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3 PO3BHUTKOM OOUYHMCIIOBAJIBHOI TEXHIKM 1 MPOrpecoM B 001acTi MOJETIOBaHHS (i3UKO-XIMIYHUX MPOILECIB OCOOIUBOI
AKTyaJIIbHOCTI HaOyBarOTh CIOCOOM MiABUIIEHHS TOYHOCTI Ta CIPOIICHHS AITOPUTMIB 1 METOIIB pO3paxyHKy MaTeMaTHYHHUX
Mmopeneid. Jlana pobota nmpucesyeHa npodnemi Ctedana, 10 K01 3BOAATHCA 3aBAAHHS TEIUIONEPEHOCY 3 (a30BUM IEPEXOA0M
pinuHa - TBepAe TiNo i 1udy3iiHOr0 MaconepeHocy 3 (a30BUMHU NEPETBOPSHHSIMH B TBEPAOMY Tiji (po3majx TBEpANX PO3UYHHIB,
HaHECCHHS MU(Y3IiHUX MOKPUTTIB). PO3MIIAHYTO OCOOIMBOCTI YHCEIBLHOTO MOJeNMOBaHHs 3anadi Ctedana B GararodasHux
cuctemax. [IpoaHami30oBaHO MOXJIMBOCTI Ta HENOJIKM ICHYIOUMX YHCEIbHHX METOMIB BHPIMIEHHS LBOTO 3aBJAaHHS.
3anponoHOBaHO TPU HOBHX METOIM 3 BUAIICHHSAM PYXJIHMBUX MiXK(a3HUX TPaHMIlb, HA SKUX CITKOBa (YHKIIiS TEPIUTH PO3PUB
MIEPIIOTO POLY, IO iICTOTHO CIIPOIIYIOTE AITOPUTM YHCENBHOTO PillieHHs i€ 3amadi. [lopiBHAHHS 3apONIOHOBaHUX aJTOPUTMIB
MDK cO00I0 Ta 3 ICHYFOUMMH YHCENFHIMHU METOIaMH MTPOBOMIIOCS Ha MOJENbHIN 3a1a4i peakuiiHoi qudysii B TBEpAOMY Tii,
1o mpencrasisie coboro 3amauy Credana B 6araroda3HuX CHCTEMaX, 3 BAKOPHCTAHHSAM I'PaHHYHHUX 1 IOYATKOBHX YMOB, SIKi
JIOITYCKAIOTh 11 aHaMiTH4HE pimeHHs. [IpoBeneHe MOEMIOBaHHS JBOX ICHYIOUHX 1 TPHOX 3aIPOIIOHOBAHMX METOJIB ITOKA3ajo,
IO a) METOJ] PiIBHOBKHOT KOHIIEHTpALI MPU3BOIUTH A0 3HAYHUX MOMMJIOK Ha paHHIX cTajisx audysiiHoro mporecy. Aje 3
4acoM 3arajbHi BIacTHBOCTI Tu(y3ii MPUBOAATH 1O 3MEHIIEHHS [IUX MOMHJIOK. TOMy 11eif MeTOX IPOMOHYEThCS I PO3PaXyHKY
KIHIIEBOTO CTaHy JOBrOTpUBAIMX MU(Y3iHHUX HpoleciB.; 6) METOIM JiHIHHOI iHTEepHoNALii Ta rpaxieHTa, Mo 30epiraeThes,
NPaKTUYHO HE NOCTYNAIOThCS O TOYHOCTI 3arajJbHONPUIHATAM aITOPUTMaM i MOXKYTh OYTH BUKOPHUCTaHI JUIsl pillIeHHs 3a1a4
Credana B 6araTroBUMipHOI 6araroga3Hoi MOCTaHOBIII.

Kniouosi crnosa: sadaua Cmegpana, uucenvni memoou, mesica po3oiny @as, pisHuyesa cxemd, ss6He UOLLEHHS PYXOMOT 2paHuyL.
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With the development of computer technology and progress in the field of modeling physical and chemical processes, methods
of increasing the accuracy, as well as simplifying the algorithms and methods for calculating mathematical models, become
especially relevant. This work is devoted to the Stefan problem, to which the problems of heat transfer with a liquid-solid phase
transition and diffusion mass transfer with phase transformations in a solid (decomposition of solid solutions, deposition of
diffusion protective coatings) are reduced. The features of numerical modeling of the Stefan problem in multiphase systems are
considered. The possibilities and disadvantages of existing numerical methods for solving this problem are analyzed. Three new
methods are proposed with the allocate of moving interphase boundaries, on which the grid function suffers a discontinuity of
the first kind, which greatly simplify the algorithm for the numerical solution of this problem. The comparison of the proposed
algorithms with each other and with existing numerical methods has been carried out on a model problem of reaction diffusion
in a solid, which is the Stefan problem in multiphase systems by using boundary and initial conditions that allow its analytical
solution. The simulation of two existing and three proposed methods shows that a) the equilibrium concentration method leads
to significant errors in the early stages of the diffusion process. But over time, the general properties of diffusion processes lead
to a reduction of these errors. Therefore, this method is proposed to calculate the final state of long-term diffusion processes; b)
methods of linear interpolation and conserved gradient in practice are not inferior in accuracy to generally accepted methods and
can be used to solve the Stefan problems in a multidimensional multiphase setting.

Keywords: Stefan problem, numerical methods, phase boundary, difference scheme, explicit selection of a moving border.

YnpouieHue MeT0I0B YNCJIEHHOT0 MoAeanpoBanus 3axa4yu Credana ¢
SIBHBIM BblJIeJICHHEM I'PaHuL pa3aena ¢a3

Hecrepenko Hukonaii K.@h.-M.H., Qoyenm, doyenm Kagp. npocpamnozo obecneveHus uHpopmayuoHHo-
I'puropbeBuy UMEPUMENbHOU MEXHUKU
Yrpaunckuii cocyoapcmeennuiil Xumuko-mexnono2udeckul ynugepcumem, np.
Tacapuna 8, 2. [[nenp, Yxpauna, 49005

Hecrtepenko Ajekcanap 0.¢h.-m.n., npogpeccop,; npogheccop rkagedpu snepeemuxu
HNBanoBuy Yxpaunckuii 2ocyoapcmeennviii Xumuko-mexHoao2uieckull yHugepcumen, np.
Tacapuna 8, 2. Jnenp, Yxpauna, 49005

Caxno Bsiueciias K.¢p.-M.H., doyenm, doyenm xag.
HukosaeBuy Hnenposcokuili 20cy0apcmeentblil azpapHO-9KOHOMUYYECKUU YHUBEPCUmMem, yil.
Cepeest Eppemosa 25, m. /[nenp, Yrpauna, 49000

