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Ha HACTYITHHH DIK.

3 cepmus 2015 p. 32 HamMM 30ipHUKOM MIiATBEPKEHO HOrO TpaAMLiAHY Ha3BY
Bicank XapkiBchkoro HamioHampHOTO yHiBepcuTery imeHi B. H. Kapazima cepis
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Structural model of the non-formal education system

D. A. Bulavin, E. V. Goncharenko, S. I. Shmatkov
V. N. Karazin Kharkov National University, Ukraine

The basic principles of creation of non-formal education systems are reviewed. Its
structural model is proposed and grounded on the basis of the conducted analysis.
Decomposition of the system structural model into the interconnected particular ones
has been carried out. The basic interrelations between them are defined using the
method of structural analysis. The conducted researches have allowed to allocate the
purposes and problems of functioning for each structural element of the considered
structure model.

Key words: non-formal education system, information-communication technologies, structural
model, decomposition.

PaccMOTpeHBl  OCHOBHBIE TNPHHIOUIBI MOCTPOCHUSI CHUCTEMBI  He(OPMaIbHOTO
obpazoBaHus. Ha ocHOBe NHpOBEJEHHOTo aHamM3a MpeUloXKeHa W 00OCHOBaHa ee
CHCTEMHas CTPyKTypHast Mozenb. [IpoBeneHa AeKOMIIO3ULHS CTPYKTYPHOH MOAENH Ha
B3aMMOCBSI3aHHbIE YacTHbIE Mozend. C TOMOLIBI0 METOJa CTPYKTYPHOTO aHaln3a
OIpeJIe/ICHbl OCHOBHBIC B3aUMOCBSI3U Mexay HUMU. IIpoBeneHHbIe ucclel0BaHUS
MO3BOJIMJIM BBIAGNUTH LENH W 33afaud (YHKIMOHMPOBAHHS KaXKJIOTO CTPYKTYPHOTO
3JIEMEHTa pacCMaTpUBaeMOi CTPYKTYPHOH MOJENH.

Kniouesvte cnosa: cucmema HeopMaibHO20 00pA3068aHus, NOOCUCMEMA, UHPOPMAYUOHHO-

KOMMYHUKAYUOHHbLE MEXHONI02UU, CMPYKMYPHAs ,‘1006,"1b, 0€KOMi’l03u14u}l.

PosrnsHyTO OCHOBHI IPUHIUIH TOOYAOBH cUCTeMH HedopMaabHOI ocBiTH. Ha ocHOBI
MPOBEICHOTO AaHANi3y 3alpOIOHOBAHO 1 OOIPYHTOBAHO ii CHCTEMHa CTPYKTypHa
Mojenb. [IpoBeneHa 1eKOMIO3HIIisE CTPYKTYPHOT MOJICINI Ha B3a€MOIIOB'I3aHi PUBATHI
Mozeni. 3a JIONOMOTOI0 METOJy CTPYKTYpHOTO aHalli3y BH3HA4YeHI OCHOBHI
B3a€MO3B'I3KM MK HUMH. [IpOBEICHI MOCTIMIKCHHS MO3BOJIUIM BHIUIATH I Ta
3a1a4i (QyHKI[IOHYBaHHS KOXKHOTO CTPYKTYPHOTO €JIEMEHTY PO3IIISTHYTOI CTPYKTYpHOL
Mozeri.

Knwuosi cnosa: cucmema negopmanvnoi ocgimu, niocucmema, iH@opmayitino-KomMyHiKayiini
MEeXHON02il, CMPYKMYPHA MOOelb, 0eKOMNO3UYsL.

1. Introduction

Currently, the society has entered a new phase of its development — the phase of
global informatization.

Informatization is the process of society life-sustaining activity conversion based
on continuous intensive use of reliable, comprehensive and timely knowledge in all
key types of human activity, requiring creation of a system consisting of means for
saving, storing, processing and transmitting information. [1]. Consequently, the
information in this case is the most important public resource playing a leading role in
education, economy and other fields.

Informatization of education must constitute an important part of the process of
society informatization. Introduction of modern information technologies into the
educational system will enhance the efficiency of the system and will ensure its full
cycle of functionality. ldeas for creation and promotion of modern educational
technologies, that are formed on the basis of the universal computerization and
informatization of the educational system are determined by the following global
trends [2]:

© Bulavin D. A., Goncharenko E. V., Shmatkov S. I., 2016



6 Cepis (MaT.mogentoBaHHs. IHhopmaLliiHi TexHonorii. ABTOMAaTIU30BaHi cucTeEMM ynpaBniHHs, By, 3

e development of the worldwide production infrastructure;

e informatization and automatization of all sectors;

e global changes in the occupational structure of society and in people’s views
regarding labor;

e informational integration of education into the world system.

Thus, the prospects of modern education are largely linked to the improvement of
information and communication technologies, and to the creation of innovative
teaching methods that are based on their implementation into one form of education —
the non-formal education.

The aim of this research is the analysis of the basic principles of construction of the
non-formal education system; justification of its structural system model,
decomposition of system model into certain model subsystems and definition of
processes that should be performed by each structural element.

2. Non-formal education system

The bill "About Amendments to Some Laws of Ukraine" dated 12.02.2015, has
defined the traditional form of education and its two kinds: “non-formal” and
“informal” (self-education) [4]. As a rule, formal education is organized in the
classical form, with the use of information technologies to conduct classes
traditionally as well as remotely. Non-formal education is independent of other
educational programs and qualifications, i.e. it is an alternative or an addition to
formal education, and should continue throughout trainee’s career path.

Analyzing trends in the development of the information society, we shall note that
non-formal education system can be characterized by the following key features:

1. Functioning in strong correlation with global information technologies
development.

2. Tracking the opportunities and needs of each trainee due to his/her education
individualization.

3. Focusing on results that will ensure high level of practical skills.

4. Creating of continuous education trends i.e. advanced training throughout
one’s life.

One more of the key features of non-formal education is its focus on practical
applications. This pragmatic orientation of non-formal education and the opportunity
to study remotely tends to attract adults rather than students of undergraduate age.

In this situation, education becomes individual-oriented, flexible and, most
importantly, continuous. Educational activities of non-formal education are [3]:

e short-term group lessons;

e individual lessons with concentration on practical objectives;

e training courses.

Such educational activities are organized and conducted beyond the formal system
of education using distant learning. The efficiency of this system, therefore, depends
on the use of advanced information technologies.

The global objective for introduction of universal informatization into education is
to improve its quality and ensure compliance with new requirements of the post-
industrial society. Undoubtedly, such aim is multi-factorial and includes a plurality of
sub-goals [5]:
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e retraining learners for their effective employment within the information
society;

e verification of quality of the education provided,;

e expansion of the boundaries and the degree of access to education;

e informational integration of the non-formal education system into the world
infrastructure.

In order to understand how informatization affects the entire system of non-formal
education, it is necessary to develop its structural model and carry out decomposition
of the model system into certain model subsystems and units.

3. Structural model of the non-formal education system and its decomposition.

A modern non-formal educational system, that is based on new information and
communication technologies may include the following main interrelated subsystems:
economic, pedagogical, technological, organizational, theoretical and methodological
(Figure 1.) [1].

Non-tormal education
system

Theoretical anc
methodological

Organizational

Fig.1. Structural model of the non-formal education system

Let’s consider the subsystems included in the system of non-formal education, and
formulate the main tasks solved by each subsystem.

The development of pedagogical subsystem can be divided into three generations.
The first one is characterized by disciplinary-oriented approach where informational
technologies of education are considered as a complete learning process based on the
traditional content, forms and methods of teaching. It is supported by classical
textbooks, problem-books and teaching editions. In this model, computer is used to
represent acquired knowledge and to increase the control of its assimilation. An
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important and distinctive feature of the traditional education system is its educational
and disciplinary structure.

Thus, the first generation of information technologies proved to be unstable due to
existing contradictions between the demands of traditional educational system and
unused capacity of information systems.

The transitional approach belongs to the second generation. Here, educational
information technologies are represented as contradictory educational compositions
based on the traditional content, which, nevertheless, uses unsystematic combination
of classic and advanced teaching forms and methods. It is supported by traditional
textbooks, problem-books and teaching editions, as well as modern computer
programs and educational environment, mainly oriented toward the comprehensive
study of processes in the real world models. Second generation of the informational
education technology is unstable since, according to its foundation, it is made for
disciplinary-oriented system, but according to its add-on, it leans towards
interdisciplinary object-oriented educational system. The presence of such educational
technologies, however, shows that there is a natural "sprouting" of new object-oriented
educational models.

The third generation includes a project-oriented approach. Here educational
technology is regarded as a single educational process based on interdisciplinary non-
traditional content, forms, methods, and tools of education. Information technologies
of the third generation, according to its foundation and add-on, are designed for a
project-oriented educational system, in the process of which it is important to not only
control the amount of knowledge acquired but, above all, to insure the active use of
such technologies creatively and within the educational process.

Information systems in this educational model are the most important composite
elements, making it possible to not only form a person’s figurative representations of
reality around him, but also to participate actively in the creation of such systems.

The structural model of the pedagogical subsystem can have the following
appearance (Figure 2). It is a set of blocks, which interacting with each other provide
the non-formal education process for trainees.

The main elements of the pedagogical subsystem model of the non-formal
education are the following blocks:

e "Subject and content of the course”- defines a set of knowledge and skills that
can be mastered by the trainee;

e "Design and development of training courses'- provides tools for the
implementation of all kinds of courses and monitoring the results of their design;

e "Delivery and presentation of courses™ — uses the platform of distant learning
and the computer network for communication;

e "Organization of educational process" — establishes and maintains the relations
between all subjects involved in the educational process.
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Coovielg> (Skils > (Comprtenc

Subject and Content of
education

Means of
Reserves
Control

Links
teacher-student

Organization of ' Projecting and design
educational process of educational courses

Supply and
representation of courses

Fig.2. Pedagogical subsystem of non-formal education

At the moment, there are many distant learning platforms and database
management systems (DBMS), which can be used in such subsystem. Each of these
information technologies has its own advantages and disadvantages, so it is the
paramount to solve the problem of the rational choice of appropriate information
technologies.

The economic subsystem within the non-formal system of education provides the
following functions: social and financial management, foreign economic relations,
material and marketing services.

Thus, the economic subsystem architecture consists of eight blocks, which
implement all of the functions described below (Figure 3).

The function of social and financial management is represented by units -
"Financing of personnel”, "Reward scheme provision" and "Payment system control".
Automation of these functions can be implemented with the help of modern
information technologies, namely by using an electronic billing system and an on-line
banking system.

Provisioning of foreign economic functions is performed by the unit "Provision of
foreign economic relations.” With the help of this function the system interacts with
universities and companies that specialize in the presented areas of training, as well as
with coachers providing their services around the world.

The third function — material and marketing services — is aimed at ensuring the
continued support of facilities, quality of services, and promotion of the system. This
function is implemented in the form of 4 units: "Development of material and
technical base", "Technical Means Control”, " Service Quality Management” and
"Marketing means".
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Development of

Services Quality . .
Q Y material and technical

Technical facilities

Control ! management
base
: . ; Provision of foreign
Marketing means Economical - > :
economic relations

Nith Higher
Educational
Institutions

: Reward scheme Payment system
provision control

@ Financing of

personnel

Fig. 3. Economic subsystem of non-formal education

Efficient work of this subsystem ensures the growth of the financial component of
the whole system; so, it is necessary very thoroughly select the information
technologies to be used for its implementation.

Organizational subsystem provides interconnection of all subsystems into a unified
informational network, while using electronic documents management, databases and
other computer technologies. During the research, this subsystem model was
decomposed into blocks and tasks, which are displayed in Figure 4.

Local

Admimstration of
gn\-‘ummcnt

cducational environment

Educational plan

authorities

Control bodies

Knowledge control
Reward scheme Organization of data
management storage

system

Data on

Fig. 4. Organizational subsystem of non-formal education

‘ . ™,
Evaluation
system
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Organizational subsystem is linked to the economic subsystem by "Reward scheme
management” block, and to the pedagogical subsystem by “Educational Plan”,
"Knowledge control system”, and "Organization and of data storage" ones.
Additionally, it has the separate direction — "Control bodies" — that provides
automated exchange and approval of documentation for the provision of educational
services.

The existence of non-formal education system is not possible without the presence
of a methodological base, containing a well-written procedure of a variety of
functions.

Offered here is a structural model of theoretical and methodological subsystem,
based on several directions, that are shown using blocks (Figure 5.):

e "Databases of knowledge and materials™ — is used by educational subsystem;

e "Methods of Data Representation™ — is responsible for interaction with distant
learning platforms for convenience of the trainees;

e "Methods of knowledge evaluation and control" and "Knowledge testing" —
are used in the pedagogical subsystem using the tools of the technological subsystem;

e "Methods of knowledge accumulation" — provides methodological principles
for organization of the training courses, implemented in the distant learning platform;

e "Methods and criteria for the selection of teachers” - implements the principles
of appointment of course supervisers.

Methods and criteria for Databases of knowledge f\-’l.clhods of data

the selection of teachers and materials representation

Methods of knowledge Theorctical and Methods of knowledge
et methodological evaluation and control
[t (1

Knowledge testing

Fig. 5. Theoretical and methodological subsystem of non-formal education

The role of technological subsystem in the modernization of education lies in
constant use of new informational technologies. At the same time, the development of
the technological subsystem of education is accompanied by radical changes in all
other subsystems: pedagogical, organizational and economic. It also significantly
affects the theoretical and methodological foundations of the educational system. In
other words, the development of technological subsystem results in the establishment
of a radically new educational system that can ensure the delivery of educational
services to millions of people, while reducing the educational unit cost.
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The principal difference between non-formal education system and the formal one
is complete dependence of the former on the technological subsystem. While the
technological subsystem is barely implemented within the classical education, which
is mainly based on "face-to-face" learning and printed materials, within non-formal
education, it is the key basis for all the other subsystems. It organizes the work of all
information technologies being used on all levels.

Thus, the development and application of information technology allows for the
creation of a fundamentally new educational system.

The structural model of the technological subsystem, shown in Figure 6, represents
blocks that provide the functionality for all subsystems of the non-formal part of
education system.

Main elements of the technological subsystem of the non-formal education are the
following:

e "Educational platform™ —responsible for functionality of the distant learning
platforms operating within educational subsystem;

e "Data storage area" — support of DBMS used in pedagogical, theoretical and
methodological subsystems;

e "Ensuring of quality delivery channel” — computer network with a constant
flow routing control;

e "Methods of communication (teacher-student)" — support of the on-line
interaction between all subjects;

e "Knowledge control system" — interaction between theoretical and
methodological, pedagogical and organizational subsystems in order to assess the
quality of training;

e "Area of search and exchange of data and resources" — using of cloud
technologies for storage, sharing and search of information;

e "Billing system" — technical implementation of the billing function — a key
function in the economic subsystem.

Billing system Educational platform Data storage area

Area of search and
exchange of data and Technological
resources

Ensuring of quality
delivery channel

) . Methods of
Knowledge control communication

(evaluation) system (teacher-student)

Fig. 6. Technological subsystem of non-formal education
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4 Conclusions

Proposed in this article is the justified structural system model of the non-formal
education system, based on analysis of such system principles. Using the basic
principle of system analysis, we completed the decomposition of the system model
into particular model subsystems. This allowed us to formulate the basic functional
tasks for each structural element of the system. We also have shown that the
technological subsystem is one of the key subsystems and, thus improving its
efficiency will improve the functioning of the entire system.

Further research will focus on formalization of the model for the non-formal
education system.
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DBpPUCTUYECKUNA BHIYUCITUTEILHBIN METOT 0OHAPYKECHHS
OKOJIOHYJIEBOT'O BHIMMOTO JIBI)KCHUS OOHEKTOB
Ha cepuu CCD-kanpoB

A. b. Bp}OXOBeuKHﬁl, B. E. CaBaHeBI/I‘-IZ, C. B. Xnamos®
lXapbKO@CKOe npedcmaeumeﬂbcmeo CEHEPAIbHO20 3aKA34UKa FOC)/@CIPCW!@@HHOZO
KOCMUYeCcKo2o azernmcemea prallel
ZYmczopodcmw? HAYUOHANbHYBIL YHUGEepcUumem, YKpauna
3 XapbKo6cKuil HAYUOHANbHBLI YHUSEDCUMEM UMeHU PAOUOIIeKMPOHUKY, YKpauHa

B cratee pa3paboTaH 3BPUCTHYCCKHH BBIYUCIMTENBHBIA METOA OOHApYKECHHSI
OKOJIOHYJIEBOTO BHIMMOTO JBIDKeHHS oOBbekTa Ha cepun CCD-kampoB. Meton
HCIIOJB3YET PelIaloline MpaBiia 00HAPYKEHUsI OKOJIOHYIEBOTO BUAUMOTO JBHKEHHUS
HCCIIelyeMOro 00BbeKTa, KOTOpble B CBOIO OYepeAb YYUTHIBAIOT OCHOBHBIE
ocobeHHOCTH Tporiecca (OPMHUPOBAHMS M3MEPEHHUN BUAUMOTO OliecKa W MOJO0KEHUS
uccnenyemoro obbekra Ha cepun CCD-kxagpoB. C momombio pa3pabOTaHHOTO
3BPUCTHYECCKOTO BBIYMCIUTENFHOTO MeTOoAa Oblia oOHapykeHa komera C/2012 S1
(ISON) — nonromepuoanveckass OKOJOCOJHEYHAss KOMETa, KOTOpas Ha MOMEHT
OTKPBITHUSI BJISITACH OOBEKTOM C OKOJIOHYJICBBIM BUANMBIM JBIKCHHEM.

Kniouesvte cnosa: cepus CCD-kadpos, 36pucmuueckuti Memoo OOHAPYICeHUs. OKOJIOHYIE8020
8uUOUMO020 08udceHus obvexkma, MHK-oyenka napamempos, acmepoudwsi, xomema ISON,
t-kpumepuii Cmoiooenma, f-kpumepuii Quuiepa.

Y  crarti  po3po0JE€HO  EBPUCTHYHMI  OOYMCIIOBAIBHUI  METOZ  BHSIBICHHS
OJMU3BKOHYIBOBOTO BUIUMOTO pyxy oO'ekta Ha cepii CCD-kampiB. Meton
BHUKOPUCTOBY€E BHUPIIIAIBHI NPAaBUJIa BUSBICHHS OJN3bKOHYJIBOBOTO BHAUMOTO PYyXY
JOCHTIKyBaHOTO 00'€KTa, SIKI B CBOIO 4YEpry BpPaxOBYIOTh OCHOBHI OCOOJMBOCTI
nporecy  (OpMyBaHHS  BHMIpIOBaHb  BHIMUMOTO  ONHCKY Ta  IOJOXEHHS
nocmimpkyBaHoro o0'ekra Ha cepii CCD-kanpiB. 3a momomoror po3po0ieHoro
€BPUCTHYHOTO OOYHCIIOBATLHOTO MeToAy Oyna BusiBieHa komera C/2012 S1
(ISON) — nopromepiogiyHa HABKOJOCOHIYHA KOMETa, SIKa HA MOMEHT BiIKpUTTS OyJia
00'€KTOM 3 OJIM3bKOHYIFOBUM BHJIMMUM PYXOM.

Knwouosi cnosa: cepis CCD-kaopis, eepucmuunuii mMemoo Gus6leHHs OAU3bKOHYIbOBO2O
suoumozo pyxy ob'exkma, MHK-oyinka napamempis, acmepoiou, xomema ISON, t-kpumepiti
Cmoiooenma, f~kpumepii Qiwepa.

In the paper, the authors discuss their own heuristic computational method for
detection of near-zero apparent motion of objects on the series of CCD-frames. To
detect such motion of the object, the method needs some special measurements of
object magnitude and position to be done over the series of the CCD-frames. Then, the
overriding rules are used, which take into account the main features of formation of
these measurements. With the help of proposed heuristic computational method, the
comet C/2012 S1 (ISON) was discovered. This comet is the long-period circumsolar
one, and at the time when it was discovered, it represented an object with near-zero
apparent motion.

Key words: CCD-measurements, near-zero apparent motion, OLS parameter estimation,
asteroids, ISON comet, Student’s t-test, F-test.

1. Benenne

IIpoGnemarnka acTepoWIHO-KOMETHOM omacHocTH [l] sBisercs 3HAYMMBIM
HalpaBJICHUEM HCITOJIb30BAaHUSA COBpPEMCHHBIX BBIYUCINTECIIbHBIX METOA0B B
aCTPOMETPHUH, 0OCOOCHHO B 00pa0OTKE Pe3yIbTaTOB aCTEPOHIHBIX 0030pOB.

© Bproxoseukuit A. b., CaBanesuy B. E., Xnamos C. B., 2016
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O6pexte1 Comaednoit cuctemsl (CCO), Kak MpaBUIIO, HIMEIOT HEHYJIEBYIO CKOPOCTh
BUJMMOTO JIBWKEHUS, a 00BEKTHI, He MpuHauIexkamme CoMHEUHOW cucTeMe (3BE3.IbL,
raJakTHKH), UMEIOT HYJIEBYI0 CKOPOCTh BHIMMOro JIBIKeHHs. OmHako OoJbInoe
KOJIMYECTBO TMOTEHIIMAIHHO OMACHBIX OOBEKTOB [2] MOTYT SIBIATHCA acTepOUIAMH U
KOMETaMH C OKOJIOHYJIEBBIM BHIUMBIM JIBHIKCHHEM.

AKTyaJbHBIM SIBJSIETCS. pa3pabOTKa HSBPHCTUYECKOTO METoNa OOHapyKeHHs
OKOJIOHYJICBOTO BHAWMOTO JBW)XCHHA HCCIeAyeMblx o0bekToB Ha cepun CCD-
KaJIpoB. DTOT METO/]I TOJKEH OBITh OCHOBAaH Ha PEIAIOIINX MPaBIIaX OOHApPYKEHUS,
KOTOpbIE HCMONB3YIOT KPUTEPUH COTJIACHS AJISl MPOBEPKH 3HAYUMOCTH CKOPOCTHU
BUJIUMOTO JBMKCHUS.

2. lleab padoThl

Llenpio cTaThu sBISIETCS pa3padOTKa SBPUCTHUYECKOTO METOAa OOHApPYKEHHS
OKOJIOHYJIEBOTO BHIMMOTO IBWXEHHsS 00BekToB Ha cepuun CCD-kampoB. Meton
JIOJDKEH MCTIONB30BATh PELIAOIIIE TPaBuiia OOHAPYKEHHUsSI OKOJIOHYJIEBOTO BUJUMOTO
ABWKCHUA HUCCIICAYyEMOTO O6’beKTa, KOTOPBIC B CBOIO O4YEPCAb YYHMTHLIBAIOT OCHOBHBIC
ocoberHoctn Tporiecca (opmupoBanus cepun CCD-kagpoB u  wm3MepeHHit
MOJIOKEHUS UCCIEAYeMOro 0ObEKTa Ha HUX.

3. ITocTaHoBKa 3a1a4Hn
Cuuraercs, 4TO MpenBapUTEILHO B IIPOIlecce BHYTPUKAIPOBOM 00padoTkm [3] mist

Bcex Ny KanpoB uccieayeMoll cepuu (110 OJHOMY Ha KaXKIOM Kajipe) BBIABJIEHO

n3o0paxenue o0bekTa. Ha ocHOBe MaHHBIX M300paXKeHUH HcclieayeMoro o0beKkTa Ha
Bcex N KaapoB cHOPMHPOBAHBI M3MEPEHHs, COCTABIAIOLIME ceprio Qgor [4], ©

KoopanHaTtamu B cucteme koopauHat (CK) omHOTO M3 KampoB cepuH, HA3BaHHOTO
0a30BBIM.
B coorBercTBUM € 3amaHHBIM KoaudecTBOM N ¢, KaJIpoB HCCIELyeMOH cepuu

omnpeneneHo KonudecTBO Npyeq H3MEPEHHH MOJ0KEHHs HMCCIETyeMOro OObeKTa Ha
cepun  KaapoB KaK Npyeg =2N¢ (HonokeHue oOBEKTa 3aj1aercs JIByMs

KOoOpAMHATAaMH X H Y ).

CdopmupoBaHHbIe U3MEPEHUS BCEX O0OBEKTOB, KOTOpble MpUCYTCTBYIOT Ha CCD-
KaJipe, TPU BBITOJHEHUH psila YCIOBUH [5], MCHONB3yOTCA A (HOPMHUPOBAHWS
BHyTpeHHero katasnora (BK) o0bekTOB, HEMOABIMKHBIX Ha CEPUU KaapoB (0OBEKTOB €
HYJIEBBIM BUIUMBIM JIBIDKEHUEM) [6].

Heobxomumo otoOpath cpenn o0bekToB BK Takme oOBEKTHI, KOTOPBIE UMEIOT
OKOJIOHYJICBOE BHJIMMOE JBIKeHUe. JlaHHble 00BeKkTHI Morim Tmonacth B BK
00BEKTOB, HETIOABIKHBIX HA CEPUH KaJpOB, UMES] BUIUMOE JIBIKEHHE, COM3MEPUMOE
C OmIMOKaMH U3MEPEHHSI.

4. AHau3 JuTepaTyphbl
W3BeCTHBI BBIYHCIUTENLHBIE METOABI OOHAPYKEHHUS IBIKYIIUXCS OOBEKTOB Ha
cepuu CCD-kanpos [4, 7, 8]. OHM OCHOBaHbI Ha IPOBEPKE rUnoTe3 o HynaesoM (Hg) u

HCHYJICBOM ( Hl) BUJUMOM JIBMIKCHUHN HUCCICAYEMOI'O 00BEKTA.
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[lepBas rpynma MeTonoB OOHApy>KECHHUS BUAUMOIO IBH)KEHHUSI OOBEKTOB OCHOBaHA
Ha HCIIOJIb30BaHUH KPUTEPHS MaKCUMAaJIbHOTO MpaBrononodus [9] unm kakoro-mubo
apyroro kputepus OaiiecoBckodd Tpymmel [10, 11]. MeToasl paccmarpuBaeMoit
IPYNIbl MOTYT pabOTaTh Kak INPH HEW3BECTHBIX 3HaueHMSIX Xy (0y), Yy (Oy)

HUCTUHHOT'O ITOJIOKEHHSA HCCICAYEMOTIO 00beKTa HA BpEMs T, HNPHUBA3KU H3MepeHHﬁ,

TaK U IIpU HEU3BCCTHBIX 3HAYCHUAX JUCIICPCUU G% y G?, OIICHOK 3TOT'O ITOJIOKCHHA Ha

Kajpax. s 3TOro MCHOJB3YIOTCS MOJICTAHOBOYHBIE PEIIAIONIME MPAaBUIA MPOBEPKU
runotes [12, 13], Ha3pIBaeMbIC 4acTO MPABIIIAMU OOHAPYKEHUI-U3MepeHus [ 14].

Bropast rpymnma BBUWCIHTENBHBIX METOJOB OOHApYXKEHHS OKOJIOHYJIEBOTO
BUAMMOTO JIBW)KCHUs] OOBEKTa B pEIIAOIIUX IPaBWIaX HCIOIb3YeT KpUTEPHUU
corjiacus AJis MPOBEPKH 3HAYMMOCTH CKOPOCTH BHIMMOTO JBMKEHMS Kak Iapamerpa
perpeccuonHor mozpenu [15, 16]. DTo TOKOOpAWHATHBIE pEIIAIONINE IIPABHIIA
MPOBEPKU CTATUCTHUYECKOW 3HAYMMOCTH (PaKTOpa CKOPOCTH BUAMMOTO JBIDKEHUS
00BEKTa BAOJIb KOKIOH KOOPAMHATHI C UCMONb30BaHueM t-kpurepueB Ctoroaenta. U
JIBYXKOOPAMHATHOE PEMIAIoNIee MPaBHIO IPOBEPKHA CTATUCTHUYECKOW 3HAYUMOCTH
¢akTopa oOImIEel CKOPOCTH BHIMMOTO [IBIKEHHS OOBEKTa C WCHOIb30BaHHEM f-
Kkpurepus Ouiepa.

CpaBHUTETBHBIN aHanu3 BBIYHCIUTEIBHBIX METOJIOB oOHapyKeHHUs
OKOJIOHYJICBOTO BHJIMMOTO JBW)KCHHS AacTepOMAa BBISIBHI, YTO HEIOCTaTKOM
MOJCTAHOBOYHBIX METONOB [14], OCHOBaHHBIX Ha KPHUTEPUU MaAKCHMAJILHOTO
NpaBIONOA00HS, SBIISETCS HEAOCTATOYHAs OOOCHOBAHHOCTH €T0 HCIOJNB30BaHHSA B
CUTYaIlull HEONPENENEHHOCTH C 4YacThi0 MapaMeTpoB (YHKIHUW IPaBAOIOI00MS.
Kpome Toro, yka3zamueie wMeToAapl HEe dS(O(PEKTHBHBI TpH HE3HAYUTEIHHOM
(oxo0JTOHYICBOM) BUAMMOM JBKCHUH O0BEKTA.

Takum oOpa3om, mpu pa3padOTKe 3SBPUCTHUYECKOTO METO/a OOHAPYKEHHS
OKOJIOHYJIEBOTO BUIMMOTO JABMKEHHUS UCCIeyeMbIXx 00heKToB Ha ceprr CCD-kaapoB
WCIIOJIB3YIOTCSl BBIYMCIUTENbHBIE METOBI OOHApYXKEHHS, UCTOJIB3YIOIINE KPUTEPUHU
coriacus NJs MPOBEPKH 3HAYUMOCTH CKOPOCTH BUIMMOIO JBWXEHHA. B kauecTBe
WCIIONB3yeMOTO KpHTepusi coriacus BeiOpaH f-kputepuit dumepa xak Hamboiee
3¢ HEeKTUBHBIM.

5. Oco0eHHOCTH IBPHUCTHYECKOT0 BBLIYUCIUTEIBHOI0 MeToAa O0HApY:KeHMSs
OKOJIOHYJIEBOI CKOPOCTH BHIMMOI0 ABM:KEHHS HCCIeyeMbIX 00beKTOB

N3-3a ocobenHocTell miporiecca oOHapyxeHUs-usMepenus [14, 15] BO3MOXHO
IMMOABJICHUC CUTYyallUH, KOrJga y UCCICAyEMOTO 00BEKTA BBISIBICHO BHUIUMOC NBHXKCHUC,

OIHAKO OLICHKA MOAYJISI €ro CKOPOCTHU \7 = 1[\7)(2 +\7y2 6yz[eT 0JIM3KA WIIH paBHa HYIIIO

(V=0,rme \7X H Vy CKOPOCTH BHJIUMOTO JBMXKEHHUS HCCIEIyeMOro 00beKTa BIIOJb

KoopawHAaT X W Y). [ JIMKBumanuu camMoi BO3MOXKHOCTH TOSIBIIEHHS TaKOTO
HOHCEHCa MpejylaraeTcsi yCTaHaBJIUBaTh MPeAesl MUHUMAIbHOM JOIYCTUMOUN OLEHKHU
CKOpPOCTH Vy,, BUIUMOTO JIBUKEHHS OKOJIOHYJIEBOTO BUIMMOTO JIBUXKEHUS Y

uccieyeMoro obbekrta. VCmomp30BaHWE NAHHOTO TIPENENa YIIYYIINT IOKa3aTen
KayecTBa OOHAPYKCHHS OKOJIOHYJEBOTO BHIUMOTO JIBWKCHHS Y HCCIEIYEMbIX
00BEKTOB.
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6. DBpHCTHYECKMii BBIYHCIUTELHBI METON OOHAPYXKEHHSI OKOJOHYJIeBOii
CKOPOCTH BHANMOIO0 ABHKEHHS HcciaelyeMbIX 00bekToB Ha cepun CCD-kagpos

[Mpunstue pemenuss o0 OOHapy)KEHHH OKOJOHYJIEBOH CKOPOCTH BHAWMOTO
JIBIDKEHHMSI HCCIEAyeMOro OOBEKTa IPOHMCXOAMT, OCHOBBIBASICH HA CICAYHOLICH
II0CJIEJOBATEILHOCTH OIIEPALIH.

1. Beibop ouepenHoit cepunm Qgot [4] U3 Nypegq H3MEpeHHi HCCIETyeMOTro
o0bekTa ¢ mpuBeAeHHBIMH KoopamHaTamu K CK  6azoBoro kagpa mocne
BHYTPHUKaApOBOii 00paboTku [3].

2. Ecnmm xonaM4ecTBO M3MEpeHMI MONOXeHus ucciaenyeMoro oobekrta Npeg
MEHBIIIE MHHUMAJIBHOIO JONYCTUMOro KojuuectBa wu3MepeHHH Ny pin It

IIPOBEACHUA HCCIICAOBAHUA 00bCKTa HA HAIMYHE Y HETrO OKOJIOHYJIEBOTO BHIAWMOI'O
ABWKXCHUS, TO UBMCPCHUS, TPUHAJICIKAIIUC TaHHOMY 06T>CKTy, HE paCCMaTpUuBarOTCA.