C pa3BUTHEM BBIYHCIUTENLHON TEXHUKH M IIPOTPECCOM B 00JIACTH MOICITMPOBAHUS (PH3UKO-XUMUIECKHUX TPOIIECCOB 0COOYI0
aKTyaJbHOCTh HPHOOPETAIOT CHOCOOBI MOBBIMLICHUS TOYHOCTH, a TaKXKe YNPOLICHWs AJIrOPUTMOB M METOJOB pacyera
MaTeMaTH4eckux Mojeneil. [lanHas pabora mocssieHa npobieme CredaHa, K KOTOPOH CBOAATCS 3ahayd TEIUIONEepeHoca ¢
(ha30BBIM MEPEX0JIOM JKHIKOCTB - TBepaoe Teno U 1uddy3noHHOro MacconepeHoca ¢ ha30BbIMH NMPEBPAILCHUSIMU B TBEPIOM
Tene (pacrmaj TBEp/bIX pacTBOPOB, HaHeCEHNUs AN(PY3MOHHBIX 3aIIUTHBIX MOKPBITHIT). PaccMOTpeHBI 0COOEHHOCTH YHCIICHHOTO
MozenupoBanus 3anadn Credana B MHOTO(a3HbIX cucTeMax. [IpoaHamTM3upoBaHbl BO3MOKHOCTH M HEIOCTATKH CYIIECTBYIOIIINX
YHCIIEHHBIX METO/IOB PelIeH s 3TO 3ama4dn. [IpeaokeHo TPy HOBBIX METOIA C BBIJSICHUEM MOABMKHBIX MEK(pa3HbIX TPAHHII,
Ha KOTOPBIX CeTOYHast (HYHKIHUs TEPIUT Pa3phiB IMEPBOTO POJa, KOTOPBIE CYHIECTBEHHO YIPOIIAIOT AITOPHTM YHUCIEHHOTO
peteHus 3Toi 3anaun. CpaBHEHHE MPEUIOKESHHBIX aTOPUTMOB MEXKAY COOOM H € CYIIECTBYIOIIUMHU YUCICHHBIMH METOAAMHU
MPOBOJMIOCH HA MOJENBHOM 3amaue peakMoHHOHN nuddy3nuu B TBEpAOM Telne, IpeacTaBisionel cobol 3anady Credana B
MHOTr0(a3HbIX CHCTEMaX C MCIIOJIb30BAaHUEM I'PDAaHUYHBIX U HAYaJIbHBIX YCJIOBHH, JIOMYCKAIOMINX €€ aHATUTHYECKOE pelIeHHe.
ITpoBeseHOE MOAGIUPOBAHUE IBYX CYLIECTBYIOLIMX W TPEX MPEIIOKEHHBIX METO/IOB MOKAa3aJo, YTO a) METOJ PAaBHOBECHON
KOHIICHTPAIIUH ITPUBOIUT K 3HAUYUTEIBHBIM OLIHMOKaM Ha paHHUX cTaausax auddysrnoHHoro mporecca. Ho co BpemeHeM obrie
cBoiictBa AU((Y3UOHHBIX MMPOIECCOB MPO3BOAUT K YMEHBIICHHIO 3THUX OIMHOOK. [103TOMY 3TOT METOX Mpeaaaraercs Uit
pacdera KOHEYHOTO COCTOSIHUS [UTUTEIBHBIX AU (Y3HBIX TPOIECCOB; 6) METO Il TMHEHHOW HHTEPITOJSIIUHA U COXPAHSIOIIETOCST
rpaJiMeHTa IPaKTHYeCKH He YCTYIA0T 0 TOYHOCTH OOMIEIPHHSATHIM METOaM M MOT'YT OBITh UCIIOIb30BAHBI ISl PELICHHS 33129
Creana B MHOTOMEpHOH MHOTO(]A3HOH TOCTaHOBKE.

Kniouesvie crosa: 3aoaua Cmegpana, uuciennvie memoowl, epanuya paszoera ¢as, pasHoCmuas cxemd, A6Hoe BbloeneHue
NOOBUINCHOU 2PAHUYbI.

1.Betyn

CydacHu#i ctaH 00YHMCITIOBAILHOI TEXHIKH 1 BIOCKOHAJICHHS METOIB O0YHUCIIIOBAIbHOI MaTeMaTHKN
BiJIKPUBAE HOBI MOXKIIMBOCTI BUKOPHCTaHHS Pi3HMX MaTeMaTUYHHX MoOjeliell mporeciB i cuctem. Jlo
nepeBar MOJENIOBaHHS MOXHA BiTHECTH MPOCTOTY 3MiHHU IMapaMeTpiB MPOIECiB, M0 MPOTIKAITh, Ta
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BIJICYTHICTh CKJIAJHUX YMOB €KCIIEPUMCHTA 1 MaTepiaIbHUX BHTPAT Ha yHIKaJbHE EKCIICpUMEHTATbHE
oOnaiHaHHS 1 MaTepiay.

[TepcrieKTHBHUM HAIIPSIMKOM B MOJEJIOBaHHI MOYKHA BBaYKaTW MaTeMaTH4HI MOJENi, 0 0a3yroTbes
Ha OOYTOBaHUX BIANOBIMHUX (PI3MYHMX MeXaHI3Max IMPOIIECiB, IO MPOTIKalTh. SIcHO, mo Oynb-siKka
¢i3ngHa MOJENb ICTOTHO BiAPI3HAETHCS BiJl PeaTbHOI CUCTEMH 1 € ii MeskuM cupomieHHsM. Tomy, Ha
nepuIoMy erari modynIoBu MaTeMaTHYHOT MOAEN1 HEOOXiHO 3 yCi€i CyKyIMHOCTI POLECiB 1 3B'I3KiB, 110
ICHYIOTh B JlaHii peanbHiil cucTeMi, BUIUIATH Ti, AKi BU3HAYAIOTH 1i MOAAJBITY €BOIIOIIIO 1 KiHIIEBHHA
cras. Jlami, 3amucaTu cucteMy piBHSHB, IO OMUCYIOTH BHIJICHI MPOIECH 1 3B'SI3KH, 1 BHOPaTH METOAN
JOCIHIDKEHHS] OTPUMAaHOi MOJIETTi.

JocnmipkeHHsT mpane3gaTHOCTI B arpeCHMBHUX —CEPEIOBUINAX SKAPOMIIHHX KOHCTPYKLIHHHX
MaTrepiariB 3 HaHECEHUMH PI3HUMH 3aXHUCHHUMH TOKPUTTSIMH - ONTHMAILHUN 00'€KT MaTeMaTHIHOTO
MoJenmoBaHHsl. Jlopore ycTaTKyBaHHS, TPUBAJIICTh €KCIICPUMEHTIB 1 eKCTpeMallbHi YMOBH 1X TPOBEACHHS
MiAKPECIIOIOTH OCHOBHI IIepeBaru MaTeMaTHYHOTO MOJIEITIOBAHHS.