3. Ins Npeq u3MepeHuii ouepenHoil cepun (gt MPOU3ZBOAUTCS CIIEMYIOIIAs
TI0CJIEI0BATEILHOCTh ONEPAIIHHL.
3.1. MHK-oretka monoxenust Xg u Yo HCCIemyeMoro o0bekTa Ha MOMEHT T

IpUBS3KA 0a30BOro Kaipa M ckopoctd Vy u Vy €ro BUAMMOTO JBIDKCHHs (OLCHKa

A

napameTpoB Oy u 6y BHIMMOTrO JBH)XCHHs HCCICIYeMOro o0beKTa) BIONb KakOil

KOOPIMHATHI C TIOMOIIBIO CIEIYIOIINX BBIpaKeHui [4, 7]:

R == P —C By, (1)
Npea D —C
D-A, —-C-
9o=y—CB;; v
Nmea-D-C
\7X _ Nmeal'BX_C'AX : (3)
Neq - D —C?
v, - Nmea By —C- A, @
Npeq - D —C2
N mea N mea N mea N mea
rie A= D Xki Ay= 2 ¥k Bx= 2 Auxk: By = 2 Ayyk;
k=1 k=1 k=1 k=1
Nmea Nmea
C= YAy ;D=3 A%
k=1 k=1

Ay =(tx —Tg) — pasHMIA MeXIy BPEMEHEM IPUBS3KH T 0a30BOro Kaapa H
BpPEMEHEM Tj Kajapa, Ha KOTOPOM c(hOpMHPOBaHO K -€ U3MEpEHUE.
3.2. OmpejeneHne HMHTEPIOIMPOBAHHBIX OLEHOK KoopauHaT X, u Y

UCCIIeyeMOro 00beKTa Ha MOMEHTHI MPUBSA3KH BCEX KaJpax HCCIEIYyeMOU Cepuu ¢
MOMOILBIO BeIpakeHuit [4, 7]:

R = X (0x) = %0 (B) +V y(B5) - (T —70) ; (5)
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Yk =Yk (0y) =Y0(0y)+V ((6y)- (tx —70) (6)
3.3. Onpezenenne oCTaTOYHbIX AUCTIEPCUM 6$esx u 6%65), OLIEHOK KOOPJIUHAT X H

Yy Ucciaeayemoro 00BEKTA COOTBETCTBEHHO C MMOMOMIBIO CICOYIOIMIUX BLIpa)KeHPIfII

.2 N mea oA 2

Gresx= 2 (Xk =Rk (0x))7; (7
k=1

A2 Nmea R A 2

Gresy = 2. (Yk =k (0y))" . 8
k=1

3.4. OnpeneneHue CyMMapHOH OCTaTOYHOW JUCIIEPCHU 6$esxy OLIEHOK KOODJHMHAT

X M Y HCCIETYEMOTo 00bEKTa COOTBETCTBEHHO:
N ) A2
Oresxy = Oresx T Oresy - ©))

3.5. Ompenenenne 3Ha4€HUI OCTATOYHBIX CYMM Rg u R12 KBaJIPaTOB OTKJIOHEHHI
[17] monoxxeHus uccnexyeMoro o0beKTa B MPEATIOI0KEHHN UCTUHHOCTH THUIIOTE3 O
nyiaeBom (Hg) u oxomonyneBom (Hjp) BumyuMOM IBWKEHHM COOTBETCTBCHHO Ha
JTAHHOM Cepyy U3MEPEHUN C TIOMOIIBIO CISAYIONUX BeIpakeHuit [4, 17]:

Nmea A A
RE= 3% (%~ )2 + (v —§)?) (10)
k=1
Nmea A A
RZ= 3% (% — % B))2 + (v — 9 By))?) (11)
k=1

~ N mea n N mea

roe X= > Ry / Nmear Y= 2. / Nmea — CpeiHHE 3HAUEHHs OLEHOK KOOpAMHAT
k=1 k=1

HEM3MEHHOIO TOJIOKEHHsI 00BEKTa C HyJIEBBIM BUIUMBIM JBIKEHHEM.

3.6. Omnpenenenne 3HaueHus f-xputepuss Oumrepa f(Qget) 3HAUMMOCTH 0OMIICH
CKOPOCTH BUAMMOTO [BWXeHHsA [4], ucmonb3ys BoipaxkeHus (10) u (11) nmns
OCTAaTOYHBIX CyMM Rg u R12 KBaJIPaTOB OTKJIOHEHUH [17] monoxkeHus uccieryemMoro
00BEKTa COOTBETCTBEHHO:

RE —Rf | wher
R12 Nmea =T
rae W — KOJHMYECTBO MCCIeNyeMbIX (DaKTOPOB JIMHEHHOW PEerpecCMOHHOM Mojenu (B

UCCIICyeMOM CITy4ae 3THM (pPaKTOPOM SIBIISICTCSI CKOPOCTh BUIAUMOTO JABHKEHHUS);
' — paHr MaTpPHIBl YaCTHBIX Mpou3BoaHbIX Fy (rangFy, =r <min(m,Nyeq)) [4,

, (12)

17];

m=2 — KOJINYECTBO OILICHHUBAC€MbIX rnapamMeTpoB BUIUMOI'O JABHUXCHUS
UccIielyeMoro 00beKTa BJIOJb KAK0H KOOPANHATHI HA CEPHU N3MEPEHUH;

for — mpenenbHO pomycTHMoe (KpuTuueckoe) TabnuuHoe 3HaueHue [18, 19]

craTuctuku pacnpeneneHus @umepa ¢ (W, Nyegq — ') CTETIEHAMH CBOOOBL.
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4. IIpoBepka Ha HaIH4UMe Y 00BEKTa OKOJIOHYJIEBOW CKOPOCTH BUIAMMOTO ABIKEHUS

npou3BOAUTCSA (Ha OJOKM 5, 6, 7) ecinu OlEeHKa MOAYJS CKOPOCTH V ero BHAMMOIO
JIBUKCHHST OOJIbIIE 3aJaHHOTO MHHHUMAJIBHOTO TIpeJeNia JOMyCTHMOTO MOJYJIs

CKOpPOCTHU Vmin BUAUMOI'O JBUIKCHUS:
\% >Vmin . (13)
5. Hccnenyemblii 00BEKT cuUTaeTCsi OOBEKTOM C OKOJOHYJIEBOH CKOpPOCTBIO
BHJIUMOTO ABMKCHHS (00beKTOM COTHEYHOM CHCTEMBI), €CIIH:

5.1. ocraTouHas gucTIepCHs 6$esx OIIEHOK TTOJIOKEHHS MCCIEAYEMOr0 00OBEKTa 0
KOOpJWHATE X W3 BbIpakeHUs (7) MEHbINE, YeM 3alaHHOE TPECIIEHO JOITyCTUMOS

A2 .
3HAYEHUE G'resxmax -

A2 ~2
Oresx < Oresxmax (14)

~2
5.2. ocrarouHast IUCIIEPCUsE Gregy OLCHOK IOJIOKEHUS HCCIIENyeMOro 00bEKTa 10
KOOpJMHATe Y U3 BhIpakeHUs (8) MEHbIIE, YeM 33JaHHOE MpPEeNbHO TOIMYyCTHUMOE

A2 .

~2 ~2
Oresy < Oresymax (15)

~2
5.3. cymmapHast OCTaTOYHask UCIEPCHUsT Grgsyy OLCHOK IOIOKCHHUS HCCIEIyeMOro
00bEeKTa TO KOOpAMHATaM X W Y W3 BbIpakeHus (9) MeHbIIe, YeM 3aJaHHOe

~2 .
MpEACIbHO AOITYCTUMOC 3HAYCHHUE Gresxyrrax .

~2 ~2
Oresxy < Oresxymax - (16)

5.4. 3nauenne f-xkpurepus @umepa f(Qgqe) 3HAuMMocTH o06mICH CcKOpOCTH

BUIMMOTO JIBIDKEHUS. OOJIbIIIE, YeM €ro 3aJaHHOe TPEIEbHO JOMYCTHMOE
(kpurnyeckoe) 3HaueHue fe :

f(Qget) > for - (17)
6. Kpome TOro uccieayemplii OOBEKT CUMTAETCH OOBEKTOM C OKOJOHYJIEBOM
CKOPOCTBIO BUIUMOTO JBWKEHHUs (00beKTOM COJIHEYHOM CHCTEMBI), ECIIH CyMMapHast

~2
OCTAaTOYHAsl JUCIEPCHS Cresyy OLEHOK KOOPAMHAT X M Y HCCIEAyeMOro o0bekTa

~2
6yz[eT MCHBIIC, YCM 3alaHHOC NPCACIIbHO AOIMYCTHUMOC 3HAYUCHUC Gresxymax:

YMHOKEHHOC Ha MHHHMAIbHBIH MHOXHTENb AUCHepCHH Kgnin, @ 3Havenue f-
kputepus duiepa 3Ha4UMOCTH O0IIEH CKOPOCTH BHIMMOIO JBHXKECHUS IPEBBILIAET

MHUHHUMAJIBHOC JOITYCTUMOC 3HAUYCHUC fmin .

~2 ~2
Oresxy < Oresxymax K min ]& &[f (Qset) > Frin ] (18)

7. Taxke uccaemyeMbplii 00BEKT CUUTAETCS 0OBEKTOM C OKOJIOHYJIEBOW CKOPOCTHIO
BUIUMOTO JIBHKEeHHS (00bekTOM COJIHEUHOM CHCTEMBI), €CJIM CyMMapHasi 0CTaTOYHas
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~2
JHCIICPCHSL Gregxy OLCHOK KOOPAMHAT X U Y HCCICIYeMOTro o0BeKTa OyAeT MEHBIIIe,

~2
4eM 3aJaHHOC MPEIeIbHO [OMYCTUMOC 3HAYCHHE Opresyymax » YMHOXKCHHOC Ha

MaKCHUMAaJIbHBI MHOXUTEIIb AUCTICPCUHA kGrTHX , 4 3HA4YCHUC f-KpI/ITepI/Iﬂ @Hmepa
3HAYUMOCTHU 0611.16171 CKOpPOCTU BHUAMMOI'O0 IABMXKCHHA IIPEBBINIACT €0 MAaKCHUMAJIBHOC

Jormyctumoe 3HadeHne fp .

6?esxy < 6?esxyrmx Ko max ]&&[f (Qset) > frrax ] (19)

Wcxons n3 comepkanus MyHKTOB 4 + 7 MaHHOTO BPHCTUYECKOTO METOAa OOIIuit
BUJ TpaBWja OOHAPYXCHUS OKOJIOHYJICBOH CKOPOCTH BHJIMMOTO JBHKEHUS
HcclegyeMoro o0beKTa € HWCHoib30BaHMeM BeipakeHuit (4) + (11) moxer OBITH
MIPEJICTaBIICH:

7 7 ~2 ~2 ~2 ~2
[V>Vmin]&& [ resx<0resxrmx]&&[Gresy<0resyrmx]&&
~2 ~2
&&[Gresxy < O'resxymax ]& &[f (Qset) > fcr] ||
[AZ 5% Ko ]&&[f Qget) > Frrin ]
I| [Sresxy <Sresxymax ‘Ko min (Qset) > Frin ||l

~2 ~2
I [Gresxy < Gresxymax " Ko max ]& &[f (Qset) > Frax ] . (20)

brok-cxema pa3paboTaHHOIO MeToJla OOHApYKEHHS OKOJIOHYJIEBOM CKOpPOCTH
BUAMMOTO JABMXKEHHUS UCCIEAYEMOro 00beKTa IpeCcTaBiIeHa Ha pUCyHKe 1.

7. KoHCTaHTBI 3BPHCTHYECKOT0 BBLIYHCJIMTEILHOT0 MeTOAa OOHapYyKeHUs
OKOJIOHYJICBOT'O BHAMMOIO JABHKEHHsI HcCJIeqyeMbIX 00bekToB Ha cepuu CCD-
Ka/poB

[Ipu mpoBeneHny UCCIeIOBAaHUH TpoIlecca OOHAPYKEHHUS OKOJIIOHYJIEBOH CKOPOCTH
BUAMMOTO [JBIKEHHS OOBEKTa MCIHOJIBb30BANKCH CIEAYIOIIME 3HAYCHUS KOHCTAHT
BBIYUCIIUTEIBHOTO METO/A.

Hpe;[em)Ho J0NYCTUMBIC 3HAUYCHHUA OCTATOUYHBIX zmcnepcnﬁ OIICHOK KOOpJAUHAT X

~2 ~2
M Y HCCIETYeEMOro 00BEKTa COOTBETCTBEHHO Gresxmax = Oresymax = 0-125 mukcens.

[IpenenbHO MOMYCTUMOE 3HAYEHHWE CYMMAapHOM OCTaTOYHON JHCIEPCHU OILIEHOK

A2
KOOP/IMHAT X M Y MCCIETYeMOro 00bEKTa Gresxymax = 0.29 MHUKces.

IpenenpHo pomyctumoe 3HadeHne fo =400 mus f-kpurepust @ummepa f(Qgqt)
3HAYUMOCTH OOIIEHl CKOPOCTH BHAMMOIO JBIDKEHHUs, a TaKKe €ro MaKCHMalbHOE
frex =30000 u munumanshoe fj, =60 momycTumslie 3HaYCHUS.

MuHHUMaNBHBIA [pPEaeNn AOMYCTHMOTO MOJYNSl CKOPOCTH BHAWMOTO JIBHYKCHHS
uccieayeMmoro oobsekTa Vi, =0.5 (mukc./kamp).
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Pucynox 1. Brok-cxema 6bluucaumenbHo20 Memooda oOHaApYICeHUs OKOIOHYNEBOU CKOPOCMU

BUOUMO20 OBUNCEHU
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Paguyc HenoasmxHocTH utst hopmupoBanus BK Rgiatic=2 mukceds.

Munnmanesbiii Kgmin =0.5 u MakcumanbHeiil Kgmx =1.5 MHOXuTETn mis

CyMMapHOW OCTaTOYHON JAWCIIEPCHUN OIIEHOK TTOJI0KEHHUS UCCIIEAYyeMOTo 00BEeKTa.
MpunuMansHoe JomycTuMoe KoaudecTBO  Nyk min HU3MEpEHUll  IOJN0KEHHs

uccnemxyeMoro oobekta BK 00bekTOB, HENMOABIKHBIX HA CEPUH KAJIPOB, 3aBUCHUT OT
KOJIMYECTBA Ka/IPOB M 33/1aCTCS B OJJTHOM U3 CICAYIOIHX (HopMaToB:

k/m — B MKaapax H0KHO ObITh He MeHee K m3aMepenwmit 00BEKTOB; Hanmpumep,
3/3,4/4n 1.1,

k/(m+¢) — B cepur oT M g0 ¢ KajpoB JOIKHO OBITH He MeHee K m3mepeHuii
00BekToB; Harpumep, 5/(7+9), 6/(10+13) u T.1.;

XvK/>M— B cepur OT M KaapoB AODKHO OBITH He MeHee Yyk - N f H3MepeHHit

00bekToB, re N f — Konu4yecTBo KagpoB B cepun; Hanpumep, 0.5/>14 u 1.1.

OnucaHHble BbIIIE NPEAETbHO TOMYyCTHMbIE (KpUTHYECKHE) 3HAUEHHS KOHCTaHT
BBIYMCIIMTEIBHOTO MeEToNa OOHApYXEHHS OKOJOHYJIEBOH CKOPOCTH BHANMOIO
JOBIDKEHHUSI HCCIEIYeMOro OOBEKTa SIBISIIOTCS YHHUBEPCAIbHBIMU U HE 3aBUCIT OT

xonuuecTBa Npeq M3MepeHHi 00beKTa HuccneryeMoil cepun (Qgg IPU yCIIOBHH, YTO

Nmea > Nk min -
OnbITHAsT OJKCIUTyaTalusl JAHHBIX TPEAENTBbHO JOMYCTHMBIX (KPUTHYECKHX)
3HaueHMI KOHCTaHT IIPOBOAWJIACH B Cilydae, KOrJa KOIMYECTBO H3MEPEHUMH

HOJIOXKEHHs HccieayeMoro 00bekta Nyeq =4 .

8. OTkpbITHE 0JTONEPHOANYECKON O0KO0JIOCOTHEeYHOIT Komersl C/2012 S1
(ISON)

21 centsibps 2012 roma B o6cepatopun ISON-Kislovodsk Observatory (Russia)
[kox ITentpa Mamsix ITmaner «D00»] mpoekra ISON (International Scientific Optical
Network — Mexnynaponnas Hayunass Ontuueckas Cers) [20] ObLia OTKpbiTa
JIOJITOTIeproIMuecKas okosocoHeuras komera C/2012 S1 (ISON) [21].

OtkpeiTue OblTO caenano Butamuem Heeckum u Aptémom HoBuuoHKOM cC
nomoIipio nporpammuoro komiuiekca CoLiTec [6] o cepun kaupoB (puc. 1) 40-cm
teneckona Santel-400AN u CCD-marpunst [22] FLI ML09000-65 (3056%3056
MUKcenen, pasmep nukcens 12 mxm). Bpemst akcniozuin cocrasisiio 100 c.

Komera ISON 0Obina BbiiesieHa 6J10KOM 00HApYKEHHSI OOBEKTOB ¢ OKOJIOHYJIEBBIM
BUJMMBIM JIBIDKEHUEM mporpaMMmHoro komiuiekca CoLiTec [6]. B manHOM Oimoxe
MCIIOJIB30BAJICS pa3paOOTaHHBIA ABPUCTUIECKUI METOI OOHAPYKEHHUSI OKOJIOHYJIEBOTO
BUJIMMOTO JIBUXKCHHS UCClieayeMoro oobekta Ha cepur CCD-kanpoB. [laHHBIH MeTOT
ObUT OCHOBaH Ha PElIAIOLIEM IMpaBHjie, KOTOPOE HCIOJIb3YEeT MPOBEPKY 3HAYMMOCTH
¢axTopa o0IIEe CKOPOCTH BUAMMOTO ABIXECHHUS HCCIEAYEMOTO OOBEKTa C MOMOIIBIO
f-kpurepust uriepa.
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Pucynok 2. Komema ISON na momenm omxpoimus 6 yenmpe gpaemenma CCD-kadpa npu
macwmabe 300%

Ha momeHT oTkpbITHSI KOMeTa uMena 18 3BE3aHyI0 BeMMUMHY M obOJanana KOMOM
nuameTpoM 10 yrioBbIX CEKyHI, YTO COOTBETCTBYET 50 ThIC. KM Ha pacCTOSIHUU B 6,75
a.e.

Ckopoctb BUAUMOro IBMKeHHs KOMEThl ISON B MOMEHT OTKPBITHS COCTaBIIsIa
okoio 0,8 mukcens 3a xazap. Pasmep m3o0paxxeHus: KOMETbl Ha Kaape ObUI OKOJIO 5
nuKcenel (pucyHoOK 3, pa3Mep KJIETKA COOTBETCTBYET pa3Mepy MHUKCENS B 2 YIIIOBBIC
CEKYHJIBI).

3: C201251 (19.09)

5

Pucynox 3. Paszmep uzodpasicenus komemot ISON 5 nuxcenei

3a 26 MuHyT HaOmoaeHUs Ha cepur u3 4 xaapos komera ISON nepemectuiiacek Ha
3 nukcens (PUCYHOK 4).
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3: C201251 (18.09)

3

Pucynox 4. Uzobpasicenue komemoi ISON na 1-m u 4-m CCD-xadpax cepuu, Ha Komopoii OHa
ovLia omxpuima, npu macwmate 500%

OcHOBOW TpPWBEACHHBIX BHIIIE HM300pKEHUH SBISAIOTCS HWHBEPTUPOBAHHEIC
nzobpaxkenns komeTsl ISON ma CCD-kagpax, UCHOIB3YyEeMBIX TMPH €€ OTKPHITHU.
JlONONHUTENIFHO KCHOJIBb30BANIACH CETKA, pa3Mep KIETKHM KOTOPOH paBeH pa3Mmepam
nukcesst CCD-u300paxkeHust, TO €CTh JIBYM YIJIOBBIM CEKYHIaM.

9. BeIBOabI

B crarbe ObulM TpOaHATM3UPOBAHBl HM3BECTHHIE BBIYUCIUTEIbHBIE METOJIBI
00HapyKeHHsT OKOJIOHYJIEBOTO BUIAMMOTO JBIKEHHS UCCIIEAyeMOro oObeKTa Ha CepUn
CCD-kanmpos [4, 7, 8].

Hcxons U3 aHaimM3a B KQUeCTBE OCHOBBI Pa3pabOTaHHOTO IBPUCTHYECKOIO METOAA
ObuIM BBIOpaHBI pelIalonIfe MpaBWiIa OOHAPYKEHHS, HCIIONB3YIONNEe KPUTEPHH
coryiacusi j1sl IPOBEPKM 3HAYMMOCTH CKOPOCTH BHIMMOIO ABIKeHMs. B kauectse
WCIIONB3yeMOT0 KpuTepusi coriacus Obul BeIOpaH f-kputepuit ®@umepa (12) kax
MO3BOJIAIONINI yYUTHIBATH HEHYJIEBOE BUANMOE JIBIKCHNE 00BEKTa Ha TUIOCKOCTH, a
HE BJIOJIb OJIHOW KOOPIMHATHI.

B cratee pa3zpaGoraH 3BpUCTHYECKUH METOA OOHAPY)KEHHUSI OKOJOHYJIEBOTO
BUIUMOTO JIBH)KCHUS UCCIIeAyeMbIX 00bekTOB Ha cepun CCD-kanpos. JlaHHBIN METOT
BKIIIOYAaeT B ce0s Cclenyrolie omnepanud JUis KaKIOH HCcIelyeMol cepuu
U3MEpPEHUN: MHK-ouenka napaMeTpoB JBUXKECHUS u onpeneaeHue
MHTEPIIOJIMPOBAHHBIX OLIEHOK KOOPAMHAT MOJIOKEHHS UCCIEAYEMOro 00beKTa, pacyér
kputepus cornacus (f-kputepuit @umepa (12)), mpoBepka HEOOXOAUMBIX YCIOBUH U
MIPUHATHE PELIEHUS] O HAJIMYUM OKOJIOHYJIEBOM CKOPOCTHM BHUIMMOIO IBM)KEHHUA Y
00BEKTa, COOTBETCTBYIOLIEIO HCCIENyeMOH cepun wu3MepeHuil. PaspaboraHHbiit
METOJI TakKe YYHTHIBAET OCHOBHBIE OCOOCHHOCTH TIpoliecca (OPMHUPOBAHUS
M3MEPEHHH MOJIOKEHHUS HCcieayeMoro oobekTa Ha cepun CCD-kaapos.

Pa3zpaOoTaHHbIil 3BpUCTHYECKMH MeETOX ObUT peaJiM30BaH B MPOTPaMMHOM
kommekce CoLiTec [6]. C ero momompio Obima oOHapyxkena komera C/2012 S1
(ISON) [21] — monromeproandeckast OKOJIOCOTHETHAS KOMETa, Ha MOMEHT OTKPBITHS
SABJISIFOILASICSL OOBEKTOM C OKOJIOHYJIEBBIM BHUIUMBIM JIBH)KEHHEM.
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JlanpHeliue ucciueIoBaHus 1eecoo0pa3Ho CKOHIICHTPUPOBATH Ha OMPEICICHUN
MOKa3aTeJied  KadecTBa OOHAapyXKCHHSI OKOJOHYJIEBOTO BHJIUMOIO  JIBHDKCHUS
uccienyemoro o0Obekta Ha cepurn  CCD-kagpoB METOIOM CTaTUCTUYECKOTO
MOJICITUPOBAHMUS C TPUMEHEHUEM Pa3pab0oTaHHOTO 3BPUCTUUECKOTO METOIA.
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Pa3Hoo06pa3ue IMYHOCTHBIX XapaKTePUCTUK MPOrPaMMHCTOB
KaK OCHOBA YCIIEIIHOCTHU MPOTPaMMHON TUBEPCHOCTH

H. B. Bapnamosa, B. O. Muiuenko
Xapvrosckuii Hayuonanvhwli ynusepcumem umenu B. H. Kapasuna, Ykpauna

OnHUM U3 METOJI0B NOBBIIICHUs HaaéxKHOCTH nporpaMMubIX cuctreM (I1C), ocobenHo
MEPCIEKTUBHBIM B  pa3pabOTKe CHCTEM KPUTHYHBIX IIPUMEHEHWH, sBIseTCS
[pOrpaMMHasi IUBEPCHOCTb. YcreX e MUCHOIb30BaHMUsI 3aBUCUT OT YIAa4HOro BbIOOpa
UCHOJIHUTENEH  mapajyiensHO — co3jaBaeMblx  Bepcuid.  IIpm paBeHcTBe
po(eCCHOHANIBHON ITOATOTOBKH MCIIOJIHHUTENEH 3TOT BbIOOp oOnpexnensercs HxX
JIMYHOCTHBIMHM OCOOEHHOCTSIMU. DTO 3aBUCHUT OT Pa3HOOOpa3Hs TAKHX XapaKTePUCTHK
B Ipejenax KOJUICKTHBA, KOTOPOMY IOPY4EHO peajiM30BaTh JaHHBIA HPOEKT. OJTa
npobnema pa3HooOpa3usi UCCIeJOBaHA HAMU Ha OCHOBE CTATUCTHYECKHMX JAHHBIX O
pacpoCTpaHEHUH JIMYHOCTHBIX XapakTepUCTHK cpeau paspaboruukoB [IC 1o
COOCTBEHHBIM M paHee ITyOJIMKOBABIIMMCS JaHHbIM. [loka3zaHO, 4YTO NpHUHHUMAs
JIOTOJIHUTENIBHO B KAYECTBE TUIIOTE3bl HEKOTOPYIO MOZENIL MEXaHU3Ma JAUBEPCHOCTH,
MOJKHO TIOJTy4aTh Oolee orpeelEHHbIC IPOTrHO3bI O €€ BEPOSITHON YCIIEIIHOCTH.

Kniwouesvie cnoea: paspabomka npocpamMMHbIX — CUCTEM, HAOENCHOCMb,  OUBEPCHOCHD,
Xapakmepucmuka Iu4HOCIMu, CMAMUCMuKa pacnpeoeieHus, MameMamuyecKkas Mooeib, NPpocHo3.

OpHuM 3 MeToAiB mijBHIIeHHs HaaiiHocTi mporpamuux cucreM (IIC), ocobimBo
MEPCIEeKTUBHUM Yy pO3pOOLi CHCTeM KPUTHYHHX 3aCTOCYBaHb, € IIpOrpamHa
JiBEpCHOCTh. Ycmix ii BUKOPHCTAHHS 3aJIeKUTh BiJl BIanoro BUOOPY BHMKOHABIIiB
BEpCili, 110 CTBOPIOIOTHCS INapaleibHO. 32 YMOBH PiBHOI NpodeciifiHOl MiAroTOBKU
BUKOHaBLIIB Iieii BHOIp BHU3HA4YaeThCs IX IE€PCOHANBHMMH ocoOuuBocTAMH. Lle
3aJISKUTh BiJl PI3HOMAHITHOCTI TaKMX XapaKTEPUCTUK B MEXKaX KOJIEKTUBY, SKOMY
JIOpY4EHO peanizyBaTH JaHWi mpoekT. L{s mpobiema pi3sHOMaHITHOCTI IOCIIKEeHa
HAMH Ha OCHOBI CTaTHCTUYHMX JAHUX I1PO MOLIMPEHHS NIEPCOHAIBHUX XaPAKTEPUCTHK
cepen po3poOHukiB [IC 3a BiracHUMH 1 paHillle ONPWIIOCHUMH JaHUMH. [lokazaHo,
110 NPUIMAIOYM J0JATKOBO B AKOCTI IIIOTE3U NEBHY MOJIENb MEXaHi3My JiBEPCHOCTI,
MOKHa OTPUMYBATH OLIBII NIEBHI MPOrHO3H PO 11 HMOBIPHY YCITIIIHICTb.

Kniwowuogi cnosa: pospobra npoecpamuux cucmem, HaOiliHicmb, 0i6epCHOCHb, XAPAKMEPUCMUKA
ocobucmocmi, cmamucmuxa po3nooiLy, MamemMamuina MoOeib, NPOSHO3.

One method of improving the reliability of software systems (PS), especially in the
promising development of critical application systems, is software diversity. The
success of its use depends on the successful choice of developers simultaneously
create versions. At equality training developers this choice is determined by their
personal characteristics. It depends on a variety of characteristics within the team
tasked to implement the project. This issue of diversity was investigated by us on the
basis of statistical data, both own and previously published, on the distribution of
personal characteristics among the SS's developers. It is shown that taking further as
some of the hypothesis model of diversity mechanism, you can get more definite
forecasts about its likely success.

Key words: the development of software systems, reliability, diversity, personality characteristics,
distribution statistics, mathematical model, forecast..

1 BBenenue

OmHUM W3 COBPEMEHHBIX METOMIOB CHWIKECHHUS YSI3BUMOCTH KPUTHYECKOTO
nporpamMHoro obecriedenust ([10) sBnsiercss mporpamMmHasi TUBepcHOCTH [1-4].
NzBectHo, 4TO 3¢ ¢eKT AMBEPCHOCTH 3aBUCUT Kak oT mpodeccuonamuszma IT-
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CICLIMAJIUCTOB, TaK M OT cpeacTB pa3padorku I10. AxTyanbHOU MpoOIeMOil SABIACTCS
TOT SKCIEPUMEHTAIBHBIA (DakT, YTO HEpPeaKo pasHble pa3paldOTUMKH, padoTas
MOPO3Hb, COBEPIIAIOT OJMHAKOBBIE omnOKK. Hanbosee BeposiTHOE 00BSICHEHHE ITOMY
00CTOSITENBCTBY, HApSAY CO CTEPEOTHIIAMH OOpa3oBaHUs, - CIy4allHOE COBIAJICHUE
JUYHOCTHBIX XapaKTePHCTHK pPa3pabOTYMKOB, YyYAaCTBYIOIIMX B MapajlielbHON
peanu3ayy 0JHOTO M TOTO XKe 3a/IaHusl, 0COOCHHO TIPH UCIIOJIL30BAHUN OJJMHAKOBBIX
cpenct paszpaborku [10. B cBoro ouepenp, cyniecTByoiee MHOr00Opas3ue CpeacTB U
crienuanu3anuii B paspadorke [10 HaBepHsKa OTYACTH OOYCIIOBJIICHO Pa3jIMuUUsSMH B
CTHUJIC BBIIIOJIHCHH S pa6OTBI JIMYHOCTAMU, KOTOPBIC UMCIOT PAa3HbIC XapaKTCPUCTUKU
[5]. IIpu >TOM camMo MHOrooOpasue CpeiCTB MOKHO IBITATHCSA OTYACTH OOBSICHUTH
TEM, YTO OOAHHN MHCTPYMCHTHI M MOJAXOJbl K NPOrpaMMUPOBAHUIO IO AYIIC, CKAXEM,
WHTpPOBEPTaM, PYyTHE - SKcTpaBepTaM. [lens pabomsl — OLIEHUTHh BO3MOXKHOCTD M JIATh
MCTO/J NPOrHo3a yCrueurHoCT MCII0JIb30BaHUA pa3n1/1q1/1171 JIMYHOCTHBIX XapaKTECPUCTUK
HCIIOJIHUTENEH B JUBEPCHBIX NPOCKTaX.

2 ITocTtanoBKa 3324y U 0030p UCMOJIb3yeMbIX MOJI0KEeHUH

JluBepcHOCTh OmpaBabiBeT ceOs npu paspaborke kputudeckoro [10. Ilostomy,
JOKYMEHT [7], urparonuii posib (aKTHYECKOTO CTaHJIApTa, CO3/1aBajics, IIPEKIC BCETO,
JUIA 1ieJiell 00OCHOBaHMS CTpaTeruii pa3pabOTKHA CHCTEM YIPAaBJICHHS OO0BbEKTaMH
sepHO dHepreTuku. KoHuHo, pekomMeHanuu [7] clieyer UMeTh B BUAY B JHOOBIX
npoekrax [10, KpUTHYHOCTH KOTOPBIX OMPAaBIBIBACT JIOMONHHUTEIBHBIC 3aTpaThl Ha
MOJJICPKKY JHBEPCHOCTH.

Cka3aHHOE, OTHOCUTCS M K «IIporpaMMHON auBepcHocTH» (software diversity)
[7,8], Kak OJHOTO W3 YACTHBIX METOJOB JUBEPCHOCTH. 10, HACKOIHKO OHA MOXKET
OBITH YCIICIIHOW, 3aBHCUT OT BBIOPAHHOTO WHCTpyMeHTapus paspaborku [10 u
KBaNMuKanuu pa3padborankoB. [Ipu 3ToM BaskHBIM (HaKTOPOM ycrexa MporpaMMHON
IMBEPCHOCTH  cuWTaeTcs 4enmoBedeckudd  ¢akrop [8]. Ormerum, d9to B
paccMaTpuBacMOM Cllydae OH BBICTYIIAeT KaK YaCTHBIM CIy4ail «CyObEeKTHOM
nuBepcHocTh» (human diversity), kKoTopas SBISETCS CaMOCTOSTEIbHBIM OOIIMM
HaTpaBJICHUEM JTUBEPCHOCTH, UMEsl M IPYTUe MHOTOYH CIICHHBIE TPUMEHEHUSI.

B Hacrosmieii pabore aBTOPhI MCXOIAT M3 KOHICNTYalbHOH MOJEIH, KOTOpas
CTaBHT 3P QEKT MPOrpaMMHON JUBEPCHOCTH B 3aBHCUMOCTh OT COOTBETCTBUS CPE/ICTB
pa3paboOTKH TPOrpaMMHOTO KoJa MM KOMIIOHCHT MpPOrpaMMHOH CHCTEMBI B
3aBHCHUMOCTb OT JIMYHOCTHBIX XapaKTEPUCTHK pa3padOTUHKOB.

XapaKTepUCTUKNA JIMYHOCTH CErOJHS Yalle BCEro CIeIyloT KIacCHYeCKOH
tunonorud  FOura u Maiiepc-bpurrc [9,10]. Onm MeoT y mpodecCHOHATBHBIX
pa3pabotunkoB [10 BeIpakeHHBbIE crienn(DUISCKUE OTIIMYHUS OT CPEAHUX TOKa3aTeneH
[11-18]. [Ipu3HaHO, YyTO y4E€T XapaKTEPHCTUK JMYHOCTH PabOTHHUKOB B oOmactu IT
BaKGH IS yCIexa OpraHHM3alliil IPOrPaMMHUCTCKOM, a Tarxke Oonee oOmen
WHXEHEPHOI U yIpaBJIeHYECKON AesITeTbHOCTH B JaHHOU oTpaciu [17,19-20].

OnmHako HYXHO HMMETh B BHJAY HEIOCTATOYHOCTh JUIS HCCICAYEMOH TEeMbI
M3BECTHBIX K HAcToslieMy BpemeHH (akroB. Yamne Bcero oHM OTHOCATCS K chepam
npoh)eCCHOHAIbHON OpUEHTALMK JIIOJCH, VYIPABJICHUECKOW JEATSIbHOCTH HJIU
B3aMMOJICUCTBUSI B NPO(ECCHOHABHOM  KOJUIGKTUBE  NPUMEHUTENBHO K
orpenenéHHbIM dTanaM padoT Haja npoekramu B obsactu IT. MHTepecHa mocTaHOBKA
3amaun crathi [17], B KoTOpoil Ha ocHOBe Teopuu Tumnos FOHra-Maitepc-bpurrc
OCHOBHBIM cTaausiM ku3HeHHoro nukia (OKLI) IT mpoexkToB comocTaBusioTcs 4epTh
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JUYHOCTH, KOTOpble Ha OSTHUX CTaIusIX CyJIAT HauOombimmid 3¢dekr. OmHako
aNbTEpHATUBHBIC CIIOCOOBI BHITIOIHEHHS Pa0OT pa3HbIMU CYyOBEKTaAMH Ha OJIHOM 3Tarie
KL mnpoekta mpum 3TOM HE paccMaTpuBaloTci. Hapsagy ¢ SBpUCTHUECKHMHU
COOOpaKEHUSIMH, OCHOBHBIM CpPEICTBOM OOOCHOBAaHUS CYKACHUH B YIOMSIHYTBIX
paborax 1o ponu THUIOB JTUYHOCTH B IT CIyXHUT aHANM3 CTATUCTHYECKUX JTaHHBIX 00
OCOOCHHOCTSIX PACHpPEACICHUSI XapaKTEPUCTHK JTHYHOCTH CPEAH MPOTrpaMMHUCTOB (M
IPYyruXx pabOTHUKOB KOMIIBIOTEPHU30BAHHOW HMH(OPMAIIMOHHON  couuochepsr).
JInuHOCTHBIE THIIBI BBIABISIOTCS onpocHukoM Maiiepc-bpurre MBTI (Myers-Briggs
Type Indicator) wmm pomcTBeHHbIMH Meromamu (Hamp., [21]). B To ke Bpems
CTaTUCTHKY 10 pe3yabTataMm Tpyna B [T y nuil ¢ pa3HbIMU TUIIAMU HAWTU HE yAAETCS.
OTtMmeTruM MpHUMep BBITEKAIOIIYIO OTCIOJIa TPYAHOCTb, Ha KOTOPYIO YKa3bIBaIOT
uccienoBarenu [13,15,16]: pacupocTpaHEHHOCTh ONPENCIEHHBIX THIIOB JMYHOCTH
Cpelu TOi WM MHOW Mpo(decCHOHaIbHOM TPYIIBI He CBUICTENBCTBYET cama 1o cede
0 TpEeMMYIIecCTBaX »JTHX THUIIOB B COOTBETCTBYIOLIEH nesTenpHOCTH. Takas
pacipocTpaHEHHOCTh C TEM K€ YCIIEXOM MOXET TOBOPHUTb O TOM, YTO JAHHBIA BH]
npodecCHOHANBHON eI TENFHOCTH BCETO JIMIIb MPHUBIIEKACT JIMYHOCTH TOTO THUMA, HE
rapaHTHPys UM HaWIydlled Kapbepbl, MPUUEM CIPaBEUIMBOCTh 3TOM albTEPHATHBEI
WHOT/a TOXKe TTOATBepkaeTcs cratuctukoit [16, C.213-214].

VYkazaHHbIE OrpaHUYCHHS TPEIbIIYIIUX PabOT MOKAa3bIBAIOT, YTO 3ajadya HAIIero
WCCIIEIOBaHUS JIOJDKHA CTaBUTHCS MO-HOBOMY. B cBsI3M C 3THM paHee HamMH ObUIH
cOpMyITUpPOBaHbI Takue 0a30Bbie TUTIOTE3HI [23]:

1. Ecmu mpodeccnoHanmbHBIE CKIOHHOCTH y TPOTPAMMHCTOB pasHbIC, TO
CIIelyeT OXHJIATh Y HHX, pa3HbIX OMHOOK Jlake MPU HUCIIONb30BAHUU
OJIHOT'O U TOTO K€ CpeaicTBa, ckaxkeM, SI1.

2. Ecimu m cpemctBa pasHble, a pPa3pa0OTUYMKOB JUIS HPUMEHEHHS 3THUX
CPEICTB TOAOMpaNM TakK, 4TOOBl WX CKIOHHOCTH MAaKCHUMalbHO
COOTBETCTBOBANIM  (pakTOpamM JHMBEPCHOCTH JaHHBIX CPEACTB, TO
OXKHJIAETCS MWHUMAaJbHOCTh MHOXKECTBA OOIIMX OIMMOOK Y OTHX
pa3pabOTUHKOB.

Mpsl nonaraeMm [23-25], 4TO BaKHEHNIYIO pOJb WIPalOT Clenymoompe (GakTopsl
JTUBEPCHOCTH, KaXIBIH M3 KOTOPBIX MOXKET HMETh T€ WJIM HHbIE BO3MOXKHBIE
aTpuOyTHBIC 3HAYCHUS:

1. VYpoBeHb aOCTPAKIIMU: MOXKET OBITh «BBICOKHI» MU «HU3KHII»;

2. ApXuTeKTypa-TIaHUPOBAaHHE: MOXET OBITh «BUICHHUE B IEIOM» HIIH
«i1okanbpHo, ad hocy;

3. Cnoco0 peanu3alii: BO3MOXKHBIC 3HAUEHHUS - «IOTMUECKHI BBIBOIY,
«KOHKpETHKa, 00pasIib».

HanomHuMm Takke, 4YTO COIJIaCHO THUIIOJIOTMYECKol cucreme Meliepe-bpurre,
JUYHOCTh OIHCHIBETCS YETHIPhMsI aTpuOyTaMm, KaKIbli W3 KOTOPHIX HMEET JBa
«momiocay [9-11]:

1. Opwuenranus coznanus (E- Ha 00bexThI , I- Ha CyOBEKTHI),

2. Cnoco0 OpUEeHTHPOBKHU B CHTYyaluH (S- Ha KOHKPETHYI0 HHpopMaiuio, N-
Ha 0000IEHHYIO CUTYAIINIO),

3. OcuoBa mpunHsatus  pemenuit  (T-paunonanpHOEe — B3BEIIMBaHUE
anbpTepHaTuB, F- mpuHATHE penieHnil Ha YMOIMOHATILHOI OCHOBE),
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4. Cnoco0 mOIroToBKM pelieHuid (J — TpeArnoYTeHue IUTAHUPOBAaTh |
3apaHee ymopsaouumBath uHpopmanuioo, P —  mpeamoureHue
OPHECHTHPOBATHCS 110 0OCTOSTENBCTBAM. ).

Coueranue 3HAYEHWH TO OTHM MIKajJaM JaeT o0O3HaueHHe ojaHoro u3 16
JTUYHOCTHBIX THIIOB.
Kak MbI yke orMedanu, Tuiisl Metiepc-bpurrce ucnonb3yercs: B 3apy0eKHBIX CTpaHax
JUis aHanmu3a mpobmem IT-orpaciau, kKak IpaBWIO, B CBA3M C MEKIUYHOCTHBIM
B3amMojerictBieM [5,12-21]. Pabor, mMOCBAIMIEHHBIX BBIOOPY  HUCIIONHUTENCH
JUBEPCHBIX MPOEKTOB HET.

3 O0mue 4yepThl pacnpenejaeHuil JUYHOCTHBIX THIOB «IPOTPAMMHCTOB» B
Mupe

Janneie B Tabauiax padot [5,13-21] cBUACTENBCTBYIOT O TOM, YTO CYIIECTBYET
BBIpQKCHHAS «CIEIMANIM3ANNSD TUIOB JIMYHOCTH Yy MpOrpamMMucToB (Tadm. 1, 2),
MOJIBEpKEHHAs!, BIPOYEM, JICHCTBHIO COIMAIBHBIX M 3THUYECKHX (HaKTOpPOB (CpaBH.,
Hanp., CLA u Poccuto B Tabn. 1). Tem He MeHee, Bceraa CylIecTByeT He MeHee 4-X
JOMUHUPYIOIIUX TUIIOB (KOTOpPBIE HMEIOT YaCTOCTH, He MeHbIue npumepHo 10%).

Tabn.1 Ocnosuvie munvl auuHocmu y paspabomuuxos I1C nsmu cmpan mupa

M IMoaBbI0OpKa Tun % % Ctpana
B B 0011I. BLIOOpKe
NnoABBLIOOpPKE
1| Hnxkeneps: I10 ISTJ 24% 11,6% CIIIA
ESTJ 15% 8,7%
ISTP 8% 5,4%
ESTP 8% 4,3%
INTP 8% 3,3%
2| Hnxenepsi IO ISTJ 19,1% 14,3% bpazunus
INTP 13,2% 3, 7%
ESTP 11,8% 6,7%
ESTJ 11,8% 23,1%
3 | IT-cnemnaancTel INTP 16% 6,4% Poccus
ISTJ 16% 14,5%
ENTP 14% 7,7%
ISTP 12% 4,9%
Pa3padoTuukn ESTJ 26% Kyb6a
MPOrPaMMHBIX
CHCTEM
ESTP 13%
ISTJ 10%
ISFJ 7%
ENTJ 7%
Pa3zpaboTunkn ISTJ 14% [Takucran
MPOrPaMMHBIX
CHCTEM
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ENTP 11%
ISFJ 9%
ESTJ 9%
INTP 8%

K coxanennto, He CyIIECTBYET MAaHHBIX OTHOCHUTEIHHO PACTIPEICICHUS THUIIOB
JIMYHOCTH TMPOrpaMMHUCTOB M0 Tunosnorun Maiiepe-bpurrc B Ykpaune. Iloatomy,
Hallel BayKHEeHIeH 3a1adell ObLI cOOpP CTATUCTHYCCKUX M aHAIM3 JAHHBIX JUIS OL[CHKH
TaKOI0 pacrpeneneHus

4 Pe3yabTaThl CTATHCTHYECKOT0 HCCJIE0BAHUSA

B Hamem wuccnenoBaHWM y4yacTBOBald 97 pPECIOHIEHTOB, NMPUMEPHO IOPOBHY
npodeccuonanbubie [T-cnenmanucTsl M cTyAeHTHl computer science. Kpome sroit
METOJIMKH, JIIsl TPOPEeCCHOHATBLHBIX Pa3pa0OTYMKOB HaMH COBMECTHO ¢ A. ['aXxOBBIM
[24-25] co3maH W anpoOUpOBaH OMPOCHHK O IMPEANOYTHTEIBHBIX CPEACTBaX U
MeTozax paspadorumnka «DaKkTopsl AUBEPCHOCTHY.

BhisiBIeHHOE ~ HAamMM ~ MCCIIEAOBAaHHEM  paclpelelieHne THUIOB  JIUYHOCTH
MOKa3bIBAECT, YTO MOXKHO BBIJEIUTH IISITh THIIOB, HAaXOMAMUXcs Ha ypoHe >10%
(tabn. 2). IlepBbie 3 W3 HHUX COBMNANAIOT C TPOWKOH Hamboiee pacnpocTpaHEHHBIX
JUYHOCTHBIX THUTIOB Y porpaMMHBIX WHkeHepoB CILIA, ocranbHbie 2 TOXKE BXOMST B
nepBbic  YETBEPKU THUIIOB, HAONIOAAEMBIX CpElW TPENCTaBUTENEH MOA00HBIX
npodeccuii B CILIA, Bpaszunmu, Poccun 1 cTpaH TpeTbero Mupa.

Tabn. 2 OcnosHbie munst IUYHOCHU Y paA3PAOOMYUUKO8 NPOSPAMMHBIX CUCEM Ce8epO-80CIOKA
Yrpaunv

N IMonBrIdOpKa Tun % Crtpana
B NOJABBLIOOpPKE
1| Hnxeneps IO ISTJ 21,6 VYkpauna
ESTJ 14,4
ISTP 14,4
ESTP 10,3
INTP 10,3

3TO 3HAYHT, YTO B CPABHUTEIBHO HEOONBIION Tpynmne [T-crnenuanicToB mpoekra ¢
OOJBIION BEPOSITHOCTHIO MOYKHO BBIJCIUTH, K&K MHHHMYM, JBYX Pa3paOOTYHKOB C
Pa3JIMYHBIMU TUIIAMYU JTUYHOCTH.

CrnenoBaTeiabHO, PYKOBOJUTEIH MPOEKTOB UMEIOT MPUHITUITHAIBEHYIO BO3MOKHOCTh
npH  BBHIOOpE UCIONHUTENECH JUBEPCHBIX pEIIeHHH O00eCIeYnTh pearbHyIo
JINYHOCTHYIO AUBEPCHOCTD.

5 OcobennocTn pacnpeinejieHUssi THIOB M JIOTHECKMHA moaxoa K
uaeHTUUKAMU PAKTOPOB TUBEPCHOCTH
Crnenyromias 3ajada 3ajgadya COCTOMT B TOM, 4YTOOBI, 3Has THIl JIMYHOCTH IIO
knaccugukanyu Maiiepc-bpurre, BbisiBneHHBIH onpocHukoM MBTI [4], omucats
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npodeccuoHaNbHbIE CKIIOHHOCTH MTPOrPaMMHUCTa KaK 3HAUEHHsI CIeAYIOIUX (HakTopoB
JMBEPCHOCTH:

F1 Yposens_abcrpaxiy; F2 Apxurekrypa-manuposanue; F3 Criocob peanuzaium.
Kaxnpnii  ¢aktop wumeer 3 BO3MOXHBIX 3HAUCHHUS: OCHOBHBIC  (ITOJSPHO
MIPOTUBOIIONIOXKHBIE) T U G ¥ HeolpenenéHHoe — p. MbI mpeamnonaraeM, 9YTo 3HaUYEHHS
(dakTopoB y mNpoh)eCCHOHATBHOIO pPa3paboTYMKa MPOPAMMHBIX CHCTEM MOXKHO
ONpEeNeNnuTh ONpocoM. B mpocreiilieM ciaydae, CKIOHHOCTh K TOW WM HWHOU
MOJSIPHOCTH TI0 KoMy (DaKTOPY OMPEACNUTCS, €CIH 3TOT pa3pabOTUMK YKaxeT
CBOE coriiacue ¢ OJIHUM M TOJBKO OJIHUM M3 MapHBIX TE3WCOB M0 KaXaoMy (akropy.
Hampumep, (F,, m) ba3oBble mpoekTHbIe pemieHus cielyeT NPUHUMaTh Ha OCHOBE
JIOJDKHOM a0CTpakiiuu TpeOOBaHHUM ¢ MOCIICAYIONISH TEKOMITO3UIIMK O0IIeH 3a1a4uu B
COTJIACHU C JIOTUKOW TpeOOBaHMH, CTPEMSCh MOMYYHTh KOPPEKTHO BCIIOMOTaTelbHbIC
3aa49u, Oosee MpPOoCThIe, YeM UCXOIHAS.

(Fi, o) Bce mpoekTHBle pelmieHHss 1O pa3padaTblBAEMOH CHUCTEME, B TOM YHUCIIE
HayaJibHbIe, HEOOXOMMO MPUHUMATh, UCXOIA M3 YCIIOBUH €€ BHEIPCHHUU C Y4ETOM
CpencTB pa3paboTku, 3a00TsCh C CamMoro Hayajia O TokaszarensX 3(h(eKTHBHOCTH
paboThI OyayIIeH CUCTEMBI.

CraTuCTHKa KOHKPETHBIX Map (TICHXOJIOTHYECKHH THIL, (aKTOphl JUBEPCHOCTH),
MO3BOJISIET CTPOUTH OTOOpaKEHHE TUIOB Ha (HaKTOPHI MM 3aBHCHMOCTH 3HAYCHHH
(akTOpOB OT DJIEMEHTOB THIA. JTO 3aJadd, pOJACTBECHHBIE (AKTOPHOMY U
perpeccuoHHOMY aHanu3y. VX sydie ynpoctuts. [locTporB oToOpaskeHHE THUIIOB Ha
¢dakTopsl, crnenys BHadane HeOpManbHOW JIOTHKE, MBI Jlajiee CMOXEM IepedTH K
IIPOBEPKE KAaYECTBA OCHOBAHHBIX HAa 3TOM IpenckasaHuid. [Ipuém «3aMeHb» 4UCTO
CTaTHUCTUYECKOTO TIIOJXO/a JIOTHYECKUM paHee NpPHUMEHSUICS B JpYrod 3agade
WCCIIEZIOBAHMS TMYHOCTHBIX YepT MPOrpaMMHCTOB [5].

Ha ocHoBaHuM 3TOr0 MbI BBIABHHYJIH THIIOTE3Y: COMOCTABIISS 3TH XapaKTEPUCTUKU C
XapaKTepUCTUKAMH OCHOBHBIX 3HaueHHH QaxTopoB F;, JOrMYHO NpennoaoxuTh
COJZICHCTBHE ONpPENEeNEHHBIX JHYHOCTHBIX 4YepT dTuM (akropam. [IpucyrcrBue
anemMeHTa N (MHTYHUTHBHOCTh) B THIE ONArompHATCTBYeT 3HAYCHUSIM T BCEX
(dakTopoB, a d1eMeHTa S (4yBCTBUTEIBHOCTh) - 3HaueHUsIM 6. Dkcrpasepcus (E) u
BOCIIPUUMYHMBOCTh (P) COmEHCTBYIOT MNpPOSBICHUIO OOOMX «CHIIBHBIX» 3HAUYCHUH
nepBoro (akropa. Takke BOCIPUUMUYUBOCTH OJarOMpPHATCTBYET 3HAYCHHUIO T, a —
unTpoBepcus (I) — m;. OpranuzoBaHHOCTh (J) OIATONPHUATCTBYET 3HAUCHHSIM G, U O3.
[Ipencransiercs, 4To OONBIIEr0 CKa3aTh MO JAaHHOMY TIOBOLY HENB3s. OTH
cooOpaxkeHus: onpenenstor oroopaxenue MBTI TumnoB Ha ¢akTophl, eciu B ciydae
HEonpeAenEHHOCTH TpHCcBanBaTh (akTopy HeompenenéHHoe 3HAYeHHEe p.  ITO
3Ha4YeHUE, T.0., Ha TpPaKTHKEe He 00sA3aTeNbHO YKa3blBaeT Ha «CPETHHI» CTHIIb
paspaboTrunka (B CpaBHEHHH C KpaliHE BBIpA)XKCHHBIMH CTHIJISIMH), a, CKOpee, Ha TO
00CTOSITENBCTBO, YTO KpaiiHME 3HA4YCHHUs MPOrHO3MPOBATH TOJIBKO Ha OCHOBAHHH
nHpopmarurn MBTI He Bo3MOXKHO.

Ecnu Takoe cootrBercBre Mexay TuniaMu Maiiepc-Bpurre u ¢akTopaMu mporpaMMHON
JTUBEPCHOCTH IIPUHATH, TO MPUAEM K TAKUM BaKHBIM BBIBOJIAM:

(") Orobpaxenne 8-MH ICHUXOJOTMYECKHX THIIOB Ha (DaKTOPBl JMBEPCHOCTH HE
SBIISIETCS CIOpBEKIHei Ha 8-Ky (akTopoB ¢ MONAPHBIME 3HAYCHUSMH. bojbie Toro.
Hukaxo#t n3 mcuxojaornuecKux TUIIOB He SABJSETCA CaMOJAOCTATOYHBIM B TOM CMEICIIE,
YTO CpEld COOTBETCTBYIOIIMX €My 3HAYCHHH (PaKTOPOB MPOrPAaMMHOH TUBEPCHOCTH
00s13aTeNbHO TPUCYTCTBYET XOTsI ObI OJJHO HEONpPEIeNIEHHOEe 3HAYEHHE, 38 KOTOPBIM
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CKPBIBAIOTCS 4YEPThI, MOTYIIHME CYIIECTBEHHBIM 00pa3oM BJIHATh Ha CTHIIb
pa3paboTuuka.

(") OrobpaxeHue MCUXONOTUIECKUX THUIIOB HA (PaKTOPBI JUBEPCHOCTU HE SIBISIETCS
TaKkKe UHBbEKTUBHBIM. [Ipy 3TOM MMeeTcst BCero JBe mapbl TUIIOB C OOIIUM HAOOpOM
(aKTOPOB TUBEPCHOCTH.

(") BonpmmHCTBO 3HaUeHUN (GakTOpoB (2 U3 3-X) OTHOCATCS K MOJSPHBIM TOJNBKO Y
tunoB ESJ, ENP, INP. [Toatomy onpocsl ronb3oBaTeneil HHCTPyMEHTAIbHBIX CPEICTB
pa3pabOTKH CHCTEM C IIeNbl0 yTOYHEHHs (HaKTOPOB JHBEPCHOCTH, KOTOPBIE HM
COOTBETCTBYIOT, BHITOJJHO IIPOBOIUTE CPEAM JIUI] C YKa3aHHBIMU THIaMu. [IpaBna, s
OorbIIIeil MOTHOTHI, K YMCITY ONpallMBaeMbIX cieayeT mpuBiekath u Tum ESP, T.k.
TOJILKO OH UMEET M0 NepBoMy (hakTopy 3HaueHue o. B To ke BpeMsi ydacTHe B TaKHX
ormpocax Jnuin c¢ Ttunamu ENJ, ISP ManonpomykTHBHO B CHJIy TOTrO, 4YTO BCE
COOTBETCTBYIOIIE UM (DaKTOPhI UMEIOT HEONpeAenEHHbIC 3HAUCHHUS.

6 3akioueHue

B pabore Ha OCHOBE OILICHKM paclpeneicHHus JIMYHOCTHX IPU3HAKOB CPEIH
MIpOrpaMMHUCTOB ITOKa3aHO, YTO B KOJUICKTHBAaX CBBIIIC 3 yen BEPOATHOCTb UMCTh JIBYX
HCTIOJIHUTENIEH ¢ pa3HBIMU THUIIAMH JIMYHOCTHU TpeBhIaet 60% u OBICTPO BO3PACTET C
YBEIMYEHHE YHCICHHOCTH KOJUIeKTHBA. [IpuHMMas rtumoresy o (dakropax
JMBEPCHOCTH, IIPOTHO3 YCIEIIHOCTH TUBEPCHOrO mojaxonaa kK paspadorke I1C MOKHO
KOHKpeTnu3upoBath., CoO3MaHHBIA JJI1 3TOrO METOJ TO3BOJISET PYKOBOAUTEIIO
KOHKPETHOI'O KOJUICKTHBA, KOTOpBIﬁ HUMECT OOCTOBCPHBLIC AAHHBIC O JIMYHOCTHBIX
XapaKTePUCTUKAX HCIIONHUTENICH, IIeJICHANPABICHHO IUIAHMPOBAaTh Ha3HAYCHUE
HCIIOJIHUTENEH Pa3HbIX BEPCHI U IPOTHO3UPOBATh PE3YibTaT.

HOHS[THO, 4YTO JOCTOBCPHOCTL TaKHUX IMPOTHO30B GYI[CT IMOBBIIATECA IO MEPC
YTOYHEHHSI METOJIOB OIICHKA (DaKTOPOB IUBEPCHOCTH B JIMYHOCTHBIX TMPOQUIIIX
pa3pabotunkoB [1C u B XapakTepuCTHKaX UCIOIb3YEMBIX UMH CPEICTB. ITO TpedyeT
MPOBEICHUS COOTBETCTBYIOIIMX UCCIICIOBAHUI.
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YK 517.5:519.651

Cnioco6u 3amanHs QYHKITIN 31 3SMIHHUAM IEP10JIOM Ta iX
HaOJIMKEHHS

A. 11. Bacunenko, JI. I1. JImutpona, M. 3. Omiithuk, M. B. [Ipuiimak

Tepnoninbcovkuii Hayionanvhut mexuiunuil ynieepcumem imeni leana Ilynos, Ykpaina

B cratTi po3pobireHo criocoOu aHaNITHYHOTO 3afaHHs (DYHKIIH 31 3MIHHUM II€pioJioM i
3amucadi iX 3MiHHI mepiogu. PosmisHyra omHa i3 3amadu HaOmMDKEHHS QYHKIiN
TPUTOHOMETPUYHHMH PsIIaMH — pO3pOo0IeHO MeTox BH3HaueHHs koedimieHTiB Oyp'e
¢byHKUid 31 3MiHHEM 1epiogoM. OpToroHanbHa TPUTOHOMETPHYHA cUcTeMa (YHKIIN
i3 3MIHHMM @epiofoM Ta ii iHTepBal OPTOTOHAIBFHOCTI Y3TOPKEHI 31 3MIHHUM
nepiofoM JocmimKyBaHoi ¢GyHKIl Sk mpukigan, ansd oxHiel i3 QyHKOIH 3amucaHa
BIJIMIOBiIHA CHCTEMa TPUTOHOMETPHYHHUX (YHKIIH 31 3MIHHHM IEpiogoM, oO4mciIeHi
koepimientn Dyp'e Ta mnoOymoBaHuit ckiHueHmit psn  Dyp'e, awHamiz  sAKOTrO
HiATBEPPKYE NPABHIBHICTH OTPUMAHKX B POOOTI Pe3yibTaTIB.

Knrouoei cnosa: ¢hynxyii 3i sminHum nepiooom, sminnuil nepioo, koepiyienmu Qyp'e gyuryii 3i
3MIHHUM nepiodom, psio Dyp'e QyHkyit 3i SMIHHUM NEPIOOOM.

B cratee pa3paboTaHel CIOCOOBI  AHAJTMTHYECKOTO 3aJaHHus  (QYHKOUHA C
M3MEHSIOMNMCS. IEPHOIOM U 3alMCaHbl MX M3MEHSIOMmuecs: mepuonasl. PaccMorpeHa
OJlHA U3 3aa4 NpUOMIKEeHUS PYHKIHHA TPUTOHOMETPHUECKUMHE PSAaMH — pa3paboTaH
MeToa omnpezaeneHus kodddumrenToB Pypre GYHKIHA ¢ N3MEHSIOUIIMCS ITEPHOIOM.
OpToroHanbHasi TPUTOHOMETpUYECKas CHCTeMa (QYHKIUH C  HM3MEHSIOIIMMCS
NepHoJIOM W €€ HHTepBaJl OPTOrOHAIBHOCTH COTJIACOBAHBI C HM3MEHSIOIIMMCS
HnepuoJoM uccienyeMoi (yHkiuu. B kauectBe mpumepa it ofqHOW W3 (yHKUmMit
3ampcaHa  COOTBETCTBYIONIAas ~ CHCTEMa  TPUTOHOMETPHYECKMX  (YHKIHMH ¢
U3MEHSIOMNMCSL  TIEPUOJIOM, BBIUHCIEHBI Ko3(hduimentsl @Dypbe U MOCTPOECH
KOHEeUHbIH psixg Pyphe, aHaTU3 KOTOPOTO MOATBEPKAAET MPABMIBHOCTD MOTyYEHHBIX B
paboTe pe3ynbTaToB.

Kniwoueevte cnosa: @ynkyuu ¢ USMEHAIOWUMCS  NEPUOOOM,  USMEHAIOWULICS — nepuoo,

Kkoapuyuenmor Dypve @yukyuil ¢ uMEHAIOWUMCA  nepuooom, pso Dypve @yHKyul ¢
USMEHAIOUWUMCSA NEPUOOOM.

The ways of analytical definition of functions with variable period have been
developed in the article. Their variable periods have been written as well. A problem
of functions approximation by trigonometric series has been considered, namely, a
method of definition of Fourier coefficients of functions with variable period has been
developed. Orthogonal trigonometric system of functions with variable period and its
orthogonality interval have been conformed with variable period of the function under
research. As an example, for one of the functions the correspondent system of
trigonometric functions with variable period has been written, Fourier coefficients
have been calculated, a finite Fourier series have been constructed, which analysis has
proved the obtained results.

Key words: functions with variable period, variable period, Fourier coefficients of functions with
variable period, Fourier series of functions with variable period.

1. Beryn

[opiBusiHO HenaBHO OyB BBelleHHWH HOBH Kilac (YHKIIH — QYHKIIH 31 3MiIHHUM
nepiogom [1]. OcHOBHOIO MpPUYMHOIO iX MOSBM Oyina HEOOXIJHICTH OOIPYHTYBATH
MOJIeNIb eMIipUYHUX (3a TepMmiHonoriero Jly3iHa — 0e3hopMyNbHUX) (QYHKIIH,
XapaKTepHOI OCOOJIMBICTh SKHX € TIepPIOAMYHICTh, aje MpHh IbOMY Tepiof
MOBTOPIOBAHOCTI BXE HE € TMOCTIHHUM, a MEBHUM YHWHOM 3MIHIOE€ThCS. Takumu €

© Bacunenko A. M., Omutpoua J1. M., OninHuk M. 3., Mpuimak M. B., 2016
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eJIeKTPOKApIIOTpaMy, OTPUMAHI IIiJT 9ac 9 Micys il Ha MaIfieHTa IeBHUX 30YyAHHUKIB
CIIOKOI0, HampuKia, ¢isudHoro HaBanTaxeHnus. Haramaemo [1], mo dynkmis f (x)

niiicHoro aprymenty Xe€l| c R HasuBaerbcs ¢yHkmiero 3i 3MiHHHM mepiogom
(D3I1), saxmo icHye Taka AudepeHliHoBHa (QYHKIIS T(X)>0, mo s Beix X € |
Takux, mo X +T(X)e | , BUKOHyeTbCs PiBHICTD

f(x)= f(x+T(x)). (1.1)

OyHKIis T(x) Ha3MBA€ThCS 3MiHHUM mepionoM. I3 (1.1) BuruMBae, 1o npu
T(X)=T =const ¢ynkuis f(x) € mepiommunoro 3 mepiogom T . Ilomo obmacri
BusHaueHHs | =[a,b], TO B KOXHOMy KOHKDETHOMy BHMIAJKy BOHA MOBHHHA

YTOUHIOBATHCSL.

Panime Oynmm oTpuMaHi BaroMi pe3ylbTaTH B OKPEMHX HANpsSMKax MOOYIOBH
teopii @®3IT i iX MNPUKIAAHOrO 3acTOCyBaHHA. B [2-4] po3misHyTI NpUKIaIu
enementapaux O3I1 y BUMIIsAAl TPUTOHOMETPUIHUX YHKITIH

sinx%,cosx?, a>0, a#1, xel=[0,).
Jns nux GyHKIiH 3anucani ix 3MiHHI Iepiou:

T(x)=-x+ (X“ +27r)}/“, x [0,00),
(0= ~21) @, xe[r@.0).