3 ToukH 30py (PI3UIHOTO MOAETIOBAHHS B JIAHIIOKKY IIPOIIECIB, IO MPOTIKAIOTh B CUCTEMI '"MeTan
OCHOBH - EIIEMEHT HAaCHYEHHA", JMITYIOUNM (HAaNMOBIIBHIMINM) MpollecoM € audy3is eleMeHTa
HACHYCHHS B METaJl OCHOBH 1y BCiX IIapax iHTEpMETALTIIHUX (a3 CUCTEMH "MeTal OCHOBH - €JIEMEHT
Hacu4eHHs'", mo yTrBopuiucs. [Ipudomy, B 3aralbHOMY BHTIAAKY, B Pe3ybTarTi peakniiHoi audysii Bci
HasBHI MiK(a3HI TpaHHI PyXarThcs. PyxnmBicTh MiX(a3HWX TPaHUIp MPU3BOAHWTH IO E€BOIIOLIi
o0macTi pillieHHs 3a/1a4i, 1110 BeZe A0 3HAYHUX MaTeMaTUYHHUX TPYAHOIIIB 1 BKIIFOYAE IIeH Kiiac 3a7a4 B
PO3IiT MaTeMaTHYHO1 (Pi3UKH, SIKUi Ha3uBaeThes - "mpodiaema Credana'.

2. llocTanaBka 3agaui

Posrisinemo ogHOBUMIpHY MozenbHy 3amady Credana ans Bumaaky audy3idHOro HacHUYCHHS
MAaTpHIli METaTy OCHOBH A eJeMEHTOM HacudeHHs B 3 ypaxyBaHHIM: a) MOSIBH B CKJai nudy3idHOTO
MOKpUTTS BCiX (abo nexinpkox) miapiB (a3 OiHapHOi miarpamu ctaHy cucteMud A-B, 0) eBomomii
Mik(]a3HUX rpaHMLb B MPOLECi HACHYCHHSI.

[MpuHnHIIOBa cXeMa pO3MOIiTY KOHIEHTpAIlil eleMeHTY HacuueHHst B y MaTpuii MeTany ocHOBH A
(mns Tpudaznoi cuctemu Q = 3) npuBenena Ha puc 2.1.

C
cf
O j}
c3
uﬁ
1
C3
i
I 1 I X

Puc. 2.1. Po3nodin konyenmpayii 0n1s mpughasnoi cucmemu

Judysiiiai npouecu B KOXHIN 3 (a3 ONUCYIOTHCS PiBHIHHAMU:
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6Cq ach . . .
7=Dq ol g=1,2,..,Q; I"q_lSXSI"q, (2.1)
I,=0; I, = l.

He C, - KOHIEHTpALlis eJeMEHTa HACHYEHHS B ( (asi;

q - HOMep a3, (BIATIK MOYMHAETHCS B ToBepxHi X =0 );

D, - xoediuient qudysii enemeHty HacuueHHs B  (asi;

I', w I, -xoopaunary ( i (q — 1) MiX(a3HUX TPaHHILlb, BIIIOBITHO;

KoxHOMYy KOHKpETHOMY CIIoco0y IuQy3iiHHOr0 HACHUEHHS BiIOBIAal0Th KOHKPETHI KpaiioBi yMOBH
(moYaTKOBMIA PO3MOMALT €lIEMEHTa HACHUYCHHS B METali OCHOBHM, YMOBH B3a€MOJIii Ha 30BHIIIHIX
TPaHUIIAX, TEOMETPIS 3pa3ka), siKi B 3arajJbHOMY BHTIIA/II 3aTUIIYTHCS:

C(x,0)=p(x). (2.2)
C.(r,)=f(t). (2.3)
Co(Iy)=2(t). (2.4)

Ha pyxomux mixkdazHux rparunsax ( ¢asu, BIAMOBIIHO 10 Jgiarpamu ctaHy OiHapHOi cucteMu A-B,

HiATPUMYIOTHCS PIBHOBaKHI KOHLIEHTpAaLii Cg‘l i Cf;*l, TOOTO BUKOHYIOTECS] TPAaHUYHI YMOBH:

Cy(r,t)=C a=23..., Q. (2.5)

Cy(r,.t)=C"; q=12,., Q-1 (2.6)

Bce mudysiiini mporecu B O6aratoda3Hoi cucTeMi B3a€MOIOB'A3aHI, TaK SIK HAa KOXHIN pyxowmiit
rpaHulli, mo po3ainsge q i q+1 ¢a3u, Mmae BUKOHYBaTHCS yMOBa OallaHCy MacH:

oc oc,, . or,
-D,~* =_D““_a:<1 +(c31_cg+1)#, (2.7)

I,

4 I

q

AmnanitTruHe pimeHHs 3ama4i (2.1) - (2.7) MmoxxHa oTpuMartH [ 1] TUTBKY TIpH ifjealli3oBaHNX YMOBaX: a)
HaIiBHECKIHYEHHOT Mudy3iitHOT 30HM; 0) CTANOCTI IPaHUYHUX KOHIEHTpalliil i koedimieHTiB nudys3ii
BcepenuHi (a3; B) MUTTEBOI'O BCTAHOBJICHHS HA MOBEPXHI HACUYCHHS CTAJIOTO 3HAYCHHS KOHIICHTpAIi
€JIEMEHTY HACHUYCHHS; T) MPOCTOTO MOYATKOBOTO PO3MO/IiTY KOHIEHTpalil Tuny C ( X ,O) =C, =const .

Ha npakTuiii 1ii igeanizoBaHi yMOBU HIKOJIM HE BUKOHYIOThCS. BiamoBa x xo4a O BiJ| OJHOTO 3 IMX
00MeXeHbh YHEMOXKIIMBIIIOE OTPUMAaHHS aHAJNITHYHOrO pimreHHs 3amadi (2.1) - (2.7). bimem moBHe
ypaxyBaHHSI peaJbHUX KPaOBUX YMOB AM(Y3iHHOTO EKCIEPUMEHTY CTa€ MOXIIMBHUM JIMIIE MUIIXOM
BUKOPHUCTaHHS YHCEIbHUX METOIIB.

UwncenbHi MeTOIM AJs BUpieHHs 3a1a4i CredaHa 3 BiIbHOIO (HEBiIOMOIO) Mexkero [2] moB'sa3aHo 3
BUKOPHCTAHHSM JIBOX KilaciB MeToxiB. /Jlo mepmrioro kiacy BiHOCSTH METOAM 3 BHUAUICHHSM TPaHUII
po3niny ¢a3 (variable domain methods). Jlo nmpyroro kiacy BigHOCATH [3] MeTOIM HACKPI3ZHOTO
po3paxyHKy 0e3 BuIiIeHHs rpaHuii po3aity ¢a3 (fixed domain methods).