Kpim Toro B [2-4] moOymoBana cucTemMa TPUTOHOMETPUYHHX (DYHKITI
sinkx?, coskx®, x>0, >0, k=12,..., (1.2)

Ta TMOKa3aHO, 10 BOHA € OPTOTOHANBHOK Ha iHTEpBam [Xg,Xo +7(Xp)], X >0, i3

BaroBolo (pyHKITi€r0 pa(x)zaxa_l . Slkmio BpaxyBaTH, IO A Ii€l CUCTEMH i
nepioz T(X)=—X+ (Xa + 271)%‘, iHTepBal OPTOTOHAIBHOCTI HA0yBa€ BUTIISIY
XO,(Xg + 27[)%’ . 13 (1.2), a takox i3 GopMysid 3MIHHOTO IEPIOy Ta BUPaA3y UIs

IHTEpBally OPTOTOHAJIBHOCTI BUIHO, MIO0 TPH KOXHOMY (PiKCOBAaHOMY 3HA4YEHHI
napaMeTpa @ MU OTPUMYEMO BiJIIIOBITHO HOMY HOBY OPTOTOHAIIbHY CHCTEMY.
BaxnuBo Haromocutu, mo cucremy (yHKIif (1.2) MoHa y3arambHUTH, SIKIIO

3amicth X%, 1110 BXOJHUTH B 1[I0 CUCTEMY, B3ATH (YHKIIIIO g(x). s ¢pyHKIIisS HOBUHHA
OyTH HemepepBHOIO, CTPOro 3pocTarouol0 abo coaxHow. BusBieHHS iHIINX
BJIACTUBOCTEH  (yHKUIl g(x) Ta TPUTOHOMETPUYHOI  cHcTeMH  (QYHKLIH
sinkg(x), coskg(x), k=12,..., 30kpeMa, skuM Oyme 3MIHHUH TEpioa Ii€i CHCTEMH,
BUMArae OKpeMoro BUBUCHHS.

Matoun kimac QyHKIIH 31 3MIHHEM TIepiofioM, OpTOTOHAIbHI CHUCTEMH

tpuroHoMeTpuuHux O3[1, BUHMKAE MUTaHHS HACTYITHUX KPOKIB PO3BUTKY Teopii Ta
MmeroaiB gociaimkeHHs O3I1. 3BuyaifHo, MO TYT LIIKOM NPUPOAHO CKOPUCTATHCS
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nocBimoM BuBueHHs (yHkmid [5,6], B OCHOBI SKOro JCKHTh «aJTOPUTM
HaGIKeHHs». oro cyTh B HAalIOMy BUIAAKY 3BOJUTBCA JO 3aMiHH JOCIIiKYBaHO
¢ynkuii f(x)eF, ne F — kmac QyHKIii 31 3MIHHUM 1epiofoM (Kiac HaOIMKyBaHUX
¢byHKLil), iHI0I0 QyHKII€0 g(x)e G, ne G — MHOXXMHA HaOMWKYIOUMX (QYHKIIH 31
3MIHHUM TepiojoM. B Hamiomy BuIamky mpomlec CTBOPEHHS —«aJTOPUTMY
HaOIMKEHHsD» MOXe OyTH po30MTHH Ha AeKiabKa etamiB. Och AesKi 3 HUX:

v' moOynoBa Teopii TpuroHoMeTpudHuX psimiB @yp'e D3I,

v' po3po0ieHHs Ha Liif 0CHOBI MeToiB HabmKenus D311,

v jocniukeHHs HaOMwKyrounx (OTpUMaHux B pesynbrari HaOmwkenus) O3I1

METOJIaMU TPUTOHOMETPHYHHX pAiB Dyp'e.

IIpu po3polIi THX YHM IHIIMX METOAIB «aJTOPUTMYy HAOJIKEHHS» BHHHUKHYTH
NUTaHHS X TepeBipkH 3 BHKOpUCTaHHAM misi nporo D3I, 3amaHMX aHATITUYHO.
Opnak meroniB aHamituaHOoro 3amaHHs O3II, BiAMIHHMX BiIl HAWIPOCTIIIAX
(tpuronomerprunux) O3I1, Ha gaHuii Yac He iCHYE.

2. MeTa pod0TH Ta MOCTAHOBKA 3a1a4i

Merta poOoTH — PO3pOOUTH CIIOCOOM aHATNITHYHOTO 3aJaHHs (DYHKIIH 31 3MiHHUM
nepioloM, 3amuMcaTd BHUpPa3d iX 3MIHHUX TEpiOAiB Ta PpO3MNISHYTH MHTAHHS
3HaXOMKeHHs iX KoedinientiB yp'e Ta modynosu pagy Dyp'e.

3. Cnocodu 3a1anns nepioguaaux QyHKuii

I[Io6 po3riasHYTH NHTaHHS PO3POOKK CHoco0iB aHamiTmyHOro 3amanHHs O3,
CIOYATKy TPOBEACMO aHasi3 iCHYIOYHMX CIOCOOIB 3aMaHHs HepioguuHux (yHKIiH (3
NOCTIHHUM TIepiomoM). AHai3 JiTepaTypHHUX JpKepen, 30kpema [7-9], mokasye, 1o
JUISL 1[bOTO B OCHOBHOMY BHMKOPHCTOBYIOTH TPH PI3HOBHIHOCTI CHOCO0iB (METO/IiB,
nigxoxiB). Lle rpadiuHO-0MUCOBI CIOCOOH, aHANITHYHI CITIOCOOU, METOJ] «3CYBY».

3.1 I'padiuno-onncoBe 3aqaHus nepiognuynnx GyHKuii

I'padiunmii crmocid B OCHOBHOMY BHKOPHCTOBYETHCS B JITEparypi TEXHIYHOTO
crpsimyBaHHs. s mpuknamy Takuid crocid 3Haxomumo B [7, c¢.23], me mokazaHO
rpadix ¢yHKmii, mo mae Gopmy neriomxquHx KOJINBaHb MPSMOKYTHOI (hopmu, Ta 3

SKOTO BHJHO, IO Ha TPOMIXKKY —% ,0] ¢yHkmis mpuwiimae 3HadeHHs -1, Ha
NPOMIKKY [O,—%) —3HaueHHs 1. [Ipu npoMy BKa3yeThbCs, 110 32 MEXXaMH 1HTEPBATY

[—%%) rpadik QYHKIT TPOMOBKYETbCS IMEPIOANYHO. AHAJIOTIYHO 3aJ[aF0ThCS

MePioNYHI KOJTMBAHHS MAIOMOAIOHOT Ta iHmmX dopm [8, ¢.25].

3.2 AHasliTH4Hi cnocodu 3aaaHHs nepioauaHuX GyHKuii

MeToau aHANITUYHOTO 3aJaHHs TNepioAuYHUX (YHKIH — e TEeBHUM YHHOM
noOymoBaHa CyIMepro3uilis cremiaabHo migiopanux ¢yHkuid. Cepen ¢GyHKIH, 1110
BXOAATH B CYNEPHO3UIII0, MOXYTb OYyTH TPUTOHOMETpPHYHI (QYHKUIil, HesKi
eneMeHTapHi (yHKWii, 30KpeMa TIOKa3HWKOBa 1 cremeHeBa ¢yHkuii. [lupoke
BUKOPUCTAHHS 3HAXOAATh TAKOXK (QYHKIII, 0 € MPOCTHUMHU Ha BUIJISJ, ajle BXKE He
BiJTHOCATHCS JIO Kiacy eneMeHTapHux ¢yHkiii. Le:
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a) moxyab ¢pynkuii f , To6TO |f|;
b) 3nak (curuym) ¢ynkmii: sign f ;
c) apo6osa uactuna dynkuii: {f }=f —[f], ne [f] — uina vacTuna.

Haenemo mpuximagy aHATITHIHOTO 3aJaHHS MEPIOJUIHUX (YHKIIHA, Jat0dn
iM A71s1 3py4YHOCTI BiANIOBiHI HA3BH.

a) TpuroHoMeTpuuHi dbyHKIil sin X, cosX, tg X, ctg X. Haii6inbm
BUKOPHUCTOBYIOThH TepI JBi 13 mux QyHKIiH — Sin X Ta cosx abo ix
y3aranpHeHHA ASIN(@X+ @) Ta ACOS(w X+ ).

b) IMokasuukoBa f(X)= a9 a6o cramenesa f (x) =(g(x))? pynxuii, ne
a>0, g(x) — Tpuronomerpuuna QyHKIis, Haigactime J(X)=sSinx
a6o g(x) =cosx.

c) Moayns ¢ynkmii: f(X) = |g(X)|, ne g(x) — TpuronomerpuuHa ByHKIis.
B Ginbin 3aransHomy Bumaaky f(X) = h(]g(X)D, h(e) € HemepepBHa
GbyHKIIis.

d) 3mak (curmym) dymkuii: f(x) =signg(x), g(x) — Tpuronomerpuuna
GbyHKIIiS.

e) Ipobosa uwactuna ¢yukiii: f(X) :g({x}), ne g(e) — wHemepepBHa
3pocraroya (cranHa) QyHKIs, {X} — apoOoBa yacTHHA Yyrcia X.

[Mpuknany aHANITHYHOTO 3aIaHHS IEPIOANYHUX (QYHKIIIH JIETKO MPOJAOBKHUTH.
[Mepionuyni GyHKIIT MOXKHA TaKOK OTPUMYBATH 13 BKE MOOYIOBAHUX HUISXOM iX
NEBHUX TepeTBOpeHb. Lle Moxke OyTu po3Tsr um cTucHeHHs B310BxX oceir Oxi Oy, ta

3cyBy 1o oci OX BIpaBo uM BIiBO, 1o oci Oy — BBepx, BHHU3. Po3risiHeMo mpukia Ta

rpadik OjHi€T i3 aHANITUYHO 3aJ]aHUX NEPIOJUIHIX QYHKITIH.

Mpukaan 1. IpodoBa yactuHa Bif GyHKIii g(x): X, Xe(0,), B creneni « >0,

TOOTO f(X)z {X}a. I'padix  Pynkmii {X}a — 1me mepioguuHi 3 mepiogom T =1
KOJIMBaHHS MUJIKONIOAI0HOT hopmu, 100pe BiIOMI B €JI€KTpO- Ta paaiorexHii [8]. s

a =2 rpadik pyHKuii {X}2 300paxxeHnii Ha puc.l.

Ahfl

NANAN

Puc.1. Ipagix pynryii | (X) = {X}2 .
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3.3 Cnocid orpumanHs nepiognunnx QyHKUiH i3 BUKOPHCTAHHAM omepaTopa
3CyBY.

OpuH i3 cnocoOiB 3amaHHs mepioguyHuX (QYHKUIH — me rpadiuHuii cmocid B
MOETHAHHI 13 onepaTopoM 3cyBy. [po 1eii croci6 iaerbes B [9, c. 34]: ast moOynoBu
rpadika mepiogumuHoi (YHKIIT 3 mepiogoM T JAOCTaTHBO IPOBECTH IMOOYAOBY Ha
BiZpi3Ky [O,T) i TOTIM OTpUMaHy KpHBY NapajejbHO TEpPeHecTH Ha BiAgalb
NnT, n=+1+2,..., BopaBo i BimiBo B30BX oci OX. 3ayBaxumo, mo s peamiszamii
[IbOTO CIIOCO0Y YK HE €JMHUM BHXOJIOM € BUKOPHCTAaHHs Teopii psiB Dyp'e [6, c. 29].

4. Cnoco0u 3aaanHs (pyHKUii 3i 3MiHHUM nepiogoM Ta ix 3MiHHI nepioan

IToniOHO 1O OCHOBHUX CIOCOOIB 3amaHHS MEPIOANYHUX (QYHKIIH MOXYTh OyTH
po3pobieHi criocoOu 3anaHHs QPyHKINiH 31 3MiHHUM Tiepiogom. [IpoTe B ux BUMamkax
KpiM caMHX Croco0iB 3afaHHs (DYHKIiH Ba)KIMBUM € MUTAHHS 3aJaHHS 1X 3MiHHHX
nepiofiB. OCHOBHY yBary MW 3BEpPHEMO JIAIIE Ha CIIOCOOM aHATITHYHOTO 3aaHHS
(bYHKIIH 31 3MIHHAM TIEPiOIOM.

4.1. llpuknagu aHadiTHYHOTO 3a7aHHsA GYHKUIH 3i 3MiHHEM Tepiogom

a) Tpuronmomerpuuni  Qynkuii  sin X%, cosx®,tg x%,ctg x*,a >0,a #1.
Haii6inbn BUKOPHCTOBYIOTH mepmii aBi i3 mux ¢yskumii — sinx® Ta

cosx? abo ix y3arampHernHs Asin|kx® + ¢) Ta Acos(kx“ + ¢).

b) IlokasHukoBa ¢yHKIIs: f(X):ag(X)’ me umemo a>0, g(x) —
TPUTOHOMETpUYHA (YHKIST 13 3MIHHAM [epiooM, Haidacrime
g(x)=sinx*,a >0,a #1, abo g(x)=cosx*.

c) Crenenesa dyuxuis: f(x)=(g(x))?, ne uncno a rta Qynkuis g(x) Taki
XK, AK 1 B MyHKTI 3.2.

d) Moayns GyHKil: f(x):|g(x)|, g(x) — TpuroHoMeTpuuHa (yHKLIA 3i
3MIHHUM TEPi0JIOM.

e) 3uak (curaym) ¢ynkuii: f(X)=signg(x), g(x) — TpUroHOMETpHYHA
GyHKIIS 13 3MIHHEM TI€Pi0IOM.

f) HpoGosa uactuna: f (x): {g (x)}a , ne a>0, {0}— npoboBa yacTuHa,
g(x) — nesika HeNiHIHHA HeTlepepBHa 3pocTaroya (craaHa) QyHKILis.

g) Tpanchopmaris GyHKIIN i3 3SMIHHEM MIEPi0JIOM.

PosrnsHyTi BHIE criocoOm oTpuMaHHs (YHKIIN i3 3MIHHUM TEpioJIoM MOXYTb
OyTH y3arajbHEHI NUISXOM 3aCTOCYBaHHS J0 HUX IEBHHUX MEPEeTBOPEeHb. B meprry
Yepry 1€ CTOCYEThCS HAaWMpPOCTIIIMX IEPETBOPEHb — MapajelbHOr0 INEepeHocy Ta
CTHCHEHHS (pO3TATY) B3/IOBXK Ocell abCIUC 1 OpAMHAT.

Sk iy BUMAnAKy 3 nepioAMYHUMU (QYHKINSIMU, MPHUKIAJA aHATITUYHOTO 3aJIaHHS
GYHKLIH 13 3MIHHUM NIEPi0I0M MOKHA IPOJIOBKHUTH.
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4.2. I'padiku ananiTuuaHo 3agaunx GyHKuii i3 3MiHHUM nepiogom.
HaBenemo rpadiku meskux i3 QyHKIIH i3 3MIHHAM NEpioJoM Ta 3amulIeMo ix
3MiHHI epioaH.

2
4
Mpuxaan 2. CreneneBa ¢yukuis f(X) =(sin Xé + %j (puc.2), i 3MiHHHN

ly 4
nepion T(X) =—X+|x3+2x (puc. 4, HenepepBHuil rpadik).

2

4
Puc. 2. I'pagix pynxyii T (X) = [sin X/3 + %J

Hpuxnag 3. Cynepnosumis crenereBoi GyHKIT Ta QyHKIIT «IpodoBa YacTHHAY:

2
3
f (x):{ /5} . I'padik miel GyHKIIT — 116 KOIMBaHHS MHIKONOAIOHOT hopmu (puc.3)

, Tpadik IKOro 300paKEHU Ha pHC.

)%

31 3minHEM mepionom T(X)=—X + [X/5 +2r

4 (myHKTHpHA JiHIT).

2
3
Puc.3. I'paghix pynxyii f (X) = {X/S} .
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gV
Puc.4. I'paghixu 3minnux nepiodis: T(X) =—X+| X3+ 27 — CYYINbHA NIHIS,

5
3, \Va
T(X) =—X+ [XA + ZEJ — NYHKMUPHA TiHiA.

Hpuxnag 4. Cynepmnosuitis norapudmivHoi (yHKIii Ta (yHKIIT «1podoBa
yactuHay. f (X): {IogC X}, x=1c>1. Mlpu ¢c=3 rpadix ¢yuaxmii f (X)= {IogS X}

T(x)z X(C —1), TOOTO € NiHilHOI QyHKIIE 3 KoedimieaToM K =c—1. Jns ¢pyHKii,
300pakeHol Ha pUCYHKY 5, 11 3MiHHMH Tepioa T(x): 2X.

Puc.5. I'paghix ¢pyuxyii f (X)z {I093 X} :

5. Koedinientu Ta psaan ®yp'e pynkuiii i3 3MiHHIM nepiogom

HasBricTe aHamiTHUHO 3agaHWX (QYHKIIA 31 3MiHHEM MEpioJIoM Ta iX 3MiHHHX
NepioJiiB, a TAKOXK OPTOTOHANBHUX TpUroHoMeTpuuHHX cucteM D311, 1ae MOXKIUBICTD
po3rIsaaTi nuTaHHA po3poOku Teopii psaniB @yp'e D3I Baxnuo Haroiaocurtu, 1o
Ipy [bOMY [TOBUHHA BHKOHYBATHCS HACTyIIHA yMOBa: 3MiHHUH mepion QyHKUii, s
AKOT MpHITycKaeThes OyayBatH i psn Dyp'e Ta 3MiHHUEN TIepio]l BiINOBIHOT CUCTEMH
tpuroHoMeTpuuHi D3I1 moBuHHI cmiBmagatH. [ng neskux i3 HaBEACHUX BHIIE
anamitnyHo 3amanux O3I1 BigmoBigHi imM TpuroHomerpuuni cucremu D3I €
BimoMumu. He BIaroumch J0 BCeOIYHOTO PO3MIISAY DSy MHTaHb, IO CTOCYIOTHCS
teopii psaaiB @yp'e D3I, 3ynuHUMOCS JHIE HA KOHKPETHOMY MPHKIIAI1 00UHCICHHS
koedimieHTiB Ta m1moOynoBM ckiHueHoro psaxy Dyp'e D3I [dns mnopiBHSIHHA
pe3yabTaTiB 00YUCIIeHb OyIeMO TaKOX po3risiaru mapaneiabHo 13 D3I «momioHy»
no Hei QyHKHipo 3 mocriiiHuM mepiogoM. HeoOximHi po3paxyHKOBI QopMynu Ta
JTIOJTATKOBY iH(OpMAITiIO JJIs I[HOT0 PO3MICTUMO B MOPIBHSIIBHIN Ta0ymi 1.



BicHuk XapkiBcbkoro HawjoHanbHoro yHisepcuteTy iMeHi B. H. KapasiHa, 2016 43

Tabauys 1. [lani oocniosicenns

OyHKIIS 31 3SMIHHIM MIEPi0AOM QOyHKIIIS 3 TOCTIHHAM TIEPiOIOM
2
3
f(x)= A 2
W= ()= {x)
3MiHHUH TIepio ITepion T =1
Y
T(x)=—x+| x5 + 27
OpTroroHaibHa TPUTOHOMETPUYHA CUCTEMA OproronansHa
GyHKIIT TPUTOHOMETPUYHA CUCTEMA
3 3 byHKIiT
i 5 5 — .
sin 27sz/, cosZ;zkx/, k=12,... sin 27kx, cos27kx, k=12....,

13 3MIHHAM TIEPi0IOM

T(x):—x+(x% +zﬁ]%

i3 mepiogom T =1

JUst NOBUIBHOT TOUKH X >0 iHTepBan Jlnst noBiIBHOI TOUKU X >0
OpPTOTOHANILHOCTI IHTEepBaJl OPTOTOHAIBHOCTI
5 [X0, %o +1]

%
[X0. X0 + T'(x0)]= xo,(x(% +1] ’

Ckansipauii 100yTOK GYHKIIH Ha iHTEpBai Ckansipauii 100yTOK QYyHKITIH
y A F(x) i9 ) Ha iHTepBai
Xo '(XO 5+ 1} i3 BaroBoro (QyHKIi€0 [Xg, %o +1] i3 Barooro dbymKiero
p(x)=1:
3 _% . Xo +1
p(X)=§x : (f.g)= [f(x)g(x)dx
5% &
(Xo% +1 ’
_2
(f.o)= | ¥« %5 £ (0 g
X0
Dopmynu 11 00UHCIEHHS KOeilieHTiB DopmynH IS 00UHCIICHHS
Dyp'e dyukii f(Xx): koedirientiB Dyp'e pynkii f(X) :
3 % Xo +1
(XOA+1 ag=2 _[f(X)dX,
_2
ag=2 | %x Af(x)dx, X0

Xo
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3 3
%0 +aK cosZ;zkxA + by sin 27sz£

y % Xo +1
[x05 +1 a =2 [ f(x)cos2axdx,
=2 | yx_%f(x)coshkx% dx %o
k X 5 XO +1
0 by =2 [ f(x)sin2zxdx
5 1 Xo
(Xo% +1 A
_2 3
=2 | %x Af(x)sin 2;zkx£ dx
Xo
Psn @yp'e Pan @yp'e

a?0+2ak €0S27KX + by sin 27kx

KBagpat Hopmu GyHKIII:
5
g2 +1
_2
lfelf = | %x % 1200 dx
Xo

KBagpat Hopmu QyHKIII:
2 X0 +1
[f|°= | f2()dx

Xo

Hepienicts Beccens:
2 n
a 2
70 + Y af +bf <2 f (x|
k=1

Hepienicts Beccenst:

2 n
20} yaf +b <2f ()|
2 O

BuxopuctoByroun HaBejieHi B Ta0Omwmii 1 po3paxyHKOBi (popmynu, Oynu 3HaiaeH1

2
3
koedimieatn Dyp'e mis  dyHKIIH f(x):{ A } i f(x):{x}z. Pesynbratn

oO4YMClIeHb HaBeAeH] B Ta0OIuIl 2.

Tabnuysa 2. Koegiyicumu @yp'e

OyHKIIIA

ol

f(x)={x}?

[HTEpBaN OPTOrOHATIFHOCTI

5

5,(5% +1JA =[5,8.560]

loa]
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Koeoirtientn Dyp'e (3 TOUHICTIO 10 10_4)
a, k=010 | b,, k=110 | a, k=010 | b, k=110
0 0.667 0.667
1 0.101 —0.318 0.101 —0.318
2 0.025 —0.159 0.025 —0.159
3 0.011 —0.106 0.011 —0.106
4 0.006 —0.080 0.006 —0.080
5 0.004 —0.064 0.004 —0.064
6 0.002 —0.053 0.002 —0.053
7 0.002 —0.045 0.002 —0.045
8 0.001 —0.040 0.001 —0.040
9 0.001 —0.035 0.001 —0.035
10 0.001 -0.032 0.001 -0.032
2 10 2 10
20, Sa? +b2 =0.391 20, Sa +b2 =0.391
N 2 xa
2 f (x)|* =0.400 2] f (%)|* =0.400

2
3
[opiBusiaEs  koediuientiB ~ Dyp'e s QyHKUiH f(x):{ A } i

f(x)={x}? mokasye ix «mpaxTmaHe» criBnaanms. JlesKi HeY3TOMKEHOCTI MOXKHA

MOSICHUTH TMOXUOKaMH OOYKCIICHb a TaKOX, MOXKIIMBO, 1 IPOrpaMHHUM 3a0e3MeueHHIM
Advanced Grapher, ske kpiMm m1oOymoBu rpadikiB Ha puCyHKax 1-7
BUKOPUCTOBYBAJIOCS JUIS iHTETpyBaHHs (MPH 3HAXOJpKeHHS KoediuieHTiB Dyp'e) Ta
JIETKUX OOYNCIICHb.

BukopucroByroun HaBeneHi B tabmuii 2 koedimientun a,, K=010 i by,

k =110, Oyar  oOYMCIIeHI  3Ha4eHHA, 1WIO0  BXOASATh B  HEPIBHICTH
2 2 10
a 2 a
BGCCCJ'IH?O + Za& + bk2 <2|f(x)|". Bussunocs, wo 70 + Za& + bf =0.391,
k=1 k=1

2||f(x)||2 =0.4, ToOTO TpH 3amaHill TOYHOCTI 1074 ke mpu N=10 HepiBHICTH
Beccens mepexoauts B piBHICTh [lapceBass.
3a 3HaueHHAMHU KoediuieHTiB @yp'e (Tabmuus 2) moOynoBaHI TakoX psIu

2
3
®yp'e. Ha puc.6 mokasano rpadik no6yaoBaHoOro s (yHKI f(x):{ % } ii

6 3 3
. a - . .
ckiHueHoro psay Dyp'e 70+ > a COSZﬂkXA + by sin Zﬂkxé ta rpadik camoi
k=1
¢ynkuii. [opiBHsHHA rpadikiB mokasye, mo ckiHueHud psg Dyp'e AOCTaTHBO
«100pe» BinTBOpIO€E GopMy camMoi QYHKIII.
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1 '_'._‘fm

¥

L L

2.h b 7h 10

2
3
Puc.6. Pso @yp'e (nepwi wicme nap oooanxis) ons pyuryii f (X) = {Xé} (xeunscmui

epagix) ma epagix camoi Qynxyii.

Taki * BUCHOBKM MOKHa 3pOOHTH 1 moJ0 ckindeHoro psany Dyp'e mns GyHKmii
f(x)= {x}2 , Tpadik AKOro 300paxeHuii Ha puc. 7.

&

1 __fI:I:I
/ |
¥ E'll ¥ s L

4

Puc.7. Pao @yp'e (nepwi wicmv nap 0ooanxig) ons ynxyii f (X) = {X}2 (xeunscmuil epagik)
ma epaghix camoi yHkyii.

6. BucHOBKH

Po3pobneni B poboti crocoOu aHAmITHYHOTO 3afaHHs (YHKIOIA 31 3MiHHUM
NepioJIoM € MPOJOBXKEHHSIM PO3BUTKY Teopii mux QyHKmii. Jias omHiel i3 Takux
¢yHKIin obOumcneni ii koedimienTn Dyp'e, aHami3 3HAUYEHb SKWUX IIATBEPAUB
MOTIEPETHBO 3pO0JICHI MPUMYIIIEHHS PO MOXIIHBICTh 00YHMCIIEHHS KOe(ilieHTiB Ha
JIOBUIBHO ~ PO3MIIIEHOMY  IHTEpBaJli  OPTOrOHAJILHOCTI  BIATOBIIHOI  CHUCTEMHU
TPUTOHOMETPUYHUX (YHKLIN 31 3MIHHMM HepioJoM, a0 TiJIbKH JOBKHHA iHTEpBaTy
y3TrO/KyBanacsl i3 3Ha4eHHsAM 3MiHHOTO nepiony. [loOynoBaHuii 3 BUKOPUCTAaHHSIM
3HalieHux koedilieHTiB cKinueHui psin yp'e 70CTaTHRO «IIOOpeE» BiATBOPIOE PopMy
camoi (ynkuii. OTpuMaHi pe3y/bTaTH MOXKHA PO3MNISJIATH SIK BarOMUH BHECOK B
Teopito psaaiB Pyp'e PyHKLIH 31 3SMIHHUM MEPIOIOM.
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VJIK 532.5

Amnanu3 Buxpeit Moddara BHyTpU NpsIMOJIMHEMHOTO KaHaia co
BCTaBKaMH IPH MaJIbIX unciax PeliHonbaca

A. A. T'ypxuii, A. B. Illangenko

Hayuonanvnvii mexnuuecxuti ynugepcumem Yrpaunvr “KIIH”, Kues, Yxpauna

PaccmoTpena 3amaua O IBYXMEpPHOM TEYEHHMHM BSI3KOM HEC)KMMAeMOM KMIKOCTH
BHYTpU MNpPSAMOJMHEMHOTO KaHaja C CHCTEMOM BCTaBOK pa3jiMYHOM T'€OMETpUU B
NpUONIKEHUH Manblx ducen PeliHombiaca. 3amada pellleHa YHCIEHHO B TEPMMHAX
“GyHKIOUS TOKa - 3aBUXPEHHOCTH  Ha PAaBHOMEPHOH CETKE C HCIOJIb30BaHUEM
MPOCTOTO SIBHOTO METOJA C Pa3sHOCTSIMU IPOTHB MOTOKA. MeToJ mocienoBaTe bHOM
BepXHEeH penakcaruu OBUT NpHMEHEH NpH pemnieHHH ypaBHeHuH Ilyaccoma st
¢yHKIMY ToKa M qaBieHus. [loka3aHo, YTO B TEYCHUM Iepel BCTaBKaMU M 33 HUMH
oOpasyroTcsi  IUPKYJSIIMOHHBIE  30HBI  (BuXpu  Moddara).  YcraHOBIEHBI
KOJIMYIECTBEHHAs 3aBUCHMOCTh Pa3MepOB M (POPMBI YIIIOBBIX BUXPEBBIX CTPYKTYp OT
CKOPOCTH 0CeBOT0 MoToKa. OmpeneneHsl YpOBHU MOTEPh Ha JABICHUE, BBI3BAHHBIC
yMeHbIIeHreM 3()(HEeKTHBHOTO CEUCHHS KaHaa.

Knrouesvie cnoea: euxpu Mogppama, esa3xkas  olcuokocmv,  IAMUHAPHOE — MeYeHue,
NPAMONUHELHbI KAHAT, 6HYMPEHHUE 8CIABKU.

Po3srsiHyTO 3324y NMpo JBOBHMIpHY TEYiro B'S3KOi HECTHCIIMBOI PIIMHU BCEpequHI
HPSIMOJIIHIHHOTO KaHay 3 CHCTEMOIO BCTAaBOK Pi3HOI reoMeTpii B HAONVKEHHI MallMX
gucen PeifHonmbaca. 3amada po3B’s3aHa YHCENFHO B TepMiHAX “QYHKIIS TOKYy —
3aBUXPEHHOCTH” Ha PIBHOMIpHIH CITIi 3 BUKOPUCTAHHSIM MPOCTOTO SIBHOTO METOAY 3
pPI3HULAIMH TPOTH MOTOKY. MeToJ TOCHiZOBHOI BepXHBOI penakcamii OyB
3aCTOCOBaHMI MpH PO3B’s3aHHI piBHAHB IlyaccoHa mnmsd QYHKIII TOKy 1 THCKY.
Iloxazano, mo B Tewii mepen BCTABKaMH 1 38 HUIMHU YTBOPIOIOTHCS IUPKYILLIIHI 30HU
(Buxopu Moddata). BcTaHOBIEHO KiTbKiCHA 3aJISKHICTH PO3MIpPIB 1 hopMK KyTOBHX
BUXPOBUX CTPYKTYP BiJ IIBHAKOCTI OCHOBOIO HOTOKY. BH3HaueHo piBHI BTpar Ha
THUCK, BUKJIMKaHUI 3MEHIIICHHSIM e(eKTHBHOTO NEPETUHY KaHAIYy.

Knwouosi cnosa: suxopu Mopgama, 6's3xa piouna, raminaphuii naun, npAMOIIHIUHUL KAHAT,

6HYMPIWHI 6CMABKUL.

The problem stated for two-dimensional flow of viscous incompressible fluid in a
straight channel with a system of fittings having different geometry is considered
using the approximation for the case of small Reynolds numbers. The problem is
solved numerically in terms of "stream function - vorticity" on a uniform grid using a
simple explicit method with upwind differences. The method of successive over-
relaxation was applied for solving the Poisson equations for the function of stream and
pressure. It is shown that the flow forms the circulating zones (Moffat’s vortices)
before fittings and after them. The quantitative dependence of the size and shape of the
corner vortex structures on the axial velocity of the flow is determined. The pressure
loss levels caused by decrease of the effective channel cross section are defined.

Key words: Moffatt’s vortices, viscous liquid, laminar flow, straight channel, internal fittings.

1. Beenenne

B nocinengHee BpemMss B COBPEMEHHOH HAydyHOM JMTepaType OTMedaercs
MOBBILICHHOE BHUMAaHHE aHaM3y MpoOsieMbl (OPMHUPOBAaHUS M B3aMMOJACHCTBHUS
JIOKAJM30BAaHHBIX BHUXPEBBIX CTPYKTYp pas3inuHoro wMacmraba. Mx BiusHHEe Ha
(dbopMHpOBaHNE TEUEHHH, YCIOBHS IMPOTEKAHUS Pa3IMYHBIX BTOPHYHBIX A(PPEKTOB
CeroJHs YK€ He BBI3BIBAIOT COMHEHHMH. Eciam pa®oThl Havaja MPOILIOrO CTOJIETHS
ObUTH B OCHOBHOM HallpaBJeHbl Ha O0BsICHEHHE “‘BUXpeBOW Teopuu marepun” [1] Ha

© l'ypxuin A. A., WangeHko A. B., 2016
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OCHOBE B3aMMOJEHCTBUS MHEPLHUOHHBIX 3(GQPEKTOB M CHJI IPAaBUTALUHU, TO CETOIHS
uHTEepec K mpobneMaM BHUXPEBOM IWHAMUKH (“CYXOXWJIMH W MYCKYJIOB TEUYECHHUS
KUAKOCTH” [2]) OOycClOBIEH HOBBIM TOHHMAaHHEM INPEOOJIAAAIONIETO BIUSHUS
BUXPEBBIX CTPYKTYp Ha (OPMUPOBAHHUE TEUECHUH Pa3IMYHON NPUPObI, HHTCHCUBHBIX
IPOLIECCOB IIEPEHOCAa CKAJSIPHBIX TMOJIell B CIUIOMIHBIX cpeldax, oOpa3oBaHHE
HEYCTOHYMBOCTH MOTOKA U MOCIEIYIOLIETo Iepexoa B TypOyIeHTHOCTb, TeHepalnio
BUXPEBOTO 3ByKa u jp.[3, 4].

BaxHoli B moHMMaHHH TIpoliecca oO0pa3oBaHus BHXpel sBmiiack padbora Moddara
[5], B xoTOpoOii BriepBbie OBUTM OOHAPY KEHBI JTOKAIN30BAHHBIC BUXPEBBIE CTPYKTYPHI B
VIJIOBBIX OOJIACTAX BHYTPEHHHUX TEUYCHUH (IByMEpHas NPSMOYrojbHAs IMOJOCTh C
OJTHOU TIOABWHKHOM TPaHUIICH ) TIpH MalbIX duciaax PeiHonbaca. ABTOp aHATUTHICCKH
MoKa3ajl, 4TO B Yyrjax IIOJOCTH C HENOJBIKHBIMH TpaHulamMu (GopMHUpYeTCs
JIOKaJM30BaHHAsl 00JIACTh TEUEHHs C HEHYJIEBOW 3aBUPEHHOCTHIO. OHa umeer Gopmy
TPEYrojbHHUKA, KAaTeThl KOTOPOr0 NPUMBIKAIOT K TPAaHHULIAM, a TUIOTEHY3a KacaeTcs
BHEIIIHErO TCYeHHUsS. B coBpeMeHHOW Hay4HOU nurepaType [6-8] Takuwe BHUXpeBbie
CTPYKTYpHI IOJY4MJIH Ha3BaHue Buxpeir Moddara. Hanpasnenue upKyasiuy B 3TUX
o0macTsiX ompenenseTcs HalpaBICHHEM IBMKCHHS XHUIKOCTH BAOJIb TMIIOTEHY3BI.
XapaxkTepHoil 0coOeHHOCThIO Buxpelt Moddara sBnsieTcst To, 9TO MOAYIIh CKOPOCTH
BHYTPH 3aMKHYTON HUPKYJISIIMOHHONW 30HBI IPUMEPHO HA MOPSIOK MEHBIIIE CKOPOCTH
BHEIIHETO MOTOKA.

Honroe Bpems cuurtanoch, 4TO 0Opa30BaHUE 3aCTOWHBIX 30H B YIJIOBBIX 00JacTAX
TEUYEHUI HE OKa3bIBAIOT CYLICCTBEHHOTO BIMSIHMS Ha O0O0Ilee MOBEJACHUE IOTOKa
BSI3KOM KHMIKOCTH BO BHYTpeHHHUX TedeHusx [9] mpu manbix umcnax PeiiHonzca
(nmpubmmxenne Ctokca). Buxpm Moddara wacto ucmonp3oBamuch B KadecTBe
TECTOBBIX 3aJad IpHU pa3pabOTKe Pa3lIWYHBIX YHCJIEHHBIX METOAOB MAJISI PEIICHUS
yYpaBHEHUIN JBWXKEHHsS CIUIOIIHON cpenpl. CerogHss HMeeTcsl aHaJIUTHYeCcKoe
000011IeHIe ATOM 3a1auu JyIsl TpeXxMepHbIX TedeHui [10].

Henasuue wuccnemoanust [11,12,13] mokasanu, 94To JOKAIN30BaHHBIE BHXPEBBIC
CTPYKTYpHl B YIJIOBBIX 30HAX BHYTPEHHHUX TEUEHHH WIrpaloT BaXXHYIO pOJIb B
(GopMHpPOBaHMH TIPOLIECCOB IEpPEHOca Tella B  OXJIAJUTENBbHBIX CHCTEMax
(MHMKpOKaHaNbI pa3IMYHON T€OMETPUH C CUCTEMOH NEPIEeHANKYIAPHBIX BCTABOK) MIPH
Masblx yucnax PeiitHonbaca. Takue MHUKpOKaHanbl NPUMEHSIOTCS MPH OXJIAXKIECHUH
Pa3IMYHBIX YCTPONCTB Pajlio-3JIeKTPOHHON anmapaTypsl (YMITbI, MUKPOIIPOLIECCOPHI)
MenneHHoe OBW)XKEHHE TEIUIOHOCHTENS B YIJIOBBIX 30HAX TEUEHHUs] NPUBOIHUT K €€
HarpeBy 3a c4eT BHeIHero au¢p¢y3uOHHOrO MOTOKA. BBIIO MmoKa3aHo, 4TO YIJIOBbIE
HUPKYJSIIMOHHBIE 30HBI, N0 MEpPEe YBEIMUYEHHUS CKOPOCTH TEYEHHdA, MPHOOPETAIoT
KBa3UCTALIMOHAPHOCTh, KOTOpas MPHUBOJUT K MEPHOJAUYECKOMY KoJieOaTeTbHOMY
JBIDKEHHUIO TPaHUIbI, pasjaensdonei Buxpu Moddara u BHemHuid notok. Ilpu stom
YacTh XOJOJHOHM HJIKOCTH W3 BHEITHEr0 IMOTOKa TOCTYIaeT B YIJIOBYIO OO0JIACTH
TE€YCHHA, W TaKOW ke OOBEM TEIUIOHOCHTENS BBIHOCHTCA OCHOBHBIM Te€4YeHHEM. B
pesynbTaTe OOIIMH KOHBEKTHBHBIH IMEPEHOC TeIUla M3 BHEIIHEW cpeabl B KaHal
CYILLIECTBEHHO MOBBIIIAETCS IPH MajbIX yuciaax PeliHonbaca.

®opmupoBanue Buxpeir Moddara BO BHYTPEHHUX TEUEHHSIX YMEHbBIIAET
3¢ PeKTUBHOE CceYeHHE KaHAJOB M NPHUBOAMT K COOTBETCTBYIOIIEMY HOBBIIICHHIO
YCPEIHEHHOr0 TpajueHTa JaBlieHHs], He0OX0AUMOro Uit (POPMHUPOBAHUS TCUCHHUS C
3alaHHOW CKOPOCTHIO. AHAIM3 HAYYHOH JUTEpaTyphl MOKa3al, YTO 3TOMY BOIPOCY
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yaeneHo mano BHuUMaHUs. [IpoOnema BIMSHHS CKOpOCTH TeUeHHUS Ha (PU3MYECKHe
MapaMeTpPhl YIIIOBBIX [IUPKYJISIUOHHBIX TCUSHUH (PAKTHYECKU HE PacCMaTPHUBAJIACh.

Ilenpto paboOTHI SBISAETCS YCTAaHOBJICHHE BIUSHUS CKOPOCTH TEYCHUS BHYTPH
MPSIMOJIMHEWHOTO KaHalla C MEPIEeHANKYIIPHBIMI BCTABKAMHU PAa3IMYHON T€OMETPUHI
Ha pa3Mepsl B (POpPMY HUPKYJSIMOHHBIX OOJacTeil B YIJIOBBIX 30HAX TEYCHHSA B
MpUOIKEHUHN MajblX yucen PeitHonbaca. HeoOXoquMo BRISICHUTE BIMSIHUAC pa3Mepa
M KonmdecTBa Buxpei ModdTa Ha pa3HOCTH NaBIEHUH, MPUKIANBIBAEMYIO K BXOIY
BBIXO/Iy KaHaua, [ MOAepKaHus 3aIaHHON CKOPOCTH TEUYEHHUS B KaHAJIE.

2. MareMaTH4eCcKasi NOCTAHOBKA 32/1a4M

JIB>keHHWEe OJHOPOJHON BA3KOM HEC)KUMAEeMOM J>KMIKOCTH C IOCTOSHHOMU
IUIOTHOCTBIO P U KOA(D(UIIMECHTOM KHHEMATHYCCKOM BSA3KOCTH V OIUCHIBACTCS
ypaBHeHHeM HaBbe-CTOKCa U ypaBHEHHEM HEPA3PBIBHOCTH

Q+(U-V)U:—le+vAU, 1)
ot p

V-Uu=0, (2
rae U(U,V,W) — mose ckopocTH, P — rmoJie JaBICHHUS.

Hanoxxenue omepariuu potopa Ha ypaBHeHHE (1) MO3BOISET MOIYIUTH YPaBHEHUE
IEepeHOCca 3aBHUXPEHHOCTH. B IBYXMEpPHOM cCllydae TII0Ji€ 3aBUXPEHHOCTH HMEET
€IMHCTBCHHYIO KOMIOHCHTY (w=0V/0X—0U/0y), HampaBiIeHHIO MEPHEHANKYSIPHO K
IUIOCKOCTH TEYeHWs. B 3TOM ciydae ypaBHEHHE MEpEeHOCa 3aBHXPEHHOCTH
npruoOpeTaeT MpoCTor BUI

0w olUw Nwo ’w w

—+ + =vi—+-—

o ox oy o oy

Ecnu BBecTM (yHKIMIO TOKA, CBS3aHHYIO C paclpeselieHHeM OIS CKOPOCTU
BLIpa)KeHI/IHMI/I

: 3)

oY oY
U=—o, V=-—, (4)
oy OX
TO MOXXHO TIOy4nTh ypaBHeHue [lyaccoHa mis QyHKIMM ToKa
SR JGEL
5 =—0. (5)
OX oy

B nanpHeiimem, mpu HEOOXOAMMOCTH, TO 33J]aHHOMY pPaCHpPEISIICHUIO OIS
CKOPOCTH MOXHO BOCCTAHOBUTH PACIPEIEIICHHUE 101 1aBJIECHUS, BOCIOJIb30BAaBUINCh
ypaBHeHueM Ilyaccona ans gaBineHus

o’p
CPLOP_pl e N VL ©6)
ox2 oy ox oy oy ox

[locraBnenHass 3amada AOKHAa OBITH AONOJNHEHA HAaYaJbHBIMH M TPaHUYHBIMH
yCIoBUSAMH. | paHUUHBIMH yCIOBHSIMH SIBIISTIOTCS (pucC.1)

1
Ulyse =40¥| 50z | Y]

S1,82 S$3,54 = 0 ! V|Sl,52,53,S4 = 0’
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Puc.1. Feomempuﬂ Kamana c cucmemott CUMMEMPUUHBLX 6CMABOK

4y°U, (1 y 2DU
\P|51,SZ = D 0 E_B_D ) \P|33 = 0, LP|S4 =TO’ (7)
a,(, 2y o
w|51,32 - D0 1_3 ) p|51 = Po> |O|Sz =0, 553'54 =0.

3necy Uy — MakcuMasbHas CKOPOCTh TEUEHHs Ha BXOZIE KaHaa.

rpaHHqHBIC YCIoBUA JId MOJIA 3aBUXPCHHOCTH Ha TBEPABLIX IMOBEPXHOCTIAX 6YZ[6T
OTIpesieNIeHO JAajee.

B kauecTBe Ha4a bHBIX yCIOBHit st mojeii ckopoctu U(X,y,0), V(X,y,0) byukimn
toka ‘W(Xy,0) u 3aBuxpeHnoctd @(X,y,0) BbIOMpacTCs pacrmpenencHus TOJeH,
MOJTy4eHHBIE B PE3yJIbTaTe PEUISHsI COOTBETCTBYIOIIEH cTallmoHapHOH 3ana4u (3-5) ¢
TpaHUYHBIMH yCIOBUSIMH (7).

B JlalibHEWIIeM IIOCTABJICHHYIO MaTEMATHYECKYIO 3amauyy  yaoOHO
npoHopmuposats Ha Uy, D — mmpuHy KaHajia M p — INIOTHOCTh KUAKOCTH. B 3TOM

caydae BpeMs OyneT oTHeceHOo K BenmuumHe D/Uj,, mone 3aBUXpeHHOCTH Oyzer
nporopmupoBano Ha otHomeHune Uy/D, ¢dynkmus toxa — Ha BenmmumHy UgD, a

2
JaBJICHUC 6y/:[eT OTHCECCHO K BCIMYHUHC pUO . B stom CJIydya€ MOXKHO BBCCTHU

napamMeTp TCHYCHUA — YUCIIO PeﬁHOJ’ILHC&, PaBHOC OTHOILICHHUIO
u,D
Re=—"°", (8)
1%
B nanbHeiimem OynyT NMpH pelIEHWH 3aJa4yd W aHAJIM3€ IOJIyYEHHBIX PE3yJbTaTOB

HCIIOJIB3YIOTCA TOJIBKO 6e3pa3MepHLIe TNEPEMCHHBIC U BEIIMYHHBI.

3. YucjaeHHas MojieJib Te4eHust

PaccmoTpuM TeyeHHE BA3KOH OJHOPOJHOM JKUAKOCTH BHYTPU JBYMEPHOIO
npsimosinHeliHoro kanana jummHoi L = 18.0 (puc.l) u mmpunoit D = 1.0. Buyrpu
KaHaJla PAacroNOKeHa CHUCTeMa NEepPHeHIUKYIAPHBIX BCTaBoK mmpuHo C = 0.1,
BBICOTOH N, pacronokeHHble CHUMMETPUYHO (M B IIAXMATHOM  HOPSIKE,
HECHMMETPHUYHO) Ha PACCTOSIHMM @ JPYr OTHOCHUTENBHO Jjpyra. HauanmpHblii u

KOHEYHBI y4JacTKM KaHana muuHOM L; = L, = 2.0 oTBemeHsl mis cTabuiIU3aLuu

TEUCHUS >KUAKOCTH, TOCTyHaromed (BRIBOOAUMOM) B KaHal. TedeHWe >XUIKOCTH
HaIIPaBJIEHO CJIEBa HAIPaBo.
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3amaya pelmanach 4YHCIACHHO Ha PaBHOMEPHOH CETKE € IPOCTPAaHCTBCHHOMN
muckpernzanued & = 0.05 u BpemeHHOW auckperuszanmeli A. Beegem o0o3HaueHuUs
WHJICKCOB Y3JIOBBIX 3HAUCHUH (DU3MYCCKUX TMOJIeH B paccMaTpUBacMOW 3ajaye
CIIeTyIOIINM 00pa3oM

lP(x,y,t)=‘P(i5,j5,nA)=‘{’if‘j, U(x,y,t)=U(id, jo,nA) =U],
V(x,y,t) =V (id, jo,nA) =V, o(x,y,1) =(id, jo,nA)=w;.  (9)

YPaBHCHI/IC nepeHoca 3aBUXpPCHHOCTH (3) peuiajIoCh € UCIIOJIB30BaHUEM IIPOCTOI0
SABHOI'O METOZa BTOPOI'O IOpAAKa TOYHOCTHU IO IMPOCTPAHCTBEHHBIM IIEPEMCHHBIM U
IIEPBOIo MmopsgaKka TOYHOCTHU I10 BPEMCHHU. HenuneiiHoe KOHBEKTHBHOE CliaracéMoec B
YHUCJICHHON CXEME 3aIlllMCaHoO Pa3HOCTAMU IICPBOIr0 IOpPAAKa IMPOTHUB IIOTOKA. B
KOHCYHOM HTOI'C ITOJIydyacM

= (l—4ﬁ)a}|nl _ﬂ*(Ar}j + Bir,]j)"i'ﬂ(a):l,j |+lJ +w a)ir,]jJrl) ! (10)

e A = Ul o', -Ul, 0 lj npu U"J _0
! irllj I+lj_U C() npu Uil:lj <0,

8" _ Ve, -V o i npu V5 >0,

" VI j+1 Ij+l V Cl) npu Vi,nj <0’

B npuBeieHHOM BBIpaKEHUH UCTIONB30BAINCH 0603H3‘-I€HI/I$1
B A Vs A
Y T 2pa
o o°Re
Bripaxkenue (10) mo3BossieT onpeAenuTs pacipeaelicHue mMoJisi 3aBUXPEHHOCTH BO
BHYTPEHHHX Yy3J1aX pacueTHoi obnactu. Ha moBepxHocTsx S; u S, 3aanHbl rpaHUYHbIE

(11)

ycnoBusi Jlupuxie, KOTOpble BHOCATCS Ha IPOU3BOJIBHOM BPEMEHHOM  CIIOE.
I'paHnuHBIE YCIIOBUS Ha TIIOBEPXHOCTAX S3 M S, NONYyYalOTCs B peE3yJbTaTe

pasinoxkenus B psi Teitnopa pacnpenenenus nonst GpyHKmu Toka [14]

a)| ZZ\PS —Wsu ’

$3,54 52 (12)

IJie MHICKC S 00O3HAYaeT CJIOM Ha TBEpJOHM MOBEPXHOCTH KaHalla, a HMHACKC S+1
COOTBETCTBYET CJIEYIONIEMY CJIOI0 B HATIPaBJICHUH, TIEPIICHANKYIIIPHOM K CTEHKE.

He cMoTpst Ha CBOIO MPOCTOTY NMPOrPAMMHON pealiu3alivy, MPOCTOH SBHBIA METO/
UMEET CYIIECTBEHHBIH HEMIOCTATOK, CBSI3aHHBIA C YCTOWYHMBOCTHIO BBIYHUCIICHHI.
CxeMa HMMeeT OrpaHMYCHHE Ha MIar WHTETPUPOBAHUS O BPEMEHH, BBITIOIHEHHE
KOTOpOTO OO0ECleYnBaeT CXOAMMOCTh HWTEpPAIlMOHHBIX BBIYMCICHUA. HekoTopkie
NOAPOOHOCTH aHAIN3a ITOM YHCIICHHOW CXeMbI MOXKHO HaiiTu B [13,14].

VYpaeuenue [lyaccona mis ¢pyHkIuu Toka (5) U s 10st JaBjieHus (6) perranoch ¢
UCIIOJIb30BAaHUEM METO/Ia MIOCIIeI0BATEIbHOM BepXHel penakcain [14]

A
YiD = @1-2)v +Z(‘I’i” W YL -S88Y). (13)
B npuBeneHHOM ypaBHEHMHM A — TapaMmeTp pelakcalid, 3HaYeHHE KOTOpOro
BBIOMpAETCS B COOTBETCTBHU ¢ pekoMmeHmamusimMu [14]. Ilocnennee ciaraemoe B
ypaBHeHun (13) mpemcraBiseT co0OW WCTOYHMKOBOE ClIaraeMoe: B YpaBHEHUHU
ITyaccona st QyHKIIMHK TOKa S = —@.
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Puc.2. Pacnpedenenue gpynxyuu moka snympu kanana ¢ écmasekamu h =0.3,a=2.0
npu a) Re = 40, 6) Re = 100

AHaNOrn4YHOEe BBIPRKECHHE HCIONB30BAIOCh MPH pelieHnn ypaBHenus [lyaccona
Juts1 naBienus (6) ¢ mpaBoit 4acThio

1 n n n n n n n n
Si,j zrsz[(Um,j - i—l,j)(vi,j+1 _Vi,j—l)_(Ui,j+1_Ui,j—l)(vi+1,j - i—l,j)]' (14)

YucneHHasi cxema peUIeHUs] IMOCTAaBICHHOW 3ajadd OblIa MPOTECTHpPOBaHAa Ha
JBYMEpPHOM  3ajgadye  TEYECHHsS]  BA3KOM  HEC)KMMAaeMOM  JKUJIKOCTA  BHYTPH
NPSMOJIMHEHHOTO KaHasia 0e3 BCTaBOK, KOTOpasi UMEET aHaIUTHIecKoe perenue [15].
AHaM3 YHCIEHHBIX PE3yNbTaTOB IOKa3al, YTO TOYHOCTh OIpPEIENCHHUs OIS
(GYHKIIMM TOKa Ha TpocTpaHCTBeHHOU auckperusanyu 0 = 0.05 cocTaBnsieT BETMUUHY
Eg = 105, a mosst CKOPOCTH — Ey= 104 nnsa uncen Peitronsaa Re < 650. B TecToBoi

3ajade [ONe JaBieHMss OBUIO OmpeieneHo ¢ TouHocThio  Ep = 104, moie

3aBUXPCHHOCTU — E = 10'3. MoxxHO CACJIaTh BBIBOJ, YTO YHCIICHHOC PCIICHUC

®
Hafl)leHO C xopomeﬁ TOYHOCTBIO B YKAa3dHHOM OHAIIA30HC YHCCII PeﬁHOJ’IBZ{C& JJIA
MMPOBCACHUA MMOCICAYIOINX BBIYMCJICHHM U aHAIIM3a MOJIYUYCHHBIX pPC3yJIbTATOB.

4. YncneHHbIe Pe3yabTaThI

PaccMoTpuM TedeHHE KUAKOCTH BHYTPH NPSIMOJIMHEHHOTO KaHaa C CUCTEMO
CHMMETPUYHBIX BCTaBOK BbicoToi h = 0.3, pacnonoxennbie Ha paccrosiauu a = 2.0.
Ha pwuc.2 nokazano pacnpenenerue GpyHkiuu Toka W(X,y) B cpeaHeil yacTu KaHaia,
MOJy4eHHOE TPH JOCTIDKEHWH TEYEeHHWEM CTAaIlOHAPHOTO pPEeXUMa, KOTOPBIH
KOHTPOJIMPOBAJICS U3MEHEHUEM BO BpEeMEHH NPpOQHIiIsi CKOPOCTH Ha BXoje KaHana. Ha
pUCYHKE HaHECEeHbI CHCTeMa JIMHHI ToKa ¢ marom guckpermsanmu AV = Wg,/20.

IupKyasIUUMOHHBIE 30HBI IIOKa3aHbl INITPUXOBOM JIMHHMEW, KOTOpas HA4yMHAECTCS U
3aKaH4YMBAETCS Ha TBepAoi moBepxHOCTH. JIMHMM Toka BHYTpW Buxpeit Moddara
HaHeceHbl Ha pUcyHKax ¢ marom auckpernsanu AW = 0.001.

[To Mepe npubIMKEeHHsI TOTOKA K BCTABKAM CKOPOCTh TEUEHHS YBEIMYMBAETCS, UTO
COOTBETCTBYET CTYLICHHIO IMHUM TOKa Ha pucyHKe. llpn ManblX 3HaueHUSAX 4ucen
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Puc.3. Pacnpedenenue gpynxyuu moka snympu xanana ¢ écmaskamu h =0.3,a=1.0
npu a) Re = 40, 6) Re = 100

Pefinonpaca (puc.2,a) A0 W TOCIE BCTaBKH 0Opa3yloTCsl JBE CHMMETPUYHBIC
MUPKYJSHOHHBIE 30HBI. JKHIKOCTH B BEPXHUX 30HAX, COOTBETCTBYIOIIUX BUXPSIM
Moddara, BpamarmTcs NPOTUB YacOBOM CTPENKH, a B HIDKHUX 30HaX — B
MIPOTHBOIIOJIOKHOM HampaplieHHH. llpu yBenwueHuUM CcKOpocTH TedeHus (puc.2,0)
CUMMETpUSl HapyllaeTcs: THAPOJUHAMUYECKUI HAop YMEHbBLIAET pa3Mepbl BUXpEH
Moddarta, pacnonoxeHHbIX A0 BcTaBkH. C APYroil CTOPOHBI, ABHKECHUE KUAKOCTH IO
MHEPLHH CIOCOOCTBYET YBETUUEHHUIO Pa3MEPOB YIJIOBBIX BUXPEH, PACIIONIOKEHHBIX 32
BCTaBKaMH. MOXKHO 3aMETHUT, YTO MpPH YBEIMUYECHUH CKOPOCTH TEUCHHS BHUXPH
ModdaTa 3a BcTaBKaMu yBEITUUMBAIOT CBOIO CKOPOCTh BpAIEHHS, B TO BpeMs Kak
BUXPH JI0 BCTABOK IIOCTENICHHO CBOIO YIJIOBYIO CKOPOCTh BpPAILlEHHUs yMEHbBILAIOT.

AHanoruuHasi TeHICHLUS HaONIONAeTCs MPH YMEHBIICHUM DPACCTOSHHUS MEXIY
BcraBkamu. Ha puc.3. mokaszano pacnpeneneaue Gpyaknuu Toka W(x,y) npu h=10.3 u
a = 1.0, BeImosHEHHBIH B aHajmoru4yHoM ctuie. [Ipu manbeix umcnax PeiitHonbica
pacripenencHie (YHKIMU TOKA SIBISETCS CHMMETPHYHBIM OTHOCHUTEIHHO BCTaBOK.
CpaBHeHHe puc.2,a ¥ puc.3,a IO3BOJIAET CAEIATH BBIBOJ O TOM, 4TO (OopMa U pazMep
YIJIOBBIX BUXPEBBIX CTPYKTYP MPUMEPHO OJAMHAKOBBI IIPH MAJIBIX CKOPOCTSIX TEUEHHUS
OCHOBHOrO TmoTOoKa. Buxpu Moddara mnepen BcTaBkoii M 3a HEW B IMEPBOM
NpUOIMKEHUH MOXKHO CUUTATh OJMHAKOBBIMHU JUIS Pa3sHbIX 3HAYEHWH PACCTOSHHUH a
MEXIy BCcTaBkamH. lIpu yBenmMueHHMHM CKOPOCTH OCEBOTrO MOTOKa Buxpu Moddara
BBITSITUBAIOTCSA  BJIOJIb TPaHUIBI M 3aMbikatroTcs  (puc.3,0), o0pa3ys eIuHyo
MUPKYJSIIHOHHYIO 30HY, OTJENAIONIYIO OCEBOM MOTOK OT TPaHMII KaHaja.

C yBenmuueHHe CKOPOCTH TEUEHUs pa3Mep LUPKYIALMOHHBIX 30H Bo3pacTtaeT. Ha
puc.4 mokasaHa 3aBHUCUMOCTb Iutomanei Buxpeil Moddara nepen BcraBkoi (Si,

IITPUXOBAsl JIMHUA) U MOCIE BCTaBOK (S,, CIUIONIHAS JIMHUSA) A PA3HBIX 3HAYCHUMH

BBICOT BCTaBOK. B jgmamasone wumcen PeiiHonmpaca Re < 40...50 mromanm
]_II/IpKy.HHI_II/IOHHI)IX 30H Hepen U TII0CJIC BCTAaBOK HpI/IMepHO OIWHAKOBBI. C
YBEJIIMYSHHEM CKOPOCTH TEYCHHUS 30HBI TIOCJIE BCTABOK CYIIECTBEHHO YBEIIMYHBAIOTCS
B pa3Mmepax. Takas TEHJCHIIUS TPOSIBISCTCA W JJIi MEHBIIMX BCTaBOK, h = 0.2. J{ns
MaJIbIX BCTaBOK (h = 0.1) IUIOIAAU LUPKYIALUUOHHBIX 30H OKAa3bIBAIOTCA MaJlbIMH,
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ons ecmagox evicomoui h = 0.3 nomoka onaa=0.5,10u2.0

IpUYeM UX pasMepbl OCTAIOTCS MPAKTUYECKH HEM3MEHHBIMH B OOJACTH CKOPOCTEH,
COOTBETCTBYIOMMX 3HadeHnsaM Re < 150.
Puc.5 wmmmoctpupyer 3aBucumocTh obmied miaomamu (S = S; + S,) Buxpei

Mododara, KoTOpasi MPUXOIUTCS Ha OJMH CErMEHT KaHalla MEXIy BCTaBKaMH, OT
CKOPOCTH TE€UEHHS KHUIKOCTH B KaHaIe ¢ 0003HaYeHUAMH, TOKa3aHHBIMU Ha PUCYHKE.
BusHo, 4TO Ui Ka)I0T0 3HAYCHHUS BBICOTHI BCTABOK M 3HAYCHUS PACCTOSHHUS MEXIY
BCTaBKaMH, TUIONIA/IM IUPKYJSIIUOHHBIX 30H YBEIMYHBAIOTCS, 3aTEM, IPH HEKOTOPOM
3HaueHHnH umcia PeitHonpaca Re, nocrturaror makcumyma. JlanpHeiinee yBennueHne
CKOpPOCTH TIOTOKa MPUBOJHUT K YMEHBIICHUIO pa3mMepoB Buxped Moddara. Omnako,
MOYKHO 3aMETHTh OOUIyI0 TEHJICHIWIO: OOJbIINE pa3Mepbl MUPKYISIHOHHBIX 30H
COOTBETCTBYIOT OOJIBIINM 3HAYEHHSIM BBICOT BCTABOK M PACCTOSHUI MEXIy HUMH IS
OJIMHAKOBBIX 3HAYEHUH CKOPOCTH OCEBOTO TTOTOKA JKUAKOCTH.

CylecTBeHHOE YCIOKHEHHE CTPYKTYPhl TIOTOKa OKOJIO BCTABOK BBI3BIBAET
COOTBETCTBYIOILMIE M3MEHEHH B I0OJIe JIaBieHus. Ha prc.6 mokasaHo pacrpeieneHue
nosst gasieruss okoio BeraBku (h = 0.3, a = 1.0) npu Re = 40. Buano, uto npu
3aMe/IJICHUH MTOTOKAa OCEBOW I'PaJMEHT OIS JIaBJICHUS] YMEHBINACTCS, B TO BpeMs Kak
3a BCTaBKOW TEYEHHUE YCKOPSIETCS, @ OCEBOW T'PAJMEHT MOJIS AABICHUS yBEIUIUBACTCSL.
HHTEepecHO 3aMeTHTh, YTO MO PACHPENISIICHUIO TOJISI TABJICHUS TOCTATOYHO CIIOKHO
BBISIBUTH YIJIOBBIC BHXPEBBIC CTPYKTYpPBI, YTO TMOATBEpKAaeT (yHAaMEHTAIbHBIN
BBIBOJL O TOM, 4YTO paclpeliesiecHHe JaBlieHWs SBHO B YypaBHEHWH IEepeHOCA
3aBUXPEHHOCTH He yyacTByeT [4].

Ha puc.7 mokasaHa 3aBHCUMOCTh Pa3HOCTH INPHWIOKEHHOTO K BXOAY M BBIXOJa
OPSMOJIMHEHHOTO KaHaja OT CKOPOCTH TEYEHHS B HEM MPH Pa3HBIX 3HAYCHUIX
BeicoThl BcTaBok (h = 0.1...0.3) u paccrosuus (@ = 0.5...2.0) Mexay HUMH.
OO0o3HaueHHs1 KPHUBBIX ITOKa3aHbl Ha pucyHKe. CIUIOMIHOW JIMHMEH IpejcTaBieHa
3aBUCHMOCTH ISl MIPSMOJIMHEWHOTO KaHaia 0e3 BCTaBOK. BHAHO, UTO ycpemaHEHHBIN
BJIOJIb KaHAJIa TPAJMEHT JIABICHHS TIPSIMO MPOTOPIMOHAIEH CKOPOCTH TEYEHHS, UTO
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Puc.8. Pacnpedenenue pynkyuu moxa 6Hympu Kauaid ¢ HeCUMMEMpPUHHbIMU 6CMASKAMU
h=0.3,a=1.0 npu a) Re =40, 6) Re = 100

cormacyercst ¢ naHHbIMU [13]. UuciieHHBIN aHaMW3 JaHHBIX HA pHC.7 TIOKAa3aj, 4TO
PasHOCTb JaBJICHUHN, IPUIIOKEHHBIX K KaHAITy, OTIPeeNsieTCs KOJIMYECTBOM BCTAaBOK U
uX BBICOTOH. BuxpeBbie CTpyKTYypbl, POpMUpPYEMbIE OKOJIO BCTABOK, CYLIECTBEHHOI'O
BIMSHUS Ha BeNMYMHY AP mpu Majibix uucnax Peitnonmpaca (Re < 50...70) ne
OKa3bIBalOT. lIpu yBENMMUYEHWH CKOPOCTH OCEBOTO IIOTOKA B KaHaje OJHEpIus,
HeoOxomumass Ha QopmupoBanue Buxpedl Moddarta CTaHOBHUTCS COU3MEPHUMOU ¢
9Hepruedl MOTOKa, HAaKJIOH KpUBOW Ha puc.7 mpu umciax PelinHonbaca Re > 100
3aMETHO BO3pAacTaer.

[Ipu HECUMMETPHYHOM PACTIONOKEHUH BCTABOK, KAYECTBEHHAs! CTPYKTYpa BUXpEi
Mod¢dara coBmamaer co caydaeM CUMMETPUYHOTO PAcHpeAeieHUs] BCTaBOK (pHcC.8).
3aMeTHbIe OTIAMYMS BO3HHMKAIOT TOJNBKO B ()OpPME IPaHULbl, Pa3lIesiouiel TUpKyIIs-
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Puc.9. 3asucumocmo nﬂomadu UYUPKYIAYUOHHBIX 30H ONM CKOPOCMU 0Ce6020 NOMOKaA
ons CUMMEMPUYUHBLX U HECUMMEMPUUHBLX 6CMABOK evicomoii h = 0.2

LUOHHYIO 30HY OT BHEIIHEro NoToka. HecuMMeTpruHOCTh MOTOKA NPUBOJUT K TOMY,
YTO LUPKYJSLUOHHBIC 30HBI IE€PeJ BCTABKOH CTAHOBSTCS MEHBILE II0 IUIOLIANH,
MOCKOJIBKY TIOTOK, ABWTasch IO HWHEPLUUH, “TIpuaaBiuBacT”’ BUXpH Moddara K
TBEPAON TMOBEPXHOCTH. ITOT k€ 3(¢eKT CHocoOCTBYEeT YBENUYECHHIO BUXpel
Moddara, kKoTOpBIe GOPMHUPYIOTCS TTOCITIE BCTABKH (pHC.9).