KoskeH 3 nux MeToniB Mae cBOi HEOJIKY i mepeBaru. Tomy, B 3aJI€KHOCTI Bii BUMOT JO0 TOYHOCTI 1
MPOCTOTH PillieHb, HAOYHOCTI X MOJaHHS, MOKHA BUKOPUCTOBYBATH Ti UM 1HII METOIH. SKIIO B 3a1a4i
HeMa€e HeOOX1IHOCTI TOYHO BU3HAYATH MOJIOKEHHS MK(A3HOI I'paHMIll i KIHETHKY i pyXy, TO METOH
HACKpI3HOTO PO3paxyHKy HaayTb MOMJIUBICTb CHPOCTUTH alITOPUTM PO3PaxyHKy i OTpHMAaTH
NPUAHATHUH pe3ynbTar (3a3BU4ail LEeH Ki1ac METO/IB 3aCTOCOBYETHCS MIPH PO3PaXyHKY TEIUIO(i3UIHUX
3aja4 31 3MiHOIO arperaTHoro CTaHy PEUOBHHU: MPOMeEp3aHHs, KprcTalisallis, miasinenns) . OnHak, B
pasi peakuiiiHOi audy3ii, «po3MazaHay MO AESIKOMY IMPOCTOPOBOMY HABKOJIOTPAHIYHOMY iHTEpBaILy
ciTkoBa (YHKLiS, Ka HA TpaHMLI po3aiTy (a3 Mae Po3pHUB MEPUIOro poAy (Ha KOXKHIM pyxomuid

Mik(]a3Hil rpaHuLi iCHY€e cTpHOOK PiBHOBaXKHOT KOHIeHTpauii qudysanra A4 C = C;"'l - Cgﬂ , puc.2.1),

HC OO03BOJIAI€E TOYHO BHU3HAYHNTHU ITOJIOKCHHA Mi)K(l)a?.HI/IX I'paHUlb. TOMy HEMOXKIIMBO BUKOPUCTOBYBATHU
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MO1i0HI METOTIU SIK IHCTPYMEHT JOCIIKCHHSI KIHETUKY TU(y31HHUX IPOLIECiB 1 ()a30BHX MEPETBOPCHD B
TaKUX CHCTEMaXx.

BukopucTanHs METOIIB MaTeMaTUYHOTO MOJICIIOBAHHS ISl AOCIiIKEHHSI BOJIOLIi OaraTrodasHux
mudy3iHIX CHCTeM BUMarae 3HaHHS KiIHETHKH pyXy MK(a3HUX TPaHUIb, 3MIHU TOBITUHY (a3, TOSBH
HOBHX (pa3 i pO3UMHEHHS ICHYIOUNX, TOOTO 3HAHHS TOYHOTO TMOJIOKEHHS MIX(pa3HUX TPAHHIb B KOXKEH
MOMEHT 4acy.

Lr™M BuUMOTaM 33/10BOJIGHSIOTH JIMIIIE METOIU 3 SIBHUM BHUIIJICHHSIM TpaHUIl po3alTy das.

Icaye nymka, mo Meroaw 3 BHAUICHHSAM TpaHWIl po3ainy (a3 BiAPI3HAIOTBCA CKIAJHUMHA
ANTOPUTMAaMH 1 BUMAararoTh BEIMKHX OOYHMCIIOBaNbHMX BHUTpar. OIHAK cydacHi MepCcOHabHI
KOMITIOTEPH HaBIiTh CEPEJHBOTO KJacy MPaKTUYHO YCyBalOTh MpoOIeMy OOUYMCIIIOBAIBHUX BHUTpAT.
CxutagHOIII K alrOPUTMY MOYKHA PO3OUTH Ha JBa THIIH:

a) CKIamHICTh BificTeXeHHs (GopMu TpaHuLi po3niny Qa3 (e CTOCYeEThCS NBOX- 1 TPHUBUMIPHUX
3a1a4);

0) ckiaaHICTP BHU3HAYEHHS TPAaHUYHOI YMOBH KpaioBOi 3amadi BcepedmHi OKpeMoi ¢a3u uepes
PYXJIUBOCTI Mi>K(ha3HUX TPAHHULI.

3 TOYKH 30py BUCYHYTHX BUMOT PO3IJISTHEMO METOJH, SIKi HAHOUIBII YacTO BUKOPHCTOBYIOThCA, [0
HUX BIIHOCSITBCS: METOIW JIOBY TPaHHUINl y BY30JI CITKH, METOAM NWHAMIYHOI CITKH (BHIIPSMIICHHS
¢ poHTY), METOT TOPIOHEHOTO KPOKY IO Yacy, METO.T JOTIOMIXKHO CITKH.

Metoa OBy TpaHHMIi y BY30Jd CiTKM [4] He Mae HISKHX TMEpepaxOBaHUX CKIQJHOLIB 1 dyxe
€KOHOMIYHHI, ajie BUMAarae 3MIHHHUX 3a YacOM KpOKIB, M0 POOUTh HOr0 HENPHUIATHUM JO
OaraToBuMipHUX 1 OaraToa3HHAX 3a7ad, TaK SK HEMOXJIMBO «3JIOBHTH» B BY3JIH CITKH BCi MexXi ¢a3
OJTHOYACHO.

MeTton nuHaMivHOI CiTkM [S] B pasi Oararoda3Hux 3ajau BUMarae BBEACHHS aJalTalliliHOT CITKH 3
HE3MIHHUM YHCJIOM BY3JiB B MeXaX OJHi€i (ha3u 1 MOoAabIIoi iHTepIIONALii CiTKOBOi QyHKIIi B HOBI
peryIspHi By3nH piBHOMIpHOI CiTku. lle TpW3BOAWTH 1O ANTOPUTMIYHUX CKIAIHOMIB 1 3HAYHUM
00YHCITIOBaJIbHUM BUTPATaM.

Merton o ipiGHEHOTO KPOKY TI0 Yacy Mae Taki Heqodiku. Yepes noapiOHeHuid KPOK 10 Yacy, BBEICHHS
SKOTO TIOTPIOHO TPU KOXKHOMY TMEPETHHI PYXOMOIO T'PAaHHIICIO PETYISIPHOTO BY3Ja, YCKJIAIHIOETHCS
anropuT™ [6] 0OYMCICHHS TPAaHUYHOI YMOBH Ha HOBOMY YaCOBOMY IIIapi, a TAKOXK BTPAYa€THCS TOUHICTD
PO3paxyHKy CITKOBOI (YHKIIIT uepe3 pi3Hi BEIMYMHM KPOKiB O YaCy, sIKi BAKOPHCTOBYIOTHCS B OKOJHIII
pyxoMoi TpaHUWIl 1 BHYTpimHIX By3mB ¢(asu. lle npu3BOAWTH 0 NPUHIUIOBUX TPYIHOIIIB B
0araToBHMIipHOI TOCTAHOBIII 3a/1a4i.

KomGiHais MeTo/1iB ToApiOHEHOT0 KPOKY TI0 Yacy i AMHAMIYHOI CiTKHU, HaBeieHa B [ 7], BiIpi3HIEThCS
CKJIQTHAM aJITOPUTMOM pealtizaiii po3paxyHKiB.

Merton monoMixHOI CiTKH [8], BUpillye TiepepaxoBaHi TPYAHOIII, alleé BBEACHHS JOMOMIDKHOI CITKH
JUI TOYHOTO BU3HAYCHHS 'PAaHMYHOI YMOBH Ha pyXoMil Mik]a3Hili TpaHHIli Beje 0 aITOPHTMIYHOI
CKJIQJIHOCTI METOTY.

PosrnssHeMo MOXIMBICTH pimieHHs TocTaBieHoi 3amavi (2.1) - (2.7) 3 BUKOPUCTaHHAM OLUTBII
€KOHOMIYHOI CXEMH.

3. Cnpomenns anropurma pimenns 3aga4i Credana.

OCHOBHI TPYAHOIII YHCETHHUX METOMIB JUIis BupimeHHS 3anadyi CredaHa 3 SBHUM BUIUICHHSM
rpaHMIli po3ainy a3 Ha QikcoBaHii piBHOMIPHOI CITI TONSTaE B TOMY, IO MPH MEPETUHI MiXK(Pa3HOIO
IPAHMICIO PETY/SIPHOTO By3ia Ip'CITKH B HBOMY HE BH3HAY€HA CITKOBA (YHKIIS, SIK Ha HOBOMY

C, (ip', n+ l) , TaK i Ha crapomy C, (ip', n) qacoBomy rmapi (puc.3.1.).
Bci nepepaxoBani Bullle METOIU 3 SBHUM BHIUICHHSIM TpaHMLi po3Aidy ¢a3 IaroTb MOXIUBICTH
3aMMcaTy rPaHuvHy yMOBY (2.7) mo6IM3y pyxoMoi rpaHuIli Ha HOBOMY (n + 1) 4acoBOMY IIapi 3 Pi3HUM

CTYIIEHEM TOYHOCTI 1 PiI3HOK MOXKITUBICTIO aJianTallii 10 0araTOBUMIpHUX BHUIIAJKIB

VY naHiii poOOTI 3ampoONOHOBAHO TPH CHPOIINEHUX CIOCOOM BHUPILICHHS Ii€l MPOOJIEeMH, IO
JIO3BOJISIIOTH OTpUMaTH pimenHs 3ana4i Credana B 6araToBumipHoi 6ararodasHoi MOCTaHOBIII 1, sIK OyJIe
MOKAa3aHO HW)KYE, 3 JIOCTATHIM CTYIIEHEM TOYHOCTI.
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i+ I—4

ip—2 ip—1

Puc.3.1 [osisa nosozo pezynapnoeo gysna cimxu 'y gasi

3.1. MeToa piBHOBa:KHOI KOHIIEHTPALii.

Ha mpoTs13i 0mHOTO KPOKY 110 Yacy BiOyBaeThCS HE3HAYHA 3MiHA BEJIMYWHN KOHIIEHTpAIlii B By3/1ax
CITKH, TO, B pa3i IEPETUHY I'PAaHUIICIO By3JIa POCTOPOBOI CITKH, MOXKHA BBAYKATH 3HAYCHHSI KOHIICHTPAIIIi
y BY3Ii, IO 3'IBUBCS, PIBHIUM PiBHOBKHII KOHIIEHTpaIlii Ha Wil Mibk¢asHii rpanumi (puc. 3.1):

c™i(ip )=C" (3.1)

Omxe, 3HAUYEHHs KOHIIEHTpaIii y By3ii ip’ Ha HOBOMY (n + 1) YacOBOMY ILapi BUSBISAETHCS
BiJTOMHM, i MH OTPHUMY€EMO TPAaHUYHY YMOBY IIEPIIIOTO POAY Ha Iii Mixk(asHil rpaHulli. MeTo IporoHoK
JTO3BOJISIE 3HANTH B JaHii (asi BCi iHIII 3HaYSHHS KOHIIEHTPAIliH Y By3JIaX PeryisipHOi CiTKH Ha HOBOMY
yacoBoMy mmapi. [IpocToTa TrpaHMYHUX YMOB CIIPOIIYE AalTOPUTMH PO3PaxXyHKIB 1 JIO3BOJISE
BUKOPHCTOBYBATH IIe¥ METOJ ijisl OaratoasHUX O0araTOBUMIpHUX 33Ja4.

Moro mezomnikoM € Toif hakT, MO MPH PO3PAXyHKY MOJTOKEHHs IPaHHI po3dimy (a3 Ha HOBOMY
(n + l) 4YacOBOMY IIapi IpajlieHT KOHIICHTpaIlii Ha pyXoMiil rpaHuIli B Tiii (asi, ne 3'IBUBCS HOBHUI

pETYJSpHUIA TPOCTOPOBUI BY30J1 BUSIBIISIETHCSI PIBHUM HYJIIO 1 TpaHuIld Oyzie Ha N+ 2 YacoBOMY Iapi
3MIIIyBaTHCS B 3BOPOTHY CTOPOHY ( 3BOPOTHUIA pyX). Ha HacTymHHX Kpokax MO Yacy NMpaBUIIBHUNA PyX
TpaHMIll BiIHOBIIOEThCS. Taka moMuiIKa OyJie CHCTEMaTHYHO CIIOCTEPIraThcs MPH KOKHOMY TMEpeTHHI
TpaHMIel0 po3lity (a3 MpOCTOPOBOrO By3Na PETYJSPHOI CITKH, IO MPHU3BOJHUTH JI0 HAKOIMUYEHHS
MTOMMITKYA OOYHCIICHHSI TIPY BU3HAYEHHI ITOJIOKEHHS TPaHUII po3aiy ¢as.