5. BeiBoabI

PaccmoTtpena 3amada o ABYXMEPHOM JBM)KEHHH BS3KOH HECKHMMAEMOH >KUAKOCTH
BHYTPH NPSAMOJIMHEHHOTO KaHaja C CHUCTEMOW CHMMETPHUYHBIX W HECHMMETPHYHBIX
BCTaBOK B MPHUOMIKEHUH ManbIiX uucen PeifHonbpaca. 3amaua pemianach YHUCICHHO
TepMHHAX “(QyHKIMS TOKa - 3aBUXPEHHOCTh  Ha paBHOMEPHOW CETKe ¢
UCIIOJIb30BaHUEM IIPOCTOTO SIBHOIO METOAAa C PAa3HOCTAMH HPOTHUB IOTOKA ISt
peleHusl ypaBHEHHsI IEpeHOca 3aBUXPEHHOCTH M METO/1a MOCIIeI0BAaTENIbHOM BepXHEH
penakcanuu s peuieHus: ypaBHeHus: [lyaccoHa anst QyHKUIMH TOKa W ypaBHEHHS
ITyaccoHa [uis naBjieHusI.

OcHOBHOE BHHMaHHE B PabOTe yJelIeHO aHAIM3y MapamMeTpoB HUPKYISALIUOHHBIX
30H, OOpPa30BaHHBIX JIBW)KEHHEM BS3KOW JKHUAKOCTH OKOJO CHCTEMBI BCTaBOK.
IToka3aHo, YTO BCTABKU YBEIMYHMBAIOT MOTEPH Ha AABJICHHE, KOTOPOE HEOOXOANMO
NPUWIOXKUTH K BXOAY M BBIXOIY KaHaja JJisl TOCTHXKEHHS 3aJJaHHOW OCEBOW CKOPOCTH
kaHana. CykeHue KaHaja MPUBOJAUT K 3aMETHOMY IMOBBIIIEHHUIO NTOTEPh Ha JaBIECHUE,
BBI3BAHHOE yMEHBbIIEHHEM 3(Q(EKTHBHOIO CEYeHHsl KaHala HEe TOJIBKO B o0iactu
pa3MeIieHnss BCTAaBOK, HO U CYKEHHEM KaHajla 3a CyYeT LHUPKYJIALHMOHHBIX 30H,
(bopMHpYEMBIX TIepeT BCTABKAMH H 33 BCTABKAMHU.

YcraHoBNIEHO, 4YTO TUIONIA L YIIIOBBIX BHXxped Moddarta ysennumBaercst c
YBEJIMYEHHEM CKOPOCTH OCEBOTIO IOTOKA, JOCTUTAaeT MAaKCUMAaJIbHOTO 3HA4YEHHS, U
JaNbHEWIIee yBENMYeHHEe CKOPOCTH TEYEHHS NPHUBOAUT K  IIOCTEIIEHHOMY
YMEHBIICHUIO HMX pPa3MEpOB ISl OIpPE/CICHHBIX 3HAYCHUH BBICOTBI N BCTaBOK H
paccTosiHus a MexAy HUMU. [loka3aHo, YTO BUXPEBBIE CTPYKTYPHI MEPEN BCTABKOM U
3a HEW MOTyT IIpPU OIpPENENEeHHBIX 3HA4EHMAX 4ucen PelHonbaca coeauHAThCS,
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00pa3ys enqnHyI0 BUXPEBYIO CTPYKTYPY, OTACISIONYI0 OCHOBHOE T€UEeHHE OT TBEPAOH
TPaHUIIBL.

[IpumeHeHne CUCTEMBI MEPHEHAMKYISAPHBIX BCTABOK B KaHadaX OXJIAXIAIOIIUX
CHUCTEM DaJWOdJIEKTPOHHON ammapaTypbl IO3BOJISIET 3HAYUTEIHHO WHTEHCHU(U-
[IUPOBATh MPOIECCHl TIepeHoca TeIula U3 BHEIIHEH Cpelpl B KUAKUI TETNIOHOCUTETh
MIpU JAMUHAPHBIX PEKUMaxX TeueHUs. V3yueHre BIUSHUS JIOKATU30BAHHBIX YTIOBBIX
CTPYKTYp Ha IPOLIECCHI MEPEeH0Cca CKAJSPHBIX MOJEH MpenCcTaBiIsieT CETOAHS OAHO W3
MEPCIIEKTUBHBIX TEXHWYECKUX HAMpPaBICHUH, TIO3BOJIIONINX PEIIUTh IMPOOIeMy
KOHTPOJUPYEMOT'0 U YIPABISIEMOT0 TEIIOOTBOIA B MUKPOIJICKTPOHUKE.
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Methods of calculating the partial derivatives of the electron
radiation dose measured with dosimetric wedge

V. T. Lazurik*, G. F. Popov*, Sawan Salah*, Z. Zimek**
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In the work, the numerical methods of determining the standard characteristics of the
electron radiation depth-dose distribution by processing the measurement results are
compared with the empirical formulas linking the same characteristics with the
electrons energy. The comparison results allow authors to estimate the accuracy of
methods used in radiation technologies to determine the characteristics of electron
radiation energy.

Key words: electron radiation, depth-dose distribution, numerical methods, semi-empirical
model, empirical formulas.

Y po0oTi NpOBEeAEHO TOPIBHSAHHSA YHCEIBHUX METOMAIB OOpPOOKH pe3yJbTaTiB
BUMIPIOBaHb Ul BH3HAUEHHS CTAHIAPTHHUX XapaKTEPUCTUK TIIMOWHHHUX PO3MOALTIIB
03U ENICKTPOHHOTO BHUIIPOMIHIOBAaHHS 1 eMIIIpUYHUX (OPMYI, IO 3B'A3YIOTH IIi
XapaKTePUCTHKH 3 EHEPTri€l0 eNeKTPOHiB. Pe3ynpraTh MOpIBHSAHHSA OO3BOJIIOTH
OLIHIOBATH  TOYHICTH  BU3HAYEHHS  XapaKTEPHCTHK  €Heprii  eJIEeKTPOHHOTO
BUIIPOMIHIOBAHHS, METOJIaMH, SIKi BUKOPHCTOBYIOTHCSI B paialliifHUX TEXHOJOTIsX.

Kntwouosi cnoea: sunpominio8anHs eieKmpoHia, posnodil 003u no 2audiHi , yuceibHi mMemoou,

Hanie-iMnepuyHa Mooen, iMnepudHi hopmyu.

B pabore mpoBeneHO CpaBHEHHE YHCIECHHBIX METOAOB OOpaOOTKH pPe3ylbTaToB
U3MEpEHUH A ONpEAeNCHHs  CTaHOAPTHBIX  XapaKTEPUCTHK  IITyOHHHBIX
pacrpeneseHuil  103bl  JJIEKTPOHHOTO M3JIYy4EHHMS U OMIMPHYECKHX (opmyi,
CBSI3BIBAIOIINX 3TH XapaKTEPHUCTUKH C SHEPTUEH dJIEKTPOHOB. Pe3ysbTaThl CpaBHEHUS
MO3BOJISIIOT ~ OLGHMBAaTh  TOYHOCTb  OINpEACNICHWS  XapaKTEepUCTHK  JHEPrHH
JNIEKTPOHHOTO M3JIy4eHHs METOJaMH, KOTOpBIE HCIOJB3YIOTCS B pPaJUallOHHBIX
TEXHOJIOTHSX.

Knrouegvie cnosa: usnyuenue snekmponos, pacnpedenenue 003bl No 2nyOune, HYUCIEHHblE
Memoobl, NOIY-UMNUPUYECKASI MOOEb, UMNUPUYECKUE (POPMYTIbL.

Introduction

The necessity to improve existing and to develop new methods for determination
and auditing radiation process parameters is associated with expansion of application
of radiation technologies. The accuracy and informativeness of methods for
determining parameters can be significantly increased due to development of software
for processing the results of measurements, performed on existing equipment.

It should be noted, that improvement of accuracy and informativeness of
computational methods is not possible without use of physical regularities in the
computing algorithms. Therefore, study of possibilities to use empirical regularities
for development of improved algorithms for processing the measurement results is an
actual task.

The energy of electrons is one of actual parameters of electron beams radiation
facility. In the standards [1,2], the formal procedures is discussed, which is intended

for determining the most probable energy E, of electron beam on basis of an
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empirical relationship E (R,) and calculation of practical range R, of electrons
according to the relations:

R =X _ D)= Dreg X, = arg max (—D'(x)) (1)
P P D’(Xp) P xe[Rm,Ro]

Here D(x) and D’(x) are dose distribution and derivative of dose with respect to
depth, D,,, is the value of extrapolated dose of electron bremsstrahlung.

However, the results of measurements of electron depth-dose distribution by
dosimetric wedge or stack, which are used in the radiation technological centers, are a
set of discrete data. Therefore, the formal procedures for determination of energy of
electrons require solutions of incorrect mathematical task — numerical differentiation
of dose distribution of electrons.

Comparison of methods of electron radiation dose numerical differentiation,
which use various approximations of discrete data sets, was reported in [3]. In this
work, the values of both the first and the second derivatives were calculated by
polynomial approximation methods and the fit of semi-empirical model to the results
of numerical experiments.

The results of numerical experiments, which are used in this work, were obtained
by RT-Office software [4] with a very small relative statistical error (<0.01%). The
results show that methods of fitting the semi-empirical models or polynomial
approximation of experimental data allow with sufficient accuracy to calculate values
of the first derivative of dose distribution with respect to depth. However, the same
computational methods are only suitable for estimates when it goes about determining
values of the second derivative of depth-dose distribution.

It should be noted, that electron energy control procedure in the process of
radiation treatment of objects is associated with the need to keep the energy of
electrons in a certain range. This range of electron energy values in a beam is
determined by conditions imposed on dose value distributed in the irradiated object.

For example, for radiation sterilization processes, such conditions include:

- the minimum dose value in the irradiated volume €2 should be greater than some
certain predetermined value D, (sterilization dose) required to perform radiation

sterilization process

min (D, (x, E)) > D, @

- dose uniformity level in the irradiated volume €, which is defined as ratio of
maximum to minimum dose in this volume, should not exceed a predetermined value
DUR required for performing the radiation sterilization

max (Dy (x, E))

, <DUR 3)
min (Dy, (x, E))
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Here D,, (X, E)is the depth-dose distribution of electron radiation in material M

resulted from electron irradiation with energy E.

The above conditions are used for determination of an electron beam energy
boundaries allowed for irradiation process. At optimal planning of the irradiation
process, the range of electron beam energy changes AE is determined by values
AD(x_) — uncertainty of dose measurements — in the critical spatial points X_, which

are the points of maximum and minimum of electron radiation dose.

Therefore, when planning radiation sterilization process, the permissible range of
electron energies is defined as the actual parameters of radiation installations, and as
characteristics of the objects to be sterilized. For small uncertainty of dose

measurement results AD(X_), the allowable energy range of electrons AE is
determined by partial derivative of the doses D,,(X,E) with respect to electron

energy
- (9D (%, B))”
AE = AD(X,) ( £ ) : 4)

Therefore, an actual task is development of computational methods for determining
partial derivatives of electron radiation dose with respect to electron energy, based on
results of measurements performed with standard methods in industrial sterilization
centers.

Formulation of the problem

Unlike the measured depth-dose distribution in the irradiated object that can be
used for numerical differentiation of dose with respect to depth, the experimental data
of dose dependence on energy of electrons are not available in industrial sterilization
centers. In this regard, one of the key tasks of computational dosimetry, is
development of computational methods for determining the partial derivatives of the
dose distribution with respect to energy of electron radiation.

In this paper, the authors evaluate the possibility to use a semi-empirical model of
electron energy absorption in a substance for calculation of the partial derivative of the
dose distribution with respect to electron radiation energy.

The methods of processing depth-dose distribution measured with dosimetric
wedge for determining the partial derivatives of electron radiation dose were
considered.

Particular attention was paid to the method of determining the acceptable changes
in electron beam energy, based on results of measurements performed by standard
methods in industrial sterilization centers.

Calculation of partial derivatives of dose with respect to energy of electrons

To determine the partial derivative of electron radiation dose in a substance with
respect to electron energy, the authors have simulated the depth-dose distributions
resulted from the substance irradiation by monoenergetic electron beams of various
energies. Transport of electrons in the matter was simulated on the base of RT-Office
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software [4] by the Monte Carlo method implemented in a detailed physical model
using.

The energy values of monoenergetic electron beams used for this purpose
represented two different sets: (4.95, 5, 5.5) and (9.9, 10, 10.1) MeV. The simulated
distributions of depth-dose D,, (X, E) absorbed in various irradiated materials, such
as polyethylene, carbon, water, teflon, wood, aluminum, have shown small relative
statistical error (<0.03%).

In the parallel, the partial derivatives of electron radiation dose were calculated by
the standard computational methods for electron energies E =5 and 10 MeV.

It was shown that, if the simulation results have small relative statistical error, the

partial derivative 0D,, (X, E)/0E can be calculated on the base of modeled depth-

dose distributions using the standard computational methods like Monte Carlo
method.

To illustrate this conclusion, Figure 1 shows the partial derivatives of electron
radiation dose as depth function in polyethylene at electron energies 5 MeV
(triangles), and 10 MeV (circles).

The values of partial derivatives of doses with respect to electron energy E —
oD, (X,E)/0E - as a function of depth x of absorption energy of the electron
radiation. To illustrate results, in Fig. 1 it is shown the derivatives of electron radiation
dose as function depth in polyethylene for 5 and 10 MeV electron energies.

resulted from electron radiation of the studied substances and electrons energies,
were calculated using a computer implementation [5] semi-empirical model

Calculations were performed in a semi-empirical model (solid lines) as well as by
numerical differentiation of discrete data obtained by the Monte Carlo method
(points). The vertical dotted lines mark the depths corresponding to the peaks of
electron radiation dose derivatives. As can be seen in Fig. 1, at these depths, the dose
values are close to the half value of the maximum dose in target.

0.8

06 {/

04 | 7//

Derivatives

Depth, g/cm?
0.2 ; ; : ; P ?

0 1 2 3 4 5

Fig.1. Partial derivatives of electron radiation dose as depth function in polyethylene target,
for 5 MeV electron energies (triangles) and 10 MeV (circles).
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Points represent calculations based on numerical differentiation of data obtained by
the Monte Carlo method. Solid curves correspond to calculation based on semi-
empirical model of absorption energy of electron radiation. Dashed curves show
depth-dose distributions of electron radiation for the electron energies of 5 and 10
MeV.

Comparison of results calculated on basis of numerical differentiation of discrete
data, obtained by the Monte Carlo method [4] having small statistical errors as well as
on basis of computer realization [5] of semi-empirical models of electron radiation
dose shows their good agreement. Thus, it was demonstrated that it is possible to
calculate the partial derivative of electron radiation doses with respect to electron
energy using a semi-empirical model of energy of electrons absorbed in the target.

Calibration symmetry of depth distribution for electron radiation dose

The conclusions presented in the paper [3] and in the previous section of this paper
show the possibility to use a semi-empirical model of absorption of electron energy in
the target for calculation not only the depth-dose distribution of electron radiation, but
also the partial derivatives of dose with respect to depth target and the electrons
energy.

However, these conclusions are based on those cases, when well established
correlation between parameters of the semi-empirical model and parameters of the
computational experiments are obtained with small statistical errors.

In practice of dosimetric control, the measurement results can have significant
random errors and uncertainty in determination of model parameters of the process
under control can have greater values. That is why it is interesting to consider the
empirical regularities that appear in the distribution of electron radiation dose as a
function of target depth and the electron energy in beam.

One of empirical regularities is the so-called calibration symmetry (scale
symmetry) of the depth-dose of mono-energetic electron radiation distribution.

The substance of calibration symmetry is that selection of special units for depth in
dependence on the electron energy results in good coincidence of dose values as depth
function over the decrease (reduction) interval of electron radiation dose distribution.

Fig. 2 shows a set of depth-dose distributions in the polyethylene for mono-
energetic electron fluxes with energy E = 3, 5, 8, 10 and 12 MeV. For each value E

of energy of electrons, the value of target depth X is defined in terms of R, (E)-
extrapolated range of the electrons in the target material [1]. Depth-dose distributions

for different electron energies were calculated at fixed values of integral flow of
electrons at the target surface (constant fluency of electrons).
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Fig. 2. Depth-dose_distribution of the Fig. 3. Depth-dose distribution of the
electron radiation dose in polyethylene electron radiation dose in polyethylene

for monoenergetic electron beams with (solid curves) and aluminum (dashed
energy E = 3,5, 8, 10, 12 MeV. curves) for monoenergetic electron beams

with energy E = 3 and 12 MeV

As can be seen from the Fig. 2, there is good agreement between the depth-dose
distribution values over the depth range where the dose decreases moving away from
the target surface (the horizontal dotted -1) up to R, (E). A similar form have the
dose distributions for substances (polyethylene, carbon, water, teflon, wood,
aluminum), at irradiating by monoenergetic electrons with energies ranging from 3
MeV up to 12 MeV.

Fig. 3 presented dose distributions in polyethylene (solid curves) and aluminum
(dashed lines) at the energy levels of 3MeV and 12MeV. Figure 3 shows, that the
calibration symmetry is observed for various target substances and with increasing the
effective atomic number of the target material dose rate of slope decreases.

As can be seen from Figs. 2 and 3, the area of depths, in which there is observed
the calibration symmetry, has a relatively small size from 0.8 to 1.0. However, in this
area the depth and size of dose is reduced greatly, and this area is of primary interest
in the planning phase of radiation sterilization in determining the thickness of the
object undergoing treatment. Exactly in this area is located critical point x_ of dose

electron radiation, in which should be carried out calculations of allowed area the
electrons energy AE, in accordance with (4).
At Figure 2 for processing objects made of polyethylene, it is marked the optimum

thickness of the object R, (the point at which the magnitude of the dose is equal to

the dose on the front target boundary) at one-sided irradiation and depth of critical
point location X (the point at which the magnitude of the dose equal to half the dose

values on the front boundary of the target) at two-sided irradiation facility.
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Let us suppose that we have the following identities:
Dy, (x,E) = Dy, (z(E)), 2(E) =x/R,(E), (5)

for the area depth X in which there is a calibration symmetry of the dose distribution.
Under this assumption, the partial derivatives of the dose distribution with respect
to energy and depth, may be represented as:

oDy (% E) _ —x dDy(2) dR,(E) (6)
0E  RI(E) dz dE
Dy (xE) _ 1  dDy(2) (7)

X R,(E) dz
From equations (6) and (7) follow the relationships between the partial derivatives
oD,, (x, E) — _2(x.E). drR,, (E) . oD,, (x, E)
oE dE OX

Equation (8) provides a great practical interest, since it allows to calculate the
oDy, (x,E)
oE

(8)

partial derivative of dose with respect to energy electrons with use of

oD,, (x, E)
OX
measurement results performed by a dosimetry wedge [3].

For realization of relation (8) in the method of calculating the partial derivative of
dose with respect to the electron energy, it should be determine the value of derivative
extrapolated range of electrons with respect to the electron energy. The value of
extrapolated range the electrons R, (E)is well known [1] and there are empirical
relationships to calculate the value of this quantity in various materials and for
different electron energies.

It were calculated the values of extrapolated ranges of electrons R, (E) in the
following materials - polyethylene, carbon, wood, water, teflon, aluminum for
electrons energies in the range from 2 up to 12 MeV, using the block "Analytics" in
the software RT-Office [4]. Approximation of the extrapolated range with the use of
linear functions on the electron energy has been implemented. The coefficients of
linear functions R, (E)=A,, -E+B,, for various materials are shown in the

Table 1.

partial derivative of dose , which can be determined based on the

Table 1. The coefficients of linear approximation for dependence
extrapolated range of electron (in g/cm?) on the electron energy (in MeV).

Polyethylene  Carbon  Wood Water Teflon  Aluminum
A,  0.5046 0.5626 0.5348 0.5086 0.5773 0.5431

B,, -0.0993 -0.1568 -0.1414 -0.1379 -0.185 -0.205
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Using the relation (8) and the assumption of a linear dependence of the
extrapolated range on the electrons energy, we obtain the equation

oDy, (x, E) _ X-Ay Dy (XE)

©)
oE A, -E+B, oX

As follows from the data given in the Table 1 for the electron energy from 5 to
10 MeV the contribution coefficient B,, to the value of the extrapolated range of

electrons is not great, for all above materials.

Numerical verification of the relationship between the partial derivatives (9), was
performed on the basis of data on the depth distribution of electron radiation dose,
obtained using the Monte Carlo method and the semi-empirical model of the
absorption energy of electrons.

Testing results of various calculation methods of derivatives doses with respect to
electron energy for the polyethylene target irradiated by electrons with an energy of
5MeV and 10MeV, are shown in Figs.4 and 5, respectively.

Points - the derivatives of the electron energy dose calculated based on dose
distributions which were obtained by the Monte Carlo method.

Unfilled circles - the results of numerical differentiation of a set of discrete data
with respect to the electron energy. These results are consistent with those shown in
Fig. 1.

Filled circles — the results based on numerical differentiation of dose distribution
with respect to depth and the use of the relationship between the partial derivatives(9).

Solid curves - derivative of doses with respect to electron energy, derived with use
semi-empirical model of electron dose.

These results were obtained by a numerical differentiation doses with respect to
energy (the same as given in Fig. 1) and using the relation (9) based on the numerical
differentiation of dose with respect to depth.

From the Figures it is clear, that significant differences in the results obtained by
different methods are observed only in the field of violation of calibration symmetry
dose distributions, that is, according to the data presented in Fig.2, to the depths

X <0.6-R,, (E). Comparison dependencies shown in Fig.4 with similar to that in

Fig.5 shows that in area depths, where there is a calibration symmetry, the values of
derivatives is inversely proportional to electron energy.

Using the expression (6) and the assumption of a linear dependence of extrapolated
range on electron energy, the partial derivative of dose with respect to energy present
in the form of:

Dy (x.,E) _ -z.-A, dD;(z,) 2. =x. /R, (E). (10)
oE Ay-E+B,  dz R
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Fig. 4. Partial derivatives of electron Fig. 5. The partial derivatives of electron
radiation dose with respect to the electron radiation dose with respect to the electron
energy, obtained by different energy, obtained by different

computational methods for polyethylene computational methods for polyethylene
target irradiated with 10 MeV electrons target irradiated with 5 MeV electrons

It should be note that the value z, of slightly varies with the electron energy and
for electron energy range from 5 to 10 MeV into force B,, << A,, - E (see. Table 1),
it can be assert, that the value 7,, (X., E) weakly depends on electrons energy

. aDM (Xc’ E)

x,E)=E
UM(C ) 8E

Whence it follows that the allowable relative change in the electron energy AEE at
the critical points z_. (see (4)) is determined by the target substance and is weakly
dependent on electrons energy.

AE _ AD(x,)
E 77M (Xc' E)

This conclusion was confirmed by a series of calculations.

(11)

Conclusions

By the numerical experiments, the method was demonstrated for calculating the
partial derivative of the dose with respect to energy of electron radiation. The method
is based on a semi-empirical model of absorption of electron energy in substance. This
allows for solving optimization problems to obtain the necessary data within
framework of semi-empirical models instead of simulation with Monte Carlo method,
which works when statistical errors are small that significantly reduces the
laboriousness for planning and monitoring of radiation-technological process.
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On the basis of empirical regularities for depth-dose distributions of electron
radiation, the relations between the partial derivative of the dose with respect to
electron energy and the partial derivative of the dose with respect to depth were
obtained. It was performed Verification of these relations was made on the basis of
data on depth-dose distributions of electron radiation obtained by the Monte Carlo
method and by semi-empirical model of electron energy absorption.

The verification results have allowed us to offer the method for calculating the
derivatives of dose with respect to electron energy and evaluating the region of
tolerance of electron energy changes during irradiation using the results of
measurements performed by standard methods in industrial sterilization centers.
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VJIK 534

Bumytieni pe3oHaHCHI KOJTUBaHHS AUCUTIATUBHOT
MPYXKUHHO-MasiTHUKOBOI CHUCTEMU

10. B. Mixuin, K. 1O. ITnakcii

Hayionanvnuii mexuiunuil ynigepcumem « XapKiecoKuti NOaimexHiuHui
iHcmumympy, Ykpaina

JocnimkyeTbess pe30OHaHCHA JAWHAMIKa JUCHUIATUBHOI MPYKUHHO-MAasSTHUKOBOI
CHCTEMH ITiJl BIUIMBOM 30BHILIHBOTO MEPIOTUYHOT0 30ypeHHA. AHAaJi3 NpOBEICHUI Ha
OCHOBI y3araJbHEeHOi KOHLENIii HeiHIHHIX HopMalbHUX (popM KonuBaHb Kaynepepa-
Poszenbepra. 3actocoBana TpaHcopMallist 10 peIyKOBaHOI CHCTEMHU BITHOCHO €Heprii
CHCTEMH, apKTaHI'CHCa BITHOIIEHHS aMIUTITYA Ta pi3HULI (a3 IIyKaHUX PO3B’S3KiB B
PE30HAHCHOMY OKOJIi. BUIIICHO HOBI PEXUMH KOJHMBaHb, HePeXiOHI HeNiHilHI
HOpManbHi ¢hopmu, MO PEATIZYIOTHCS JIMIIE Al OKPEMHX PiBHIB eHeprii. OTpuMaHo
HOBi, aKTyaJbHI Ui BiOpOTaciHHS, pe3yJibTaTH WIONO CTIHKOCTI 1 Oidypkamiit
HEJIHITHUX HOpMaJbHUX (GOpM Ta IXHBHOI B3aeMOJil B OKOJI pe3oHaHCy. UmncernbHi
EKCTIIEPUMEHTH MiATBEPIXKYIOTh JOCTOBIPHICTh OTPUMAHHUX aHATITUYHUX PE3yJIbTATIB.

Kniouosi cnosa: meniniiini HOpmanvhi popmu, eHympiwnil pesoHauc, Oighyprayis, nepexiona
¢Op/l1ll KOJIUBAHb.

Hccnenyercst pe3oHaHCHas JUHaMHMKa JAUCCUIIATUBHOW IPY)KUHHO-MasTHUKOBOMH
CHCTEMBI 110/] BHEITHUM IIEPUOAMYECKUM BO3JeHCTBIEM. AHAJIN3 IPOBEJICH HAa OCHOBE
0000IIeHHOY KOHIENINKM HEIMHEHHBIX HOpMaJbHBIX (opM Konebanmii Kaynepepa-
Pozenbepra. [IpumeHeHa TpaHchopMalys K peIyLHUPOBAHHON CHCTEME OTHOCHTEIIBHO
SHEPrHU CHCTEMBI, apKTaHTCHCA OTHOUICHHUS aMIUIMTYA M Pa3HOCTH (a3 MCKOMBIX
peIICHHH B PE30HAHCHOW OKPECTHOCTH. BBIIETICHBI HOBBIE PEXHMBI KOJICOAHHH,
nepexoomnvle HeluHelHble HOPMAnbHble GOpMbl, KOTOPBIE PEANU3YIOTCA TOJIBKO IS
OTHENBHBIX YpOBHEH sHepruu. [loiydeHbl HOBBIE, aKTyalbHbBIE IJIsI BUOpOTAlICHHS,
pe3yabTaThl OTHOCHTEIBHO YCTOWYHBOCTH M OM(YpKalMil HEMMHEHHBIX HOPMAaIbHBIX
($hopM M HX B3aUMOJCHCTBHS B OKPECTHOCTH pe30HaHca. YHCIeHHbIE 3KCHEPUMEHTHI
HMOATBEPKAAIOT IOCTOBEPHOCTh NMOJYUYEHHBIX aHAJIUTUUECKUX PE3yJIbTaTOB.

Knrouegvie cnosa: nemuneiinvle Hopmanbhble Gopmbl, GHympenHuil pe3onanc, Ougyprayus,
nepexoonas ghopma xonebanuii.

Resonance dynamics of the dissipative spring-pendulum system under periodic
external excitation is studied. Analysis is based on the generalized concept of
nonlinear normal vibration modes by Kauderer and Rosenberg. The transformation to
the reduced system with respect to the system energy, an arctangent of the amplitudes
ratio and a difference of phases of required solutions in the resonance vicinity is
applied. New vibration regimes, transient nonlinear normal modes, which are realized
only for the separate energy levels, are selected. New results, which are actual for
vibration absorption, concerning stability and bifurcations of nonlinear normal modes
and their interaction in the resonance vicinity are obtained. Numerical simulations
confirm reliability of obtained analytical results.

Key words: nonlinear normal modes, internal resonance, bifurcation, transient vibration mode.

1. Beryn

HasiBHICTE 30BHINIHIX Ta BHYTPIIIHIX PE30HAHCIB y HENIHIMHUX KOJWBAaJIbHHUX
cUcTeMax 3a3BU4ail MPUBOAMUTH 10 HEOAKAHOTO POCTY aMIUTITY/] KOJIMBaHb Ha OAHIHN 13
koopauHart. [locTae akTyanbHE MUTAHHS PO MOXKJIMBICTh TaCiHHS TAKUX KOJMBAHb 32
JIOTIOMOTOF0 BUKOPHCTAaHHSI BiOporacHuka Manoi Macu. OKpiM TOT0, PE30HAHC MOXKE
NPU3BOIUTH JI0 BTPATH CTIMKOCTI BCTAHOBJIEHOI'O PEXKHUMY KOJIMBAaHb T4 BUHUKHEHHS

© Mixnin 10. B., Mnakcii K. 0., 2016
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HOBHX PEXHMMiB KOJIMBaHb, Tak 3BaHUX Oipypkariii [1]. BUHUKHEHHS HOBHX PEXHUMIB
KOJINBaHb BHM3HAYa€ IWHAMIKY CHCTEMH B YMOBaxX pE30HAHCY, TOMY aHaTiTHYHI
JOCHIDKEHHSI PE30HAHCHOI JWHAMIKH KOJMBAJIBHHX CHUCTEM € BaXKJIMBUM ETaroM
po3B’s3aHHA 0OaraThOX TPUKIATHUX 3amad MexaHiku. IlosBa Takux eQekTiB K
OJIHOYACHE ICHYBaHHS KIJBKOX CTIMKMX PEXHMMIB KOJIHBAaHb B PE30HAHCHOMY OKOJI
0o0OyMOBIIOE BHUHHMKHEHHS pEXHMYy TaK 3BaHOi IMepekadku eHeprii [2] wix
MiICHCTEMaMH HEJIHIHHOT KOJNHMBAJIBHOI CHCTEMH. TakoX IIOCTa€ IHTaHHSA IIPO
MO>KJIMBICTB JIOKaJTi3arii [3] 3HAaYHOT YaCTHHU €HepTii KOJIMBaHb B OJHIHN 13 MiACHCTEM
OCHOBHOI CHCTE€MH, IIO MOKe OyTH SK HETaTHBHUM JUIl KOHCTPYKLIi B IJoMy i
OPU3BOAUTH A0 1i pyHHYBaHHsA, Tak i OyTH YCHIIIHO BHKOPHCTAaHMM B 3ajadi
BiOporacinaa. HasBHiCTh qucumaiii eHeprii y CHCTeMi MOXe SIK TiIBECTH CUCTEMY 10
BHYTPILIIHBOTO PE30HAHCY, TaK 1 BIICTPOITH ii Bif HBOTO. 30BHIIIHE 30ypeHHST MOXeE
OiATPpUMYBAaTH TIEBHUU pEXHM KOJMBaHb 1 CYTTEBO BIUIMBATH Ha CTIMKICTH 1
Oidypkarii. 3 ooy Ha e BaXKIUBHAM IIOCTa€ PO3TIIA] CaMe HEKOHCEPBATHBHHX
CHCTEM.

Yemix  aHaNITHYHOTO  JOCTI/PKCHHS HENIHIMHUX CHUCTEM B 3HAYHIA  Mipi
BHU3HAYAETHCSA BUOOPOM PO3B’S3KiB, SIKi MOXKHA 00paTy 3a HyJlhOBe HAOJIVDKEHHS IS
moOyIOBU OUTBIN CKIATHUX PyXiB. B SKOCTI TakuxX po3B’s3KiB B 06araTbOX BHUIAIKax
MOJKHa BUOpaTH came HOpMajbHi ()OPMHU KOJHMBaHB, KOJIM BCi MO3UIIIHHI KOOPAWHATH
CHCTEMH € OJHO3HAYHUMH (DYHKIISIMU OJHI€T 3 HUX (KOJNMBaHHA B YHiICOH). B poboti
BUKOPHCTOBYETHCS KOHIICIIIiS HENHIHHUX HOpManbHUX (hopMm konmBanb Kaymepepa-
Pozenbepra [1-5], sika Oyna Broepie 3ampoIOHOBaHA JJIsi KOHCEPBATHBHHX CHCTEM.
[Tpu HasBHOCTI MaJoi JUCHIIAI] €Heprii, a TaKoXX MaJoro 30BHIIIHBOTO 30ypeHHS
3QIUIIAETHCS MOXKIIMBUM PO3TIIANl PYXiB CHCTEMH, IO € TMOAIOHI 10 HENMiHIHHUX
HOpMaNBHAX (DOPM KOIMBaHb BiAMOBIAHOT KOHCEPBATHBHOI cucTeMu. B maHiit poOoTi
aHaJli3 pEe30HaHCHOI JUHAMIKM MPYXHHHO-MasTHUKOBOI JMCHUTIATUBHOI CHCTEMHU
NPOBEJICHNH 3 BUKOPHCTAHHAM Yy3arajlbHEHOI KOHIEMIil HEeNiHIHHUX HOPMAaIbHUX
¢dopm Kaynepepa-Pozenbepra.