3.2. MeTon rpaaienTa, 1o 30epiraerbcs
s 3MeHIIeHHs] TOMWJIOK TIPY BH3HAYEHHI MOJIOKEHHS MiK(]a3HOT rpaHHIli MpUAMEMO 3HAYCHHS
KOHIICHTpAIIi y By3qi ip’ 10 3'IBUBCS, TaKHM, 1100 TpaJi€HT KOHIIEHTpalil Ha MiK(a3Hild rpaHuUIl
(n + l) -T0 YacOBOTO Iapy JOPIBHIOBaB OM TpajlieHTy KOHIEHTpAIlil Ha il TPaHUIll N -TO YaCOBOTO
miapy. Lle mpuBOANTE 10 HACTYITHOTO CIiBBIIHOIICHHS:
q+1 n+lyz s g+1 nges
G =C™(ip )_Cq —C"(ip)
I',(n+1)-ip I',(n)—ip

EneMenTapHi mepeTBOPEHHsI J03BOJSIIOTh PO3paxyBaTH 3HAYCHHS KOHIIEHTpalii y Bysmi ip’ Ha

(3.2)

HOBOMY (n + 1) 4acOBOMY IlIapi:
r,(n+1)-ip

3.3
T.(n)—ip ¢3

Cn+l(ip‘ )=C3+l+[cn(ip)_cg+1].
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SIKI0 BpaxyBaTH, IO MPOTATOM OJHOTO KPOKY 110 4Yacy TPaHUIl He MOBHHHA TIEPETHHATH OijbIie
r,(n+1)-ip
onnoro npocrtoposoro Bysna: (I,(n+1)<ZI(n)+1), To, BOYEBU b, MHONKHHK ﬁ
n)—ip
q

3aBxu Oyne MeHie 1.
TakuM 4MHOM, OTPUMAEMO 3HAYEHHS KOHIIEHTpaIlii y By3i ip’ Ha HOBOMY 4acOBOMY Miapi, TOOTO

MPUXOUMO O TPAaHWYHOI YMOBH MEPHIOr0o poay Ha mii MibkdasHiil rpanumi. lanuit meronm, Ak i
nomepeiHid, He BUMAarae MOAPIOHEHHs MPOCTOPOBHMX 1 YACOBHX KPOKIB 1 TOMY TakoX MOXe OyTH
BUKOpPUCTaHU 115 OaraToa3Hux 6araTOBUMIpHUX 3afad.

3.3 MeTon JiHiiiHOT iHTepmOJIsILii.

Tax sik Ha MPOTSI31 OJJTHOT'O KPOKY I10 Yacy 3MIIICHHS TPAHULII PO3LTY (Da3 He MOBUHHO MEPEBUIIYBATH
BEJIMYHMHY MPOCTOPOBOTO KPOKY CITKH, TO TPAHUYHY YMOBY METOJIy TPOTOHKH MOKHA OTPHUMATH, SKIIO
3alicaTH PiBHSIHHS JTiHIHOT IHTEPIOJIALIT 3HAYSHHS KOHIICHTpAIIii y By30J1 ip’, 1110 3'SIBUBCS HA HOBOMY

(n + 1) 4acOBOMY IIapi.
I, (n+1)-ip
r,(n+1)-ip

3HavyeHHs] KOHLEHTpPALii Ha rpaHuLi Cg”l BinoMme 1 piBHsAHHSA (3.11) Oyzne noB's3yBaTy KOHUEHTpALii

C™(ip )=Cg* +[C™(ip)-Ci* |- (3.4)

B PEryJSIpHHX By3jax IP , Ip Ha HOBOMY 4acOBOMY Iiapi, TOOTO Oy/ae rPaHUYHOI0 YMOBOK METOLY
nporoHkd. [licis HeCKTagHUX MEPETBOPEHB, MMPUXOJUMO JI0 BUPa3y:

. cat . (n+1)-ip
Cc™(ip )=q—_+cn+1(ip).q(+—)_p
r,(n+1)-ip r,(n+1)-ip

Le#t meTon mo30aBiIeHMI 3BOPOTHOTO PyXy TPAHHMIN po3aiy a3 Ha N+ 2 4acoBOMY IIapi i, TaK sK
HiSIKUX TO/IPIOHEHHS MPOCTOPOBOIO 200 YaCOBOT'O KPOKY HE MOTPiOHO, MOXKEe OyTH BUKOPUCTAHHUN IS
OaraToda3Hux 6araToBUMipHHX 3a/1a4.

Heo0ximHo Biq3HAYMTH, 110 JiHiiHA IHTEPIIOAIA 3HAYCHHS KOHIIEHTPAII1 y By30J ip’ 3aBxau Oyie
JlaBaTH HEBEJIMKE 3aBUILNCHHS 3HAYCHHS KOHIICHTpAIll B MOPIBHSIHHI 3 aHANITHYHUM pimeHHsM. Lle
TOB'SI3aHO 3 TUM, [0 PEATBHUHN PO3IOIiJ KOHIIEHTPAIlil € YBIrHYTOI (PYHKITIE€I0 KOOPAMHAT, 1 Oyab-sKa
JiHIHA IHTEPIIONALIS B CEPEeIUHY Bijpi3Ka 3aBXK/IU Ja€ TPOXHU 3aBUIIICHE 3HAYCHHS.

[Tomunka, MoB'A3aHa 3 TAaKOK TMOBEMIHKOK (QYHKIT PO3MONUTY KOHIIEHTpAllli, BUHUKAE 1 MpH
00YHCIIeHH] TPaJi€HTIB KOHIGHTpAIii HAa PYXOMHUX TrpaHUIsx posnaury ¢as. Lli cucremMHi mOMMIKH
oOYMCIIeHHS TPAJIi€HTIB HOCSATh TaKWW XapakTep, IO MPU3BOASTH IO 301IbIIEHHS MIBHAKOCTI PYXY
rpanuni (puc. 3.2).

C(x,2) \
bl
N
: ,
) Xyt
-‘_-: aq+1
I M
I
!
0 ip " Iy ip'+1 p'+2 X

Puc.3.2 Homunxu anpoxcumayii epadienmy ygieHymoi QyHKyii
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Hapuc. 3.2 a,, a,,, - Ue aHaNiTU4HI 3HAYCHHS KYTiB HAXWIy JOTHYHUX Ha MDK(a3Hil rpaHulli B

Toukax X=1" ,1 X=1I"

. . r . o . -
w0 » BUIOBIIHO. A @, @,,, - 3HAYEHHS KYTiB HAXWJy BI/IPI3KiB Ha MiK(asHii
TPaHUIll, IKi BUKOPHCTOBYIOTHCS B TIPOIIECI PI3HUIIEBOI ampoKCHMAIlil rpai€HTiB. SICHO, IO 3aBXKOH

. . . .. .
OynyTb BUKOHYBATHCS HEPIBHOCTL: &, > &, 1 &4, <&, . TOOTO B pe3ysbTaTi pi3HULEBO] alpOKCUMAILi

noTik mudy3adra 10 Mikda3Hoi rpaHui Oyje 3aBxau Oiblle ICTHHHOTO. 3 Ti€l K MPUYMHU TOTIK
mudysaHTa BiJ Mixk(a3Hol rpaHuii Oy/e 3aBKI1 MEHILIE ICTUHHOTO.

3romomM, KoM peabHIH PO3MOILT KOHIIEHTpaIlil Judy3anTa HaOIMKaeThCS A0 JTIHINHOTO, TOMUAIIKH
00YMCIIeHHS TPali€HTIB 3MEHIIYIOTHCS, a MIBUAKICTH PyXy TPaHUIll PO3aiTy (a3, Oyae HaOImKaTHCS 10
AHATITUYHOTO 3HAYCHHSIM.

OcTaHHE 3ayBaKeHHS CTOCY€ETHCS BCiX 0€3 BUHATKY YHCENIBHUX METOIB pimeHHs 3anadi Credana 3
SBHAM BHIUICHHSIM TpaHuimi po3airy ¢a3. ToMmy MigBUIIEHHS TOYHOCTI BH3HAYEHHS TPAJi€HTIB
KOHIEHTpalii Ha Mik¢asHii rpaHumi (3 ypaxyBaHHSIM 3pOOJIEHHX 3ayBakKeHb) BHMAara€ OKPEMOTO
pO3TIIsaY

4. IlopiBHAHHS TOYHOCTI 3aNIPONOHOBAHMUX CIPOIIEHUX METOIIB
AmnanitinuHi pimenHs [1] moka3yrooTs, 0 MpH MOCTiIHHIN KOHIEHTpalii Audy3anta Ha 30BHIIIHIH
MOBEpPXHI MeTally OCHOBM TpaHHUIS pO3AUTy ¢a3 pyxalwoTecs Mo TapaboiivHOMy 3aKoHY (

r=2p Jt, S =const - mapameTp, 0 BU3HAYAE MTOJIOKEHHSI PyXOMOI TPaHHUII) i IIBUAKICTh PYXY

3MEHIIY€ThCsI 00EPHEHO MPOIIOPIiIHO \/t_ .

B sixocTi TecToBoro mpukiIagy po3risaanacs AudysiifHa 3amada Ipo HACHYSHHS HalliBHECKIHUEHHOT
MaTpHIli A IesSKUM elleMeHToM B 3 yTBopeHH:sIM 1BOX (ha3, TOOTO 3 OJHIEI0 PYXOMOIO I'paHuIIei0. BuxinHi
JIaHl 3a1ay4l MaJy TaKl 3HAYEHHS:

C)=30; C}=20; C,=10; C;=0;. C(x,0)=0;
D,=23; D,=0,992.

Take ¢opmymroBanns 3anadi Credana monyckae aHadiTHUHE PIMICHHS. 3TiHO aHATITUYHOMY [1]
pimenHo 3a7aui (2.1) - (2.7) MoXHa OTpUMaTH NIapaMeTp, SIKWi BU3HAYAE TTOJIOKEHHS PyXOMOI TpaHuLi
(B mpomy mpukinazi popisaioe B = 0.61477). lns Toro, mjo6 mpu 4HUCENT-HUX PO3paxyHKaX YHUKHYTH
MaTeMaTHYHHUX CKJIaJHOLIB B moyarkoBuii t=0 MOMEHT uacy, B SKOCTI MOYaTKOBOT'O MOMEHTY
BHOMpAIM MOMEHT t =25, 115t SIKOTO 32 aHATITHYHUMH (popMyJIaMH PO3paxyBajH IOJOKEHHS TPaHHII
po3niny a3 1 po3no/it KoHIeHTpallii B ¢a3ax. BUKOpHCTOBYIOUH 11i pO3paxyHKH SIK TIOYaTKOBY YMOBY,
OyJ10 TIPOBE/ICHO YHCEeIbHE MOJICITIOBAaHHs. Pe3ybTaT MO/IeItOBaHHS HaBeleHi B Ta0u. 4.1.

Tabnuys 4.1 3anexcuicms nonoscenns misicgpaznoi epanuyi 6io uacy

o | A | Jorosis oo | i | P, | e e
27 6,38888 6,41759 6,41759 6,41759 6,41759 6,41759
29 6,62128 6,65574 6,65574 6,65574 6,65574 6,65574
31 6,84579 6,88542 6,88542 6,88542 6,88542 6,88542
35 7,27406 7,32465 7,32469 7,33931 6,76828 7,35341
39 7,67847 7,73577 7,73579 7,74369 6,86492 7,75132
45 8,24801 8,32348 8,32351 8,34180 7,41147 8,35957
53 8,95119 9,03088 9,03091 9,04196 8,03941 9,05272
65 9,91287 10,00612 10,00613 10,01485 9,24215 10,02338
81 11,06586 11,17781 11,17782 11,19121 9,90947 11,19824
105 12,59904 12,71959 12,71960 12,73183 11,52313 12,73947
137 14,39140 14,52808 14,52809 14,53759 13,12185 14,54092
183 16,63291 16,78034 16,78035 16,78779 15,34942 16,79105
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247 19,32374 19,48416 19,48417 19,49012 18,39198 19,49290
337 22,57135 22,74002 22,74003 22,74491 21,88442 22,74717
463 26,45655 26,63360 26,63360 26,63757 25,94208 26,63947
639 31,08086 31,26671 31,26671 31,26959 30,69900 31,27118
885 36,57752 36,76691 36,76691 36,76979 36,30402 36,77112
1229 43,10410 | 43,30026 43,30027 43,30240 42,91206 43,30379
1711 50,85898 51,05921 51,05922 51,06067 50,73288 51,06178
2387 60,07155 60,27497 60,27497 60,27628 60,00147 60,27748

BoueBunap, 1m0 BCi HaBelEHI METOAM AAIOTh OJIM3bKI PE3yNbTaTH, SKi MaJlo BiIPi3HSAIOTHCS Bij
AQHATITUYHOTO pimieHHs. J{ys Onbm geTanpHOTO aHamizy B Ta0n.4. 2 HaBeneH] MOMUIKH Al KOXKHOTO 3
METO/IB:

Ar=r o=y
ne  I", - po3paxyHKOBE IOJNOKEHHA MDK(DA3HOT TpaHuL;

I’, -- aHaniTMYHE NONOXKEHHS MIK(Da3HOI TPaHHUIII.