3acTocoBaHa TpHU JOCTIDKEHHI Memoouka 36e0eHHsi 00 pedyKO8aHoI cucmemu
BITHOCHO 1i TMOBHOI €HEprii, apKTaHreHca BIAHOIICHHS aMIUNTYyA Ta pi3HUI (a3
PO3B’SI3KiB B OKOJII pE30HAHCY [6] MO3BOJIAE YCHINIHO MAOCTITUTH CTIHKICTH Ta
Oidypkarlii HemiHIHHUX HOPMaTbHHX (OPM B OKOINI PE30HAHCY O€3 IOBHOTO
AHAJITUYHOTO BIIIIYKaHHS pO3B’s3KiB. JlaHa MeTojuKa y3arajibHEHa JUIsl BHUIIAJKIB
HAsSBHOCTI JUCHITALi eHeprii i 30BHIIIHLOTO 30ypeHHs y KOJMBAIBHUX CUCTEMax [7-
10].

JuHamika  JUCUIATUBHOI  HENIHIKHOI  TPY)KUHHO-MAasSTHUKOBOI  CHCTEMH
JIOCITI/PKEHA JIJIS BUIAJIKIB 30BHILITHLOIO PE30HAHCY HA YaCTOTI KOJIMBAHHS NPYXUHU
Ta Yy BHUNAAKYy OJHOYACHOTO 30BHIIIHBOTO Ta BHYTPIIIHBOTO PE30HAHCIB.
[IpoananizoBaHa MOXJIMBICTh BIOPOTaciHHS KOJIMBaHb.

Posrnsimaerbess pyKMHHO-MAsTHUKOBA CUCTEMa B YMOBAaX MajiOro TEPTS Ta i
BIUIMBOM 30BHIIIHBOTO NMEPIOANYHOTO 30ypeHHs, 300pakeHa Ha puc. 1.
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F,cos Qt

F()

A

Puc. 1. Ilpyscunno-maamuuxosa cucmema.

PiBHSHHS pyXY 1€l CYTTEBO HENHIHHOI KOJUBAILHOI CHCTEMH MIPEICTABISIFOTHCS Y
BUTJIAIL:

i + 02X + U — u(fsin @ + 62 cos6) = f cosz o
0 +np6+ p?sin @ —tisin =0,

y k 2 9
€ IO3HayeHo U=-—, =X, ow=,——!\, =—), =m/(m+M),
A R' © \Mam' P TRo #-mmEM)

Fo __ B _Pe -
Mrmrota?’ " Memat " Tme P

ol =110%, f=

KoeilieHTH TepTsl.

VY cucremi (1) 3a BimcyTHOCTI TepTsi Ta 30BHIIIHBOIO 30ypeHHS ICHYIOTH MBI
HeiHiiHI HOpMaybHI (opMu konmBaHb Kaynmepepa-PosenGepra [6], a came: cyrto
BEPTHKAIbHI KOJMBAHHSI — TaK 3BaHa MpykuHHa (opma, abo U —dopma (U=u(7),
0=0), mo € JOKami30BaHOIO, Ta MasTHHUKOBa (opma, abo 6 —dopma, KoM
3MIHIOIOTBCS 1 BEpPTHKalbHA, 1 KyToBa KoopmuHatu (U=U(z), €=06(7)), i ska €
HEJIOKAJII30BaHOI0. 3ayBaxUMO, o U(7) — mapHa ¢yHkuis, a €(7) — HemapHa.

B ymoBax maioi mucumnanii eHeprii Ta Manoro 30ypeHHs aHAJIOTi4HI y3araibHEeHi
¢dopmu kosuBanb cuctemu (1) Bike He OynyTh opmamu Kaynepepa-Po3enbOepra, aje
OynyTh TOMIOHMMH 10 HUX. Taki y3arajgbHeHi (pOpMH 3alMIIAFOTHCS MPHUIATHI IS
SKICHOTO aHaJIi3y MOBEAIHKH CUCTEMH.

2. BUunaJok 30BHIIIHBOI0 Pe30HAHCY HA YACTOTi KOJIMBAHb NMPY:KUHH
3actocyemo Mmeron Oarathox MmacmrtadiB [11] mma moOymyBaHHS PO3B’SI3KiB.
IIpomaciirabyemo koopauHath U—>&u, € —> &f 1 OydeMo IIyKaTH pPO3B’SA3KH Y

(dbopMi aCUMIITOTUYHOTO PO3KIAJCHHS, YTPUMYIOUN YWICHHU MOPSAIKY 0(82) :
=g +£2Up +...

) @
802890 + & 01 +...
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Bynemo posriisiati Macrabu yacy BKIKOUHO 10 wieHiB nopsaky O(e _2) :

To +T1+T2=z-+gr+gz+.... (3)

B takomy pasi mepmia ta apyra moxigHi HabyBarOTh BUTIISITY

d_0, 0 @
dT aTo aTl
d2 52 a2

= +2& 5
de2 oT¢  OTdTg ©

[MincraBumo (2), (3), (4) ta (5) y piBusuaa kxonmBaHb (1). 106 mocmianTH
pe30HaHCY TOBEIIHKY CHUCTEMH, 3aCTOCYEMO METOJIMKY 3BEICHHS A0 PEAyKOBaHOI
cuctemu. 1106 mocmigutn muHamiKy cuctemu (1) B OKOIII 30BHINTHBOTO PE30HAHCY HA
YacTOTi KOJHMBAaHHS TPYXUHHU, BBeJAeMo y cuctemy (1) pos3nmam MiK dYacToTamu y
BUTJISAIL:

a)E =1+eA (6)
BpaxoByroun, 1110 11 MaTuxX KoiuBaHb Sin @ =6, cosd =1 3 tounictio 1o O(H)
1

Ta NPUPIBHIOIOYM BIANOBIOHI WIEHH NpH &  Ta 82, OTPUMAEMO DIBHSHHS Y
YaCTHHHHX MOXITHHUX IS TIEPIIOTO Ta IPYroro HaOImKEHb:

52
Yo +Ug =0,
1 6T02
Fo ) @)
0“0
2+ p%0y =0,
To
2 2 2
0 06, 00, 0
LSRR SVEIARVEN N
aTO 8T18T0 0 0 8TO 8T0
g +%(eiT° +e 110y, (8)
2 2
0 01 2 0 (90 0 Ug 890
S, TPhoa=- + > o~ Tg ——-
aTg aNaTy | aTg aTo

3aranbpHUN PO3B’ 30K cucTeMu (7) 3alUIIEThCS Y BUTIISII:

Ug =Cy (T)e' ™ +Cy (Ty)e 10,
i . & —piT, ®
6o =Co(Ty)eP' 0 +Cy(Ty)e P

[Migcrapmsitoun po3p’sizok (9) y cuctemy piBHsHB (8) IS BiAIIyKaHHS IPYTrHX
HaOJIM>KEHb PO3B°SI3KiB Uy Ta @), IPUXOAMMO A0 YMOBH BUKIIIOUEHHS BIKOBUX WJIEHIB
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y mpaBux dacTuHax cructemd (8). [lokmagaroun B yMOBI BUKITIOUEHHSI BIKOBUX WIEHIB
c, =a,e, C,y=aye”’? , sanumemo cucremy pissHb BigHOCHO aMITITY &, A
u u 1 -0 0 ) Yyp JAHOCHO a YA ay, dg

ta a3 S, [y LIyKaHUX pO3B’sA3KIB:

' 77X f H

a, =——-ay ——sin B,

u 2 X 4 ﬂu

.1

ay =——>ay,

0= % (10)
;oA f
=————C0SA,,

Pi=g a0

By =0.

VY cucremi (10) BBenemo 3amiHy 3MiHHHUX @, = KCOSI// ap =Ksiny , sxa

2
NPUBOIUTH JI0 TaK 3BAHOT PEIyKOBAaHOI CHCTEMH BiIHOCHO 3MiHHOI IIOBHOI eHeprii K,
apKTaHTeHCa BIJHOIIEHHS aMIUNTYX | Ta (a3 po3B’s3KiB:

—K(—cos W+ %smz W) —%sin By cosy,

' ain (=10 f

=sin y(———=cosy + ——sin f,),
% (T v+ SinBu) (1)

| f

cosfy,

Pu= g aKcosy cosy Au
Bo =0.

3a3Ha4nMoO, [0 Y BUNIAJIKY HAsIBHOCTI 30BHIIIHBOTO 30ypEeHHS, TOBHA PEIyKIis HE
MOJKJIMBA, a/pKe HE MOXKHAa BWAUTUTH DPI3HHUIIO (a3 po3B’s3KIB y MpaBUX YaCTHHAX
piBHsHb cuctemu (1), ame MOXIHMBO (OPMANBbHO 3alucaTd PiBHSAHHA BiJIHOCHO
pizHUII (a3, mpu [HOMY aHami3 pIBHIHb PEIyKOBAHOT CHUCTEMH 3AJIHIIAETHCS
epextuBHUM. OCKUIBKM pi3HULA (a3 3B’A3aHUX KOJIMBaHb cucTeMu (1) Mae BUIIISI
@ = Py —2p, PIBHAHHA BITHOCHO Pi3HMII (ha3 3aNMIIETHCS HACTYITHUM YHHOM:

f
'=A—-————cC0sf,. 12
@ 2K cosy By (12)

[IpoanamnizyemMo HOro cyKyImHo 3 MEpIIUM Ta APYTHM piBHSHHAMU cucteMu (1) Ha
NoJIOXKeHHs piBHOBaru. Came Taki po3B’sI3KM PELyKOBAaHOI CHCTEMH 332 BU3HAUCHHSAM
BIJIMOBIAAl0Th HENiHIMHUM HOpManbHUM ¢opmaM cucrtemu (1), amke ONHCYIOTH
KOJINBAHHS B YHICOH.

VmoBa Siny =0 BianoBizac KONUBAHHAM JIMIIE OJHI€l TNPYXKUHH, SKI €
nokanizoBaHuMH. JlokanmizoBaHa QopMa KoJMBaHb HE MOTpeOye NOAATKOBOI YMOBH
Ut a3, TOMY JOCTaTHHO TPOAHATI3YBATH IOJIOKEHHS PIBHOBArW JIMIIE PiBHSHHS
BIJIHOCHO apKTaHreHca aminnityn y . Jpyre piBasuus cuctemu (11) oGepraerbcs 3a
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X YMOB Ha TOTOXHICTh, OTXe I (popmMa KOJMBaHb iCHYE ISl OyIb-SIKHX DIBHIB
eneprii K, Ta iii Bignoinae npsima 7 =0 y npoctopi (v, @) . laniit popmi KonuBaHb

K

BiAmoBijae piBHSAHHSA eHeprii K'=-— +Zsm Py - Yepe3 HasBHICTb (yHKIIT

Sy (K) y mpasiif 4acTuHI JaHOTO pIBHAHHA HE MOXKHA OJHO3HAYHO CKa3aTH IIPO
CTIMKICTB JIOKaJi30BaHMX KOJHBAaHb NPYKWHU. HeoOXiqHIM cTae aHai3 TPAeKTOPiN y
npocropi (i, ).

Jlokamizamis eHeprii Ha MasTHHKY, OYEBHIHO, HE MOXIHBA 3 MipKyBaHb
koHCTpyKkuii cuctemu (1). Amamitnuno Bona 6 morpebGyBama ymoBu COSy =0.

TakuM KONWBaHHSAM BiAmoBigama 6 mpsMma =% y mpoctopi (v, @) . Ilonoxenus
piBHOBaru apyroro piBHsHHS cucteMd (11) Bumarano 6 y JaHOMY BHUIAIKy PiBHOCTI
i%sin Sy =0. Jlana piBnicts MoxuuBa, skmo ¢aza f;, =0+ M. Takox nana
¢opMa konmBaHb MoOTJa O OyTH peanizoBaHa 32 YMOB JOCUTh BUCOKHX €HEPTiid, SKi He

posrasmatotbes. Takil GopMi KoMMBaHB BiANoOBinae (yHKIS eHeprii K':—% K.

Eneprisi konuBaHb y JaHOMY BHIAJAKy OyZAe Claaaiodyoro, OTXKE TaKi KOJHBAHHS 3
JIOKAITi3alie€l0 Ha MasATHUKY OyIyTh HECTIHKMMH B OKOJIi pe30HAaHCY 1 Taka ¢dopma
KOJIMBaHb HE OyJie peaizoBaHa.

V Bumanky, koo COSy =0 Ta Siny #0 oaHOYacHO, MOXIHBA TOsBa (HOPMHU
3B’s13aHUX KOJMBaHb cucteMu (1). 3 apyroro piBHsHHs peaykoBanoi cucremu (11)
ta piBHsAHHA (12) OTpUMaeMO yMOBHU iCHYBaHHs J1aHO1 popmu:

f No —1N
> > tgﬂu =10 " Tu .
2K\/(77u —779) + 4

Sk Gaummo, ymoBa icHyBaHHS MaHOi (OPMHU 3aNeKUTH Bix piBHA eHeprii. Jlms
BUSIBJICHHSI TIOSIBH Ta BH3HAYEHHS CTIMKOCTI ()OpMH 3B'A3aHUX KOJIMBaHb B JJAHOMY
BUIAJIKy HEOOXIIHMUM CTa€ aHai3 TpaekTopiii y mpocropi (v, ) .

cosy =+

Jlns ananmizy Tpaektopiii y mpoctopi  (/,@) NPOIHTErpyeEMO YHUCEIBLHO METOAOM
Pynre-Kyrra 4-ro mopsaky 3 kpokom h=0,01 peaykosany cuctemy (11), 3miHtoroun

. . V4
3HAUYCHHS apKTaHreHca amiutitya Ha Biapisky 0 <y (0) < £y IIpU [IOYaTKOBUX YMOBAaxX

K@0)=05, 4=02, n,=04, 19p=04 1a f=02. Ha puc. 2 noGynoBani
Tpaektopii B ipocTopi (v, ).
TpaexTopii Ha puc. 2 3 MIKHOM Yacy HaOmmkawThes n0 mpsmol w =0, sxa

BiJMOBiZae ¢GopMi KONMBaHb 3 JIOKami3alielo eHeprii Ha mpyxwuHi. OTxe, aHali3
TPAEKTOPIH J103BOJIIE 3pOOMTH BHCHOBOK, IO JaHa (hOpMa KOJIHMBAaHb 3aJIMIIAETHCS
CTIHKOIO B OKOJIi pPE30HAHCY B TOW 4Yac, SK HE CIOCTEPIraeTbCs IMOSBU CTIHKUX
3B’S13aHUX KOJHMBaHb CHCTEMHU.
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o(y)

02

) f X v

02 &L 05 ' 1js
LYY ¥ £ R
06 1 ]
08 [1 ‘ !
a4 HEL : /
-1.2 +4

14 = ;‘,’ -

Puc.2. Tpaexmopii ¢ npocmopi (W, @) .

[[Io6 mpoidrocTpyBaTH MOBENIHKY NPYKHHHO-MasTHUKOBOI cuctemu (1) B okodi
PE30HAHCY, MPOIHTETPYEMO YHCEIHHO CHCTEMY BiTHOCHO aMILTITY[ i (a3 po3B’s3KiB
(10) meTomom Pynre-Kyrra 4-ro mopsaky Ha Bimpisky 7 €[0;100] 3 xpokom h=0,01

npu nouyatkoBux ymosax a;,(0)=0,2, ay(0)=01, £,(0)=0,01, Sy(0)=0,02 Ta
npu 7, =03, 175=03, =05, =03, 4=01, p=L7. [lepme HaOMIKECHHA
po3B’si3KiB Moxke ~ OyTru  3ammcaHe y  BUDIAI  Ug =2a,CoS(r+ f),
6y =2agcos(pr + fBy) . Ha puc. 3-5 npexncrasneHi 3anexHOCTI KOOPIUHAT BiJ| 4acy
Ta 3aJIeKHICTh Y KOH]IrypariitHoMy ImpocTopi BiAIOBITHO.

u(x)

R

[ =T

ill, i .|i|. il lly xli!

Q
-

.
o -

o
° (=] .
Ny e O O

=10

Puc.3. 3anexucnicmos U(7) .
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6(x)

0.025

0,02 ]
0.015
0.01
0.005

-0,008 e )00
-0.01
-0,015
-0.02
-0.025 1

©*10

Puc.4. 3anexcricme 6(7) .

u(8)

005 2/1

Puc.5. 3anexcricmo U(6).

Amnari3 rpadikiB 3-5 103BoJIsI€ 3pOOUTH BUCHOBOK, 1110 (hopMa JIoKautizalii eHeprii
Ha TPYXWHI € CTIMKOI B PEXUMI pE30HAHCY, WIO MIATBEPIKYE aHAIITHYHE
JIOCIT/DKEHHST 32 PEAYKOBAaHOK CHUCTEMOIO: BiIXWJICHHS TPAaeKTOpid Ha pHC. S5 Bif
(dhopMH KONMBaHb TPYXWUHW HEXTOBHO MEHINI 3a OCHOBHI KOJHMBaHHsI, a cami

TPAEKTOPIi 3 INIMHOM YacCy 3ryHIytOThCst B3IOBXK mpsimoi € = 0.

3. Bunmagok 0HO4YACHOT0 30BHIIIIHHOT0 i BHYTPIIHBEOT0 Pe30HAHCIB
st Toro, 1100 po3rsSHYTH PyXU CUCTEMH B OKOJIi BHYTPIIIIHBOI'O Ta 30BHIIIIHBOTO

pe30HaHCy OJHOYACHO, BBe#eMO B piBHsHHA (1) nBa mapamerpm A4 T1a Ay, mo
XapaKTepU3yIOTh PO3JIAAH YaCTOT, HACTYITHUM YHHOM:

wf =1+ e, (13)
p? =%+gAz. (14)

Ymosa (13) BigNoOBiZae MOTPAIISIHHIO B OKiJM 30BHIIIHBOTO PE30HAHCY, & yMOBa
(14) B OKiJI TOJIOBHOTO MAPaMETPHUIHOTO pe3oHaHCy cucTeMu (1).

3acTOCOBYIOUM AHAJIOTIUHI MEPETBOPEHHs], PIBHAHHS MAJS MEPLIOrO Ta JPYroro
HaOJIMKeHb 3alUILEMO Y BUIIIAIL:
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82
i +Ug =0,
1 aTO
P 5 (15)
0°6,
20 +100 =0,
oTg 4
2
a%u a%u 20, 96, X
Uy =—MUg -2+ p 20 J7 e I
T o0T10Ty aTg Ty Ty
gl +— (e 4+ ey, (16)
0%0 026 o%u 00
—21+91— Mg —2——2 20 0 =16
aTg onoTy | aTg aTo

Po3B’s130k cucremu (15) 3anuimersest y BUTIISIL:

Up =Cy (T)e'™ +Cy (T)e ',
Ll )
0o =Cp(T1)e2 ~ +Cy(Ty)e

[lincrapmstoun po3B’sizok (17) y cucremy piBHSHB M BiMIIYKaHHS OPYTHUX
HaOIMMKEeHb PO3B'sA3KiB (16), aHAIOTIYHO MPUXOANMO 0 BUKIIOYCHHS BIKOBUX YJICHIB

y mnpaBux dyactuHax cuctemu (16). Iloxmamaroun C, =aue'ﬂ u, Cy =a9e'/3 o,

neperIeMo BiJi YMOBU BHKIIFOUEHHS BIKOBHX WIEHIB JI0 CHCTEMHU PiBHSHB BiJIHOCHO
aMIUTiTYZ Ta a3 po3B’s3KiB:

f

M2 U :
8, = 22§ sin(@py - fu) - Deay - 5-sin Ay,

=~

ap = ayay sin(2py _ﬁu)_%aé‘v

L) gyt
ﬂu— 2 4au 005(259 ﬂu)

Bo = 4o +a, cos(2fg — By)-

(18)

— COSA,,
4a,, Pu

ae ¢ = Py —2p - pizHuis a3 po3s's3kiB A5 GOpPMU 3B'I3aHUX KOJIUBAHb.

Ju

VY cucremi (18) BBesemo 3aMiHy 3MIHHHMX @ =TKCOSI//, ayg =Ksiny Ta

OTPUMAEMO PEIYKOBaHYy CHCTEMYy BIJHOCHO 1i TOBHOI eHeprii, apKTaHTeHca
BiJTHOIIICHHS aMILIITY ] Ta (a3 po3B’A3KIB:
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K'=—K(77—“cos2 74 1+ 770 gjn 2 V) —Lsin By cosy,

2 2 2Ju
w' =sin 1//(£ Ksin(28g —ﬂu)+Mcosw + f sin 3,),

2 2 2. uK
I ) (19)
, L Ksin
B :ﬂ+_—1//cos(2ﬁ9 —Pu)———=———"C0sp,
2 2 2.JuK cosy

: Ju
Lo =24 +TK cosy cos(28y — Bu)-

Sk 1 panimre, y BHIMagKy HasSBHOCTI 30BHIIIHBOTO 30ypeHHS, NTOBHA PEXYKIlis HE
MOJKJIMBA, aJKe HE MOXXKHA BHIUIMTH Pi3HUIO (a3 ¢ y NpaBUX yacTWHAX PiBHSIHb

cuctemu (18), ame MU 3anumeMo piBHAHHS BiZHOCHO pi3HMUI (a3 ¢opManbHO Ta
MPOaHai3yeEMO HOTo CYKYITHO 3 TIEPIIMM Ta IPyTrUM piBHSHHAMHE cucTeMmu (19):

2
sin
v_ cosy)cos(2By — fu) —
osy

, A 1
=2 o4, + JuK(E
9= o+ i (2 .

(20)

- C03/,.
2JuKcosy

Bynemo po3rismaTé MOJOKEHHS pIBHOBAarM JApyroro piBHSHHSA PELyKOBAHOI
cucremi (19) ta piBusuas (20). YMoBa siny =0, o4eBUIHO, BiAMOBIIA€ KOJIWBAHHIM
camoi TUTbKU mpyxuHU. OCKIIBKM Taka GopMa KOJHMBaHb € JIOKaTi30BaHOI, TO HE
norpedye m1oMaTKOBOi yMoBH s dasu. Jpyre piBHsHHS cuctemu (19) obepraeThes 3a
X YMOB Ha TOTOXHICTh, OTXe IIsi (popMa KONUBaHb iCHYE UIsl OyAb-IKHX DPiBHIB
eneprii K, Tta iii Bigmomimae mpsima =0 y npocropi (v,@). [auiit dopmi

KOJIMBaHb BianoBinae piBusuus eHeprii K' =-K Tt T gin Py > 4epe3 HasBHICTb
2 2u

¢byukuii S, (K) y npasiif yacTiHI JaHOTO PIBHSAHHSA HE MOXKHA OJHO3HAYHO CKa3aTH
PO CTIHKICTh KONMBaHb MPYXKUHU. HEOoOXiTHUM cTae aHai3 TPAEKTOPiH y MpocTopi
(v, ).

VY Bumazaky, komu COSy =0 Tta Siny #0 omHOYacHO, MOXJIHMBA MOsBa (OPMHU
3B’s3aHUX KomBaHb cuctemu (1). 3 apyroro piBHAHHS peaykoBanoi cuctemu (19)
OTPUMAEMO OZHY 3 YMOB iICHYBaHHS J1aHOi ()OPMH:

N .
cosy =————Ksin(28y — fy) +
T O 2 UK (g - my)

OueBuaHO, yMOBa iCHyBaHHS AaHOI (QOpPMHU 3aleXuTh Bif piBHSA eHeprii. Jns
BUSIBJICHHS (DOPMH 3B'SI3aHUX KOJIHMBaHb Ta BU3HAYCHHS 11 CTIMKOCTI B TAHOMY BHUITAAKY
HEOOXITHUM CTa€e aHalli3 TPAeKTOpiil y mpoctopi (7, ) .

sin f,, .
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[Mobynyemo TpaekTopii B mpoctopi (/,¢), AN YOr0 MPOIHTETPYEMO YHCEIBHO
meronoMm Pynre-Kyrra 4-ro mopsiaky 3 kpokom h=0,01 penykoBany cucremy (19),

. . o Vs
3MIHIOIOYM 3HA4YE€HHS AapKTaHI'€HCAa aMIUITYyA Ha BIAPI3KY OSW(O)SE Ta TpH

nouatkoBux ymosax K(0)=05, n, =03, 1y =02, x©=04, 4 =02, 4, =01,
f =0,35. Ha puc. 6 mpezacraBneni Tpaekropii y mpoctopi (y,@) IS BUNAIKY
OJTHOYACHOTO 30BHINIHHOTO Ta BHYTPIIIHBOTO PE30HAHCY.

P(wy)

'
-(_‘
\
)

\
W

L .
-
{

X

, >,
)
-3 .‘V‘». - ::-r /4
. s
35 o
-4

Puc.6. Tpaexmopii 6 npocmopi (W, @) .

KoxkHa 3 TpaekTopii poOWUTH TMETII0 HABKOJIO KBAa3iMOJOXKEHHS piBHOBArH
penykoBaHOi cucTteMH. Lle monokeHHsS pyXaerbes y mpoctopi (i, @) Ta BiAMOBinaEe
nepexionitl hopmi xonusans. Ilepexioni popmu xorusamns, mo O6ymm omucani B [7-10],
€ opMamu KOJIMBaHb, IO iICHYIOTH JIMIIIE IJIsl OKPEMUX PiBHIB €HEprii cUCTeMH, TOOTO
JUIIIe B OKPEMi MOMEHTH 4acy, IO BiJIOBIAIOTh MM PiBHSAM eHeprii. BaxumBuMm €
Te, U0 nepexioni ¢popmu MPUTATYIOTH 1HIII TPaeKTOpii pyxy. B okosi 3HaueHHs Yacy,
IO BIAMOBIZAE TIOSABI nepexionoi ¢opmu Koaueanb, PyxXu CUCTEMU € OJU3bKHUMH JIO
Hei. Jlani Ha puc. 6 6aumMMo, IO KOJHM €HEPTis crajae i nepexiona ¢popma 3HUKAE,
TpaekTopii y mpoctopi (/@) IPUTATYIOTBCS JIO TMOJIOXKECHHS PIBHOBArd, IO
BIJIMIOBiIa€ CTilKil B pe30HAHCHOMY OKOJII HEJiHIMHIA HOpMallbHIN (opMi 3B’ sI3aHUX
KOJIMBaHb CHCTEMH. 3a3HauMMO, LIO II€ MOJOXKEHHS pPIBHOBAaru pO3TAIIOBaHE Y

npoctopi (w, @) ckopim Oivk4e 10 TPSMOT W=E, sKa BIAMOBiNA€E JOKamizawii

KOJIMBaHb HAa MAasSTHHMKY, aHDK 10 mpsmoi i =0, ska BiANOBIJa€E JIOKaJIi30BaHUM

KOJIMBAaHHAM MpPYXHUHH. Tpaexkropii Ha puc. 6 He 3aIHMINAIOTHCS MOOJIM3Y HPSIMOT
v =0, mo o3Hauae, Mo GopmMa JIOKAII30BaHUX KOJIMBaHb NMPYXUHU HE € CTIMKOIO Y

PEKHUMI PE30HAHCY.
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Hns  imroctparlii MOBEAIHKH MPYKHHHO-MasTHUKOBOI cuctemu (1) B okomi
Pe30HaHCy, MPOIHTETPYEMO YHCEIBHO CUCTEMY BiIHOCHO aMIUTITYI i (a3 po3B’s3KiB
(18) merogom Pynre-Kyrra 4-ro mopsaky na Biapisky 7 e[0;5000] 3 kpokom
h=0,01 npum mnouarkoBux ymomax a,(0)=0,05, ay(0)=001, A,(0)=01,
Pp0)=0,2 ta mpu n, =03, n7y=02, f=035 4=02, 4,=01. Iepme
HAaOMDKEHHST PO3B’A3KIB MOKe OyTH 3ammcaHe y BUNIAL Ug =2a,C0S(7 + f3,),

1 : : .
6y = 2agcos(§r + fy) . Ha pucynkax 7-8 mpencraBieHi 3a1eXHOCTI KOOpPAUHAT Bif

yacy Ha iHTepBamax yacy 7 e[01000], puc. 9-11 neMOHCTPYIOTH 3alICKHICTh Y
KoH(irypaniiHoMy npocTopi s npomikkiB 4yacy 7 [0;100], 7 <[48005000] Ta
7 €[0;5000] BimmoBiaHoO.

u(x)

0,15

o

0,05

= 0

0.05 00 12000

-01
-0,15

©10
Puc.7. 3anexcricmo U(T) .
6(x)
0.3
0.2 1l|
I
01 41
| wmn’nlr Ll b —
01 4 “l mx’lllllllhm i n:l || 'nll’ll 00 12400
-02
-03 -
10

Puc.8. 3anexcricmo 0(7) .
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Puc.9. 3anexcricms U(6) npu 7 €[0;100].

u(0)

&
n

™~
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R

L
(=]
(8]

Puc.10. 3anexncnicms U(6) npu 7 €[48005000].

u(e)

Puc.11. 3anexncnicmo U(6) npu 7 €[0;5000].

CykynHuid ananmiz puc. 7-11 1o3Bojsie 3pOOMTH HACTYNHI BUCHOBKH IIOJIO
PE30HAHCHOI JUHAMIKH MPY)XKMHHO-MasTHUKOBOI cucTeMH (1): B OKOJII OJHOYACHOTO
30BHIITHHOTO Ta BHYTPIIIHEOTO PE30HAHCY 3 SIBISIETHCS NEpexioHa (hopma KoIuUeaHb.
Ha mnouwatrky mpomecy pyxu cuctemMu € Onu3bki 10 1i€i ¢opmu, Ha rpadikax
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3aNIeKHOCTeH y KOH(pirypamiitHoMy mpoctopi JaHa (opma Mae BUTIsia mapabomu 3
poraMmu, HampaBlIeHUMHU BBepX. [lepexiony ¢hopmy MokHa moOayuTH Ha puC. 9, 110
JEMOHCTPYE MOYaTOK Mpoliecy, Ta Ha puc. 11, Ha SKOMY MpencTaBieHa 3aJeKHICTh Ha
BChOMY 4YaCOBOMY MPOMIXKY, IO po3risigaerscs. Ha puc. 9 Gaummo, sk TpaekTopil
pOOIATE pyXu MOONU3Y nepexionoi ¢popmu KOTUBAHB, IO € TAKOIO, M0 MPUTITYE B
MOMEHT CBOTO iCHYBaHHS, a Jalli IIBHJIKO PO3BUBAETHCS ii HecTilkicTs. Ha puc. 11
0aunMO Bech TpOIEC B MIJIOMy — KOIHU HepexioHa ¢hopma TIepecTae iCHYBaTH,
TpaeKTOpii HAOMMKYIOTHCS IO TIOCTIHHO CTiiiKOi B OKOMII pe3oHaHCy ¢GopMi 3B’ sI3aHUX
KoJInBaHb. Sk 6aunmMo, TpaekTopii Ha puc. 11 3 MIMHOM Yacy 3ryIIyIOTbCs Ha CTIHKil
¢dopmi 3B’s3aHUX KOJHMBAaHb, Ka Ma€ JACUI0 BUKPUBICHY BHACIIJOK IWCHMALil Ta
30BHIITHKOTO 30ypeHHS GopMmy y KoHbirypamiiitHOoMy mpoctopi. Komm mepeximauit
NpPOIIEC 3aKIHYYETHCS, KOMTUBAHHS CUCTEMH CTa01Mi3yIOThCA 1 BiIOYBAIOTHCS B PEXKHUMI
CTiHKOI opmu, 1m0 NeMoHCTpYyeE puc. 10, ne mokazaHuii KiHenb npouecy. CaMa criiika
3B’s13aHa (popMa KOJIMBaHb B TAHOMY BHITAJKYy € JIOCUTH OJM3BKOIO IO JIOKATi30BaHOT
¢bopMu pO3KaYKK MASITHUKA, IO MOXKE OyTH BHKOPHUCTAHO 3 IULTIO BiOporaciHHA
KOJIWBaHb cucTeMu (1): BKHMBAIOYM JIOMOMIKHI 3aco0HM AeMIipyBaHHS Ha MasTHUKY,
MOKHa 3a0€3MeYnTH BIATIK eHeprii 3 mNpyKWHU. TakuM YHWHOM, YHCEIHHO-
AHANITUYHWNA EKCTIEPUMEHT Yy TOBHIA Mipl MiATBEPIKYE Pe3yabTaTH aHAIITHYHOTO
JOCITIDKEHHS 32 METOIMKOIO PEyKOBAHOI CHCTEMH.