Tabnruys 4.2 3anexchicmo ROMUIKU ROJLOICEHHS MidcghasHol epanuyi 610 yacy

. [onpiouenutt | Jliniiina PiBHOBa)xHa I'paxienT, mo
Yac I!OHOMDKH? KpOK 110 9acy | IHTepIoysmis | KOHIEHTpalis | 30epiraerbcs
cirka (AT) | (AT (AT®) (AT*) (AT®)
27 0,02872 0,02872 0,02872 0,02872 0,02872
29 0,03446 0,03446 0,03446 0,03446 0,03446
31 0,03963 0,03963 0,03963 0,03963 0,03963
35 0,05060 0,05064 0,06525 -0,50578 0,07935
39 0,05729 0,05731 0,06522 -0,81355 0,07284
45 0,07547 0,07551 0,09380 -0,83654 0,11156
53 0,07970 0,07972 0,09078 -0,91178 0,10154
65 0,09325 0,09327 0,10198 -0,67072 0,11052
81 0,11195 0,11196 0,12535 -1,15639 0,13238
105 0,12055 0,12056 0,13280 -1,07590 0,14043
137 0,13669 0,13670 0,14619 -1,26955 0,14952
183 0,14743 0,14744 0,15488 -1,28349 0,15814
247 0,16043 0,16043 0,16638 -0,93176 0,16916
337 0,16867 0,16867 0,17355 -0,68694 0,17582
463 0,17705 0,17705 0,18103 -0,51446 0,18293
639 0,18584 0,18584 0,18872 -0,38187 0,19032
885 0,18939 0,18939 0,19227 -0,27350 0,19360
1229 0,19616 0,19616 0,19830 -0,19204 0,19969
1711 0,20023 0,20023 0,20169 -0,12611 0,20280
2387 0,20341 0,20341 0,20473 -0,07008 0,20593

Ha puc.4.1(a) noOGynoBani rpagiku 3aJIe)KHOCTI TOMMJIKH BU3HAUYEHHS [TOJIOXKEHHS Mi>K(azHOi
TpaHuIl Bij 9acy (JUIst BCIX METO/IB, 110 OYJH pO3TIsHYTI), a Ha puc.4.1(0) mpuBeneHi i x rpadiku y
30iIbIIEHOMY MaciTall JJIs AeTaii3allil po30i>KHOCTEH METOIIB Ha MOYATKOBOMY eTalli Audy3iiHOro
HAaCHYEHHS MaTPHULI.
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a) B)

Puc.4.1 3aneaxcnicmo 6i0 uacy nomunox pisHux memoois YuceibHux po3paxynKie

Bci metomm, kpiM MeTOnqy pPIBHOBa)KHOI KOHIIEHTpAIlii, AEMOHCTPYIOTHh (puc.4.l) mepeBHIIeHHS
PO3paxOBaHOTO 3HAYEHHS TIIOJIOKEHHS TpaHUIl po3niny a3 Haj aHATTHYHMM 3HadeHHsAM. Ha
MOYaTKOBOMY eTami JIuQy3iHHOrO0 HACHYEHHS, KOJHM YBICHYTICTh (YHKIII peasbHOTr0 pPO3MOILTY
KOHIIGHTpAIliii 3HA4Ha, MBHIKICTh PYyXy MDK(A3HOI TpaHMI BEJIMKA, MPOCTOPOBI BY3JIH CITKH
MIEPETUHAIOTECS II€I0 MEXKEI0 YacTo, METOJA DPIBHOBAXHOI KOHIIGHTpAIi Ja€ 3aHIKEHEe 3HAYCHHS
MOJIO’KEHHS Mixk(ha3HOI TpaHMIli, IO Y3TOKYETHCS 3 HABEICHIMH BUIIE MipKYBaHHIMHU.

Pemrra MetoniB aeMoOHCTPYIOTH (puc.4.1) MPakTUYHO OJHAKOBY MOBEIIHKY MOMWJIKM BHU3HAUCHHS
MIOJIO’KEHHS TPaHMIIi, 0 BKa3ye Ha 3arajbHU MeXaHi3M Ii BUHUKHEHHS, HE TIOB'S3aHHN 31 CIIOCOOOM
oOYMCIIeHHs] TPAaHWYHOI YMOBHM Ha PYyXOMill TpaHHIll TPU TEPEeTHHI HEI MPOCTOPOBOTO BY3Ja CITKH.
[loBeniHKa IIUX MOMHJIOK 3 4acOM, MOBHICTIO Y3TOJKYEThCS 13 3ayBaKCHHsAMHU 110 puc. 3.2 . MoxkHa
NPUMYCTHTH, IO BCi i BIIXWJICHHS BUKJIMKAHI CHCTEMAaTHYHUMH IMOMUJIKAMH OOYMCIICHHS TPalli€HTIB
KOHILIEHTPALi{ Ha PyXOMHUX KOPJOHAX.

S. BucHOBKH

1. IIpu 9ncenpbHOMY MOJIEIIOBaHHI JOBIOTPHBAIOTO MPOIECy AU(Y3iHHOTO HACHYCHHS Ta BEJIUKUX
po3mipax nudy3iiHOI 30HM TOJOKEHHS MiK(a3HUX TpaHUIP BU3HAYAETHCS SKICTIO MOJIEITIOBAHHSI
TUQY3IHHIX TPOLECIB y MATPHUIl Ta YCYHEHHSM CHUCTEMATHYHHUX IMOMHJIOK MAaTeMaTHYHOI MOJEi.
Meroau BU3HaYE€HHS IPaHMYHUX YMOB YHCEITLHOTO MOJICIOBAHHS HA PYXOMHUX MK (a3HUX IpaHHUIIX 32
[IMX YMOB MEHIIIE BILIMBAIOTh HA BU3HAYECHHS OIS KOHIIEHTPALIH Ta IMOJ0KEHHS IIX TPAHUIIb.

2. Meton piBHOB2)XHOI KOHIIEHTpallii, OCOONMBO CIOYATKy JUQY3iHHOrO HacHYeHHS (KOJIH
HIBUJKOCTI PyXy Mik(}a3HUX TpaHUIb BEJHKi), MPU3BOAUTH J0 3HAYHUX IMOMWJIOK y BU3HAYCHHI
HOJIOKEHHST MDK(a3HUX TPaHUIlb, ajle 3 4acOM IIi NMOMHMJIKM 3MEHIIYIOTBCS 1 CATAIOTh NPHHHITHUX
3HayeHb (/70,3%) nns momentiB yacy t = 1000 aGo Oinbine. ToMy 1eil mpocTuii MeTOJ MOXHA
BUKOPHCTOBYBATH NPY BUBYCHHI KIHIIEBUX CTaHIB JOBFOTPUBAINX TUQPY3IHHUX MPOIIECIB.

3. MeToau niHIHHOL iHTEPIONSMIT 1 TpamieHTa, MO 30epiracThcs, MPAKTHYHO HE MOCTYIAOTHCS I10
TOYHOCT] 3arajJbHONPUIHATIM alTopuTMaM (MTOMWJIKA MPH TIOPIBHAHHI 3 aHAJITHYHUM PO3PaxyHKOM
ckiamae /70,3%) i MOXyTh OyTH BUKOpHMCTaHi Juis pinieHHs 3amgad Credana B OaraTOBUMIpHIi

OaraTodasHiit MOCTaHOBII.
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