4. BucHoBKH

JluHaMmika TUCHIATHBHOI MPYXUHHO-MasTHUKOBOI cuctemu (1) mig BIUTMBOM
30BHIIIHBOTO MEPIOJUYHOTrO 30ypeHHs JOCIiKeHa B OKOJIi 30BHIIIHBOTO PE30HAHCY
Ha 4YacTOTi KOJHMBAHHSA MPYXXUHU Ta B OKOJi OJHOYACHOIO 30BHIIIHBOIO Ta
BHYTPIIIHROTO PE30HAHCIB. AHaJI3 PE30HAHCHOI JUHAMIKH TMPOBEIACHUNA HAa OCHOBI
KOHIIEMNIil HeNiHiiHUX HopMmaibHuX Qopm Kaynepepa-Pozenbepra, mo Oymna
y3araibHEHa Ui CUCTEM 3 MAaJIOI0 JIUCHIIAIEI0 €Heprii Ta MpU HasBHOCTI Majoro
30BHIIIHBbOrO 30ypenHst [7-10]. 3actocoBaHa memoduka 36edenmss 00 pedyKo8aHOi
cucmemuy BITHOCHO €HEpTii CUCTEMH, apKTaHTeHca BiJHOIIECHHS aMILTITY/ Ta Pi3HUII
(a3 po3B’sA3KIB B OKOJII PE30HAHCY, 1110 OyJia paHillie MOIUPEeHa Ha CUCTEMH 3 MaJIO0
JUCHIIAIE€0 eHeprii Ta B yMoBax 30BHimHbOro 30ypeHHs [7-10]. 3a momomororo
JMaHOi MeTonuKu Oyl OTpUMaHi HACTYNHI aHANITHYHI pe3yinbTaTH: B OKOJI
30BHIIIHHOTO PE30HAHCY HA YACTOTI KOJIMBAHHS NPYKUHH JIOKAIi30BaHi KOJUBAHHS
npyXuHA cucTeMu (1) 3aMuIaroThesl CTIHKUMU, TOJI SIK CTIMKUX 3B’ SI3aHUX KOJMBAHb
HE BUHHMKAae. B OKOJi OJHOYACHOIO 30BHIIIHBOIO Ta BHYTPILIHBOTO PE30HAHCY
CIIOCTEpITalOThCsl CTIMKI 3B’s3aHI KonwBaHHA cuctemu (1), Jokamizamis >k eHeprii
HaBIakyd He BifOyBaeTbes. OKpiM TOTO Iij Yac MEPEXiJHOTO IPOLECY 3’ SBISETHCS
HOBUH TuN ()OpPM KOJIMBaHb - TaK 3BaHA HepexioHa HeNiHiUHa QOopMa KOAUBAHD.
Takum uyuHOM, y cucteMi (1) Oyino BUSIBIEHO MOSIBY HOBOI HeNiHiMHOI (Gopmu
korBaHb. OCKIIbKY Taka (opMa € TaKOIO, 10 IPUTATYE PyXH CUCTEMH ITiJ] 4aC CBOTO
iCHyBaHHA, MosABa ii miJ Yac MEPeXiAHOro Mpouecy BiA HECTIMKUX KOJMBAaHb [0
CTIMKHX BHOCHTbH JIOJIaTKOBY HECTaOiJIbHICTh y CUCTEMY 1 POOHTH MepexigHUN Mpolec
JOBIIMM. TakvuM YWHOM, BHSBJICHHS HepexioHoi (opmu KoausaHvb € BaXKIUBUM
pe3yibTaTOM JIOCHi/KEHHS JAWHaMikk cucteMd. HoBi, akTyanbHi ans 3axad
BiOporacinHs, pe3y/ibTaTH MIOA0 CTiliKocTi Ta OidypKaiii GopM KOIHMBaHb B PEXHUMI
pE30HAHCY Ta 3aJEeXKHOCTI IX iICHYBaHHS BiJ| 4acy OTpUMaHi. PO3IIISTHYTO €BOIIOIIO
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MOJIOKEHb PIBHOBAarM pEAYKOBAaHOI CHCTEMH BHACHINOK MWCHIIAIi eHeprii Ta
ro0anbHy TOBEAIHKY TPAaeKTOpid pyxy B OKosi pe3oHaHcy. OcoOIMBOCTI
3aCTOCYBaHHS MEMOOUKU 38€0eHHsi 00 pPedyKO8awoi cucmemu OOTOBOPIOIOTHCA.
JloCTOBIpHICT OTPUMAaHWX AHATITUIHUX PE3YJIbTATIB MiATBEPIKEHO 32 JOIOMOTOIO
YUCEIbHO-aHATITHIHUX SKCIICPUMEHTIB, pealli3oBaHuX MOBOr0 C++.

o~

10.

11.
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VJIK 004.942

MopaenupoBaHue TEXHOJIOTHYECKUX MPOIIECCOB U TUIPABINYECKUX
ceTelt i 00ecTieueHns MPOMBIIIIJICHHOW 0€301MacHOCTH

A. W. Cunakos, M. JI. Yrpromos, A. C. llImenes

Xapvko6ckuil HAYUOHATLHBIL AIPOKOCMUYECKUL YHUBEpCUmMEm
um. H. E. JKyrxoeckoeo « XAy, Ykpauna

IIpoBemeH aHamM3  CYIIECTBYIOIIMX METOAOB  OOHApyXeHUS IepeKTOB B
TEXHOJIOTMYECKHUX IpOLieccax Ha MPOMBILUIEHHBIX NpeanpusaTusax. [lpeanoxen meton
MOUCKa Je(EeKTOB MOCPEACTBOM MOJCIHPOBAHUS TEXHOJOTHYECKOTO Tpolecca M
TUIpaBIMYecKoi cetu. Pa3paboraHa MeToauKa MOWCKA PELICHUN I yCTpaHEHUs
0OHapyXEHHBIX Je(eKTOB, KOTOpask OCHOBAHA HA aHAIN3e PEe3yJIbTATOB YHCICHHOTO
MozenupoBaHus. KadecTBO TMONyYEeHHBIX pE3YyJIbTaTOB HAIpPSIMYIO 3aBUCUT OT
KOJIMYECTBA HAYaJIbHBIX YCJIIOBUH, 3alaHHBIX B MOJACIHPYIONIYIO Iporpammy. OnucaHa
CTPYKTYypa ¥ BO3MO>KHOCTHU ITPOTrPAMMHOI0 KOMILJIEKCA.

Knioueevte cnoea: 6eszonacHocms, OOHApYdICceHUe  Oehekmos,  2UOpaIudecKas — Cceno,
MEXHONO2UHECKUL NPOYECC, MAMEMAMUYECKoe MOOCIUPOBAHUE

IIpoBemeHo aHami3 ICHYIOUYMX METOIIB BHSBJICHHS JOe(EKTiB B TEXHOJOTIYHHX
mpoIiecax Ha MPOMHUCIOBUX MiANIPHEMCTBAX. 3aIIPOIOHOBAHO METO/ OIIYKY AC(EKTIB
3a JOIIOMOTOI0 MOJICNIIOBAHHS TEXHOJOTIYHOTO IIPOIECY 1 TiApaBIidHOI Mepexi.
Po3po6neHo MeToAnKy IOLIYKYy pillleHb A YCYHEHHS BHSBICHHX Ne(eKTiB, sKa
3aCHOBaHA Ha aHali3i pe3yJbTaTiB YHCEIHHOTO MOJCTIOBaHHSA. SIKICTh OTpHMaHHX
pe3ynbTaTiB 0e3nocepesHbO 3aJeKHUTh Bil KiTBKOCTI IMOYaTKOBHUX YMOB, 33JlaHUX B
MoJenody mporpamy. ONHCaHO CTPYKTYpy Ta MOMIJIMBOCTI MPOTPaMHOTO
KOMIUIEKCY.

Kniouosi cnosa: 6esnexa , euseients oepekmis, 2i0pasiiuna mepedicd, mexHoI02iuHull npoyec,
Mamemamudne MoOeI08AHH .

The analysis of existing methods of detecting defects in manufacturing processes at
industrial plants has been carried out. A method has been proposed for finding defects
by simulation of both technological process and hydraulic network. A technique based
on the analysis of numerical simulation results has been developed to find solutions for
elimination of detected defects. The quality of achieved results directly depends on the
number of initial conditions specified for the simulating program. The structure and
the features of the software package are described.

Keywords: security, detection of defects, hydraulic network, technological process, mathematical
modeling.

Beenenne

be3onacHoe BefeHUE MPOLIECCOB, NMPOTEKAIOIUX HA COBPEMEHHOM IPEATIPUATHH,
SBIISIETCSl HEOTHEMIIEMOM M BeCbMa CJIOXKHOH 3ajjadeid B ero (yHKIMOHUPOBAHWH.
3agaua 0e30MaCHOTO  YIPABICHUS XUMHKO-TEXHOJIIOTHUYECKUMH CHCTEMaMH B
YCIIOBUSIX HAJINYMsI BBICOKMX TEMIEpaTyp M AABICHHUM, HCHOIb30BaHMs OMACHBIX
XUMHYECKHUX PEareHTOB U YCIOKHEHHUS TEXHOIOTUYECKIX CXEM SIBIISIETCS aKTyaJlbHOM.

[1sl COBpEMEHHBIX ammnaparoB C MUX CHUCTEMAMM YNPABICHHA OYEHb Ba)XXHO BO
BpeMsi uX palbOThl TOYHOE COOJIOAEHHE BCEX TEXHOJOIHMYECKHX IapaMeTpoB,
OTCYTCTBHE OIIMOOK B yNPaBICHWH W CBOEBPEMEHHOE aJIeKBATHOE pearnpoBaHUE Ha
OTKJIOHEHHMS, TIOUCK U YCTPaHEHUE MPUYMH MX BO3HUKHOBEHHUS [1].

Pemenuto manHOHN 3a7a4u crOCOOCTBYET CO3AaHUE MHKEHEPHBIX KOMITBIOTEPHBIX
CHUCTEM, MOJCIMPYIOIIMX TEXHOJOTWYECKHA MPOLECC, KOTOPbIE IMO3BOJSIOT

© Cunakos A. U., Yrptomos M. I1., lmenes A. C., 2016
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MPOM3BECTH OIEHKY KadecTBa pPa0OThl TEXHOJIOTUYECKOW CXEMbl B Pa3IHMIHBIX
pexuMax paboThI.

IensiMu TaKOTO YHMCICHHOTO MOJACTHUPOBAHUS SIBIISIOTCS: aHAIU3 Pa3IMYHBIX
MEPEMEHHBIX ~ COCTOSHHSI TEXHOJOTHMYECKOTO OOOpYAOBaHHS Ui MONYYCHUS
nH(OPMAITUH, TTO3BOJISIONIEH CYTUTh O 0€30ITACHOCTH MPEAIIPHUATHS B IIIOM. AHAIHN3
MpH TIOMOIIY MOJCTUPOBAHMS (PU3NKO-XUMHUUECCKHX IMPOILECCOB M THPABINYCCKUX
ceTell TIO3BOJIIET HE TOJIBKO BBUICIHTH «CIIA0ble MECTa» Ha TPOM3BOJICTBE, HO U
MPOM3BOJNTH ONPABJICHHE IIPOIECCOM TakUM o0pa3oM, dYTOOBI OOECIECYHTH
MaKCHUMaJIbHOE KOJIMYECTBO IIEJICBOrO MPOAYKTa, MEepepabdOTaHHOIO M3 CHIPbS MpH
MUHUMAJILHBIX 3aTpaTaxX dHEPTHH.

Hayko- u TpynoemMKocTh pa3pabOTKH MOACIHPYIONIMX KOMIBIOTEPHBIX IMPOrpaMM
CKa3bIBaeTCs KaK Ha JUIUTCIBHOCTH, TaK U HA OOJBIIOW CTOMMOCTH BBITOJHAEMBIX
MPOEKTOB, YTO M OOBICHICT NPUYMHY HU3KOH OOCCICUCHHOCTH MPEIIPHUITHI
MOJJOOHBIMH TIPOTPAMMHBIMH KOMITJICKCAMHU.

Ilens cTaTh — TNPOAHATU3UPOBATH CYIICCTBYIOIINE METOJBI 00CCICUCHHUS
0e30macHOCTH Ha TPOU3BOJACTBE, pa3paboTaTh apXUTEKTypy MPOrpaMMHOTO
KOMITJICKCa U METOJIMKY TIOMCKA IEEKTOB, & TAKIKE UX YCTPAHCHHUS.

1. CymecTBYIOIIME METOIbI MONCKA, AHATU3A U YCTPaHeHH JAedeKToB

CoBpemenHbIe TporpamMMHO-uHKeHepHble Komruiekehl (I[IMK) mis obecnieueHus
0e30macHOCTH Ha MPOU3BOJCTBE ACTATCS HA J1BAa THUIA — UCHOJB3YIOIINE aKTUBHBIE U
MacCUBHBIE METONBI IOWCKA, aHanu3a W ycTpaHeHus nedextoB (puc. 1). TTHUK,
UCIIOJIB3YIOIIME AKTHBHBIE METOAbl — CHUCTEMBbl YIPABICHUS U CHUCTEMBI
npotuBoaBapuiiHoil  3amurtel. [IMK, wucnonp3yroomue MacCUBHbIE METOABI —
IIPOrpaMMHBIC KOMIIJICKCEI JJId MPOCKTUPOBAHUA TEXHOJIOTHYCCKOI'O O60p}/ILOBaHI/IH u
MOACIUPYIOUNIUEC KOMIIBIOTECPHBIE CUCTEMbI IJId MOWCKa I[e(beKTOB, OIITUMU3aAIUU U
TOHKOH HAaCTPOMKH TE€XHO-JIOTMYECKOro MpoLecca.- THAPABIMYECKOE COINPOTUBICHUE
yyacTka TpyOonpoBoaa (Ko3(pUIIMEeHT, KOTOpBIH pPAaCCUMTHIBACTCS HCXOIS U3
reoMEeTPHUYECKHX OCOOCHHOCTEN ydacTka TpyObl);

MeTtoapl moWCKa, aHau3a 1
ycTpaHeHus Ae(peKToB

v v
AKTHBHEIE [TaccuBnbie
I
v v v v
cy CIIA3 HpOGK’l‘IIl/IJ;;(I)BaHI/IH MO}:[eHiI[ggBaHI/IH

Puc. 1. Memoowl noucka, ananusa u ycmpamenus

llegexmos
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AKTUBHBIE METOIBl IIOMCKA M aHanu3a Ae(EeKTOB HCIONb3YIOTCS B paboTaromeit
TEXHOJIOTHYECKOH CHUCTeME [UIi KOHTPOJS TMEPEMEHHBIX COCTOSIHUSI M HAaCTPOWKH
cuctembl ynpasneHus. Cucrema ympapnenus (CY) - rTpynma TEXHHYECKHX U
OPOTrPaMMHBIX ~ CPEICTB, IpEIHA3HAYCHHBIX M AaBTOMATH3ALM{  YIPaBICHUS
TEXHOJIOTHYECKUM 000pyIOBaHHEM Ha MPOMBIIUICHHBIX Mpennpuitusix [2]. B obmem
cllydae, CHCTeMa YIpaBJIeHHs O0eCleunBaeT COOTBETCTBUE 3HAUCHH MEpPEeMEHHBIX
COCTOSTHHSI 3aJlaHHBIM ITyT€M TOHKOH IMOACTPOWKH perymupyrommx opranoB (PID-
peryIATOphl), JMOO TONHBIM OTKPBITHEM, JIMOO 3aKphITHEM TIOTOKOB (C
WCIIOJI30BaHUEM DIIEKTPO3aJIBMKEK, OTcekateneif). CucremMa MNpPOTHBOABAPUHHON
samutel  (CITA3) mnpenHasHadeHa Ui TPEOyNpexACHUs W OpeAOoTBpalleHHS
aBapuiHBIX CUTyalMH, KOTOpble MOTYT BO3HHMKHYTb BO BpeMs paloOTHI
TEXHOJIOTHYECKON CHUCTEMBI, KaK B PE3yJbTaTe BIUSHHS YEJIOBEUECKOro (hakTopa, TakK
U u3-3a cOoeB B pabore oOopymoBanms. CuUcTeMa NPOTHBOABAPHIHON 3allUTHI
CTPOWUTCSI Ha CHEUUAIBHO CEPTU(QHUUUPOBAHHBIX M TaKUX LEled MOAesixX
IPOrpaMMHUPYEMBIX  KOHTpoOJUiepoB.  KoHTpomepsl HMMEIOT — OyOJIMpOBaHHYIO
apXUTEKTYpY, YTO B HECKOJIbKO Pa3 MOBBIMIACT OTKA30yCTOMYMBOCTH 00OPYAOBAHMS
OTBEYAOLICEe 3a MpeA0TBpalICHUE aBapUIHBIX CUTYAaLIMM. Cucrema
MPOTUBOABAPUNHON 3aIUTHI MAPAUIEIBLHO C OCHOBHOM CUCTEMOU yNpPaBICHUS CACAUT
3a COCTOSAHHAMU aBapI/II\/'IHLIX CUT'HAJIbHBIX OJAaTYUKOB, B CJIydac Cpa6aTLIBaHI/IH
koTophix, CIIA3 pa3priBaeT ynpaBieHHE 33JBMKKaMU U JIBUTATEISIMH OT OCHOBHOM
CVY, B pe3ynbTaTe 4ero OHM OCTAaHABJIHMBAIOTCS WIIH 3aKphIBaroTCs [3].

[TaccuBHBIe MeTOABI TMOMCKAa W aHanu3a JedekToB — HacTpoiiku CIIA3 u CV,
pasMepbl, TUNBl W BHJIBl aNlapaTtoB W TPYOONPOBOAOB, KOTOPBIC SIBISIOTCS
pesynpTaToM  paboOThl  MPOTPaMMHBIX  KOMIUIEKCOB sl HMPOEKTHPOBAHUS
TEXHOJIOTHYECKOr0 00OpYIOBaHUS M MOAEIMPOBAaHMS mpouecca. J[aHHbIE METOXBI
MO3BOJIAIOT  KaK  HaNauTh paboTy TEXHOJOTHYECKOro Iporecca, Tak U
OITUMHU3UPOBATh €T0, C YYETOM MHUHUMM3ALMMU 3HEPro- U pecypcos3arpar, a TakxKe
o0ecrneynTh TOUCK BO3MOXHBIX Je(ekroB u pazpaboTaTh pelmeHus MO HX
YCTPaHEHHIO.

[Mpouecc obecrnieuennsi O€30MaCHOCTH Ha TPOHM3BOJACTBE HAYMHACTCS C €ro
NPOEKTHPOBAHMs. JTall TNPOEKTUPOBAHUS BKIOYaeT B ce0sf Kak pa3paboTKy
OTJENbHBIX alnaparoB M TPyOONPOBOAOB, TaK M MHTETPaLlUI0 pa3pabOTaHHBIX
JUCKPETHBIX MOJyJeld oO0OpysoBaHHS B OOIIYI0 TEXHOJOTHYECKYID CXeMy
NPOM3BOACTBA.  3aTeM  PACCUMTHIBAIOTCS ~ INPOYHOCTHBIE  XapaKTEPUCTHUKU
UCIIOJIb3YEMbIX ~ MaTepHajloB, KOTopble OyayT oOecneuuBaTtb  Oe30MIACHOCTD
TEXHOJIOTHYECKOT'0 Mpoliecca.

Hacrpoliku mycka, octaHoBa u pabodero pexuMa TEeXHOJOTHYECKOTO Ipoliecca
npomsBogsaTcs mnpu  nomoumt CY, Uil KOTOPOHM pacCUMTaHbl IONPABOYHBIE
K03(pPUITUEHTBI, TPH TOMOIIH MOJICITUPYIONINX KOMIBIOTEPHBIX MPOrpaMM BO BpeMs
paboT 1o MPOEKTUPOBAHUIO U TTOUCKY JEPEKTOB.

B caywae, korma HeoOXOAMMO BHECTM HW3MEHEHHS B YK€ CYLIECTBYIOLIUH
TEXHOJIOTHYECKHI TPOIecC, HEOOXOAMMO NPOU3BECTH KOPPEKTHPOBOUHBIE PACUETHI
st CY u CITA3, koTopble MO3BOMISIT 00eCeYnTh 0e30MacHOCTh MPOoIecca MPU HOBBIX
3HAYCHUSX TEXHOJIOTMYECKUX MapaMeTPOB.



BicHuk XapkiBcbkoro HawjoHanbHoro yHisepcuteTy iMeHi B. H. KapasiHa, 2016 87

2. MaremaTrnyeckoe MOJeIUPOBAHUE TEXHOJIOTHYECKOr0 Impouecca U
TUPABJINYECKOI ceTH

TexHONMOTMYEeCKUH TpolecC — OTO YHOPSOOYEHHAs MOCIEAOBATEILHOCTD
B3aUMOCBSI3aHHBIX  OINEPALMi, BBINOJHIIOMUXCA C MOMEHTa BO3HMKHOBEHHS
HCXOIHBIX JAHHBIX 10 IOIy4eHHs TpeOyeMoro pe3ysbrara.

TexHonornyeckass cxema — TMOCJIEJOBAaTeNbHOE ONUCAaHWE WM Trpaduieckoe
M300paKeHUE TIOCTIEAOBATEILHOCTH TEXHOJOTHUCCKUX OTepanuid (IMpOIECcCCOB) |
COOTBETCTBYIOIIMX MM aIIapaToB, KOTOPHIE MO3BOJISIIOT MOIYYUTh U3 ChIPhS LIEIEBYIO
npoaykiuo. C moMmomipio Habopa OOBEKTOB TEXHOJIOTMYECKOH CXEMBI CO3JaeTcs
rpaduueckas MHTepHpeTanus — UU(PPOBON aHAJOr MPOU3BOJACTBAa. MozaenupoBaHue
TEXHOJIOTHYECKUX  IPOLIECCOB  CTPYKTYPHO-CIOXHBIX  TEXHOJOIMYECKHX CXEM
HEBO3MOXXHO 0e€3 HCIONb30BaHUS THUAPABINYECKOW ceTH. | mapaBiudeckass CeTh —
JOBYIOJBHBIA Tpad, cocTtosmmii U3 pedep, y310B M BeplIMH. B KOHTEKCTEe TEXHO-
JIOTHYECKOM CXEMBI 3IEMEHTHl OPUEHTHPOBAHHOI'O Ipada OJIMLETBOPSIOT CIECIYIOLINE
CBSI3U: BEPIIMHA — OOBEKT TEXHOJIOTHYECKONW CXEeMbl, 00BEM KOTOPOrO 3HAYUTEIEHO
Oonbiie oObeMa TpyOompoBoaa (pe3epByap, €MKOCTh W T. 1.); y3€d — OOBEKT
TEXHOJIOTHYECKON CXEeMBI, 00beM KOTOPOTO COIOCTaBHM C 00BEMOM TpyOOTpOBOJA
(cMmecHTenb, KOIDIEKTOP U T. 11.); peOpo — 0OBEKT TEXHOIOTHYECKON CXEMBI, KOTOPBIi
COCIIUHSET y3JIbl ¥ pedpa (TpyOoonpoBo).

B mponecce MaTeMaTHUECKOTO MOJEIUPOBAaHUS (PUBUKO-XHUMHUYECKUX TPOIECCOB,
NPOTEKAIOUINX B D3JEMEHTAaX CTPYKTYPHO-CIOXKHBIX TEXHOJIOTHYECKUX CHCTEM,
BBITIOJIHAKOTCA paCUCThl IICPEMCHHBIX COCTOAHUA 00BEKTOB TEXHOJOIMUECKOH CXEMEI C
LEJBI0 €r0 JeTaJbHOrO W3ydeHHs M ganbHeumen xoppektupoBku CY u CIIA3.
IIpouecc MonenupoBaHUs TEXHOJIOTHUECKONW CXEMbl MOXKHO Pa3AeiIUTh HAa HECKOIBKO
ATAIOB: CO3[aHNE TEXHOJIOTHIECKON CXeMBI, COOp ¥ BBOJ MCXOMHOW MH(pOpMAnu 00
00BbEeKTax; aBTOMATH3UPOBAaHHOE (HOPMHUpPOBAHUE THAPABINYECKON ceTn Ha 0aze
TEXHOJIOTHYECKOM CXCMBI, I/IILeHTI/I(i)I/IKaHI/ISI MaTeMaTHYeCKOMN MOACIN CETU
TpyOOIPOBOIOB; pacyeT NEPEMEHHBIX COCTOSIHUSI OOBEKTOB; YIIPABICHUE PACUETOM.

st Toro, 4YroObI €O37aTh MAaTEeMAaTHYECKYIO MOJIEIb CETH TPYOOIPOBOIOB
(TMApaBIMYECKON CeTH), HEOOXOIMMO TIOCTPOUTH OPUEHTUPOBAHHEIN Ipad U MaTPUILY
CBSI3HOCTH €ro pebep, a Takke coOpaTh MOJHYI0 MH()OPMAMIO O TeOMETPUUECKUX
0CcOOEHHOCTAX TPYO, (PHU3MKO-XMMUYECKHUX CBOMCTBAX BEIIECTB M CMeECEH, KOTOphIE
IMPpOXOAAT 110 HUM.

Teopust MOCTpOCHUS THAPABIMYECKOW CeTH TpeicTaBieHa B padore [4]. Tam xe
NPEIJIOKEH METOJ M peayn3yromas ero nHGOpMaluoHHass TEXHOIOTUS TOCTPOCHHUS
THJPaBIMYECKUX CeTel Ha 0a3e TEXHOJOTHYECKHX CXEM, KOTOpasi UCKITIOYaeT y4acTHe
MOJIb30BaTeNsl B (POPMHUPOBAHIH MATPUIIBI CBA3HOCTH y3JI0B, BEpIINH U pebep. OOMeH
uHQOpMaLe MeXAy pacueTHBIMH MOIYJSIMA B IPOLEcCe MOJCIUPOBAHUS
FHIIpaBHH‘IeCKOﬁ CETU U TEXHOJIOTHYCCKOI'0 IIpoI1iecca mpoucCxoJuT aBTOMaTUICCKU.

BxonHbIMU 1aHHBIE JIJ11 MOJEIUPOBAHUSA TUAPABINYECKON CETH SIBIISIOTCS:

— TUAPABINYECKUE CONPOTUBIIEHHsS] YYacTKOB TpyOorpoBoaa (kKod(duimeHTsl,
KOTOpPbIE PACCUUTBHIBAIOTCS HMCXOJS M3 TEOMETPUYECKUX OCOOCHHOCTEH YYacTKOB
TpyOOTIpOBOIA);

— IJIOTHOCTH BEIIECTBA, MPOTEKAIOLIETO 10 YYacTKy TpyOOIpoBoa;

— SKBHBAJICHTHBIN THAMETP y4acTKa TPyOONpOBOAA;

— CTEIMEHb OTKPBITHS BEHTHUJISA Ha y4acTKe TPyOOIIPOBOIa;
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— JaBJICHWE WCTOYHWKA M TpHEeMHHUKa (HadalbHbIEe TPUONVIKCHUS Ul PEIIeHHS
CHCTEMBI YpaBHEHH );

— CBSI3HOCTb pedep, Y3/I0B U BEPLIHH.

BrIxogHBIMH JaHHBIMH — pe3yJbTaTaMHd MOAEITUPOBAHUS THIPABINYECKONW CETH
SIBIISTFOTCS:

— pacxojl cMecH Ha KaKAOM U3 y4acTKOB TPYOOIPOBOAA;

— IaBIIEHUS B y3JaX TPyOOIpoBo/Ia (TOUYKaX CMEIIEHHsI/ IeJIeHUs TOTOKa)[5].

I'mppaBnuueckoe COTIPOTHBIICHHE KaXI0T0 yJacTka TpyOOIIpoBOIa
paccUuTHIBaETCS B 3aBUCHMOCTH OT PEKMMa TEUCHUS] CMECH, HO B O0IIEM Cilyyae OHO
00yCJIOBJIEHO KaK CONMPOTHBIICHUEM TPEHUSI, TAK 1 MECTHBIMU COTIPOTUBIICHUSIMH.

Ha pwuc. 2 mpencraBiensl 3Tambl paboOT, KOTOpPhIE HEOOXOIWMO IIPOHM3BECTH C
UCIIOJIb30BaHUEM pa3pabOTaHHOTO MPOTrPaMMHOTO KOMILIEKCA AJISI MOJCIMPOBAHUS
TEXHOJIOTHYECKOr0 Mpollecca M THUAPABIUYECKOW CeTH, Ui IOWCKa, aHajlh3a H
ycTpaHeHHsT Ae(EeKTOB, a TakKe HACTPONKH TEXHOJIOTHYECKOTO Ipolecca Ha
ONTUMAJIbHBIA PEIKUM.

PesynbTaThl MoOmeNMpoOBaHMS TEXHOJOTMYECKOTO TpOLecca W TUAPABINYCCKOH
CeTH, B 3aBHCHMOCTH OT BXOJHBIX JaHHBIX M BHECEHHBIX BO3MYIIEHUH, MOTYT
paznmuathes. [Ipu 3ToM Mozens AomKHA 00eCTIeYnBaTh MUHUMAIBHYIO MTOTPEITHOCTS,
yroObl Tpu mepeHoce HacTpoek Ha CY u CIIA3, pe3ynbTHpYyIOIIHE MapaMeTphl
obecrneunn 0e30TMacHy0 paboTy MPOU3BOACTBA[6].

Co3snanune
TEXHOJIOTHYEC
KOI cxem
7

>
BBO}:[¢J'II/I6O
KOPPEKTHPOBKaA
HMCXOJHBIX JAHHBIX PO
annaparbl ¥ HOTOKH
v
MonenupoBanue Monenuposanue
(GUBUKO-XUMHYECKUX THUIPABIIMYECKON
OPOLIECCOB cetu
TTouck
nedexkros
v
OueHka
MOJIyYEHHBIX
pe3yJIbTaTOB
HedexTsr

HE
CTpaHEeHBI?

Puc. 2 Aneopumm noucka degpexmos
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3. Pe3yabTaThl YHCJIEHHOI0 MO eIHPOBAHUSA

YucneHHOE MOAETHPOBAHHE THAPABIMYECKOH CeTH M (PUBHKO-XUMUYECKHUX
MIPOLIECCOB O/IPa3yMEBAIOT pacueT KOHTPOJIUPYEMBIX MEPEMEHHBIX COCTOSHHS NPHU
3aJaHHBIX HauyaIbHBIX YycinoBuAX. Hanpumep, HE0OXOAMMO OLIEHUTH CKOPOCTbH
CHIDKCHHUS JaBIICHHWS B amnmapare NPH OTKPBITHMH IPEJOXPaHUTENIBHOrO KIalmaHa H
CpaBHHTHh €€ ¢ TIpeNeNbHO JomycTuMoi. [lns 3Toro, HEoOXomuMo 3ajaaTh
reoMEeTPHUYECKHE TapaMeTphl alapaToB U TPYOOIPOBOAOB, COCTAB CMECH, HaYaJIbHbIE
3HA4YCHUS TEMIIeparyp, JaBleHul u T.1. Pesynpraramu pacdera (GpU3NKO-XUMUIECKUX
nporeccoB OyIyT HOBBbIE 3HAYECHHUS MapaMETPOB CMECH, CKOPOCTH IMOCTYIJICHUS U
BBITEKaHMsI CMECH M3 allapara B almapat, a TAKKe JaBIEHUS B y3JIaX CXEMBI.

Ha puc. 3 u puc. 4 npexncraBieHbl pe3yabTaThl YUCICHHOTO MOAEIMPOBAHUS
THIIPAaBIMUECKON CeTH MpH aBapuiiHOM cOpoce BellecTBa uepe3 KiamaH. Pe3ynbraTsl
YUCIEHHOTO MOJIEIMPOBAaHUS TOKa3ald, YTO JIMHEHHas CKOPOCTh BBIXOZSIIEH W3
anmapata cmecu paBHa 2,96 wm/c. llacmopTHele naHHBIE ammapara JOITyCKAaroT
JTUHEWHYI0 CKOPOCTh ucTedeHus 1o 70 M/C, Ha OCHOBE Yero MOXKHO CAENaTh BBIBOI,
YTO TaKoM cOpOC sBIsieTCsl 6€30TIaCHBIM.

Monaynu pacuera (U3UKO-XUMHUYECKUX MPOLECCOB W THIPABIMYECKOH CETH
JUHAMUYECKH OOMEHHUBAIOTCSd HHQOpManMerd mocie KaxIOW HTepaluu pacueTra
IMOCpEACTBOM CHUCTEMBI aBTOMATHYECKOM CTBIKOBKH NEPEMCHHBIX. PC3y.HI)TaTI)I
pacucTa OI[HOP'I HUTCpalun SABJISIFOTCS Ha4daJlbHbIMHU HpI/I6III/I)KCHI/I$IMI/I JJIsA

MOCJIETYIOUIEH.
Ha pwuc.5 mnpencraBieHbl pe3yibTaThl MOJCIUPOBAHUSA (PUIUKO-XUMHUSCKUX
MPOLIECCOB, B JAaHHOM Cllydya€ — YHCICHHbIE 3HA4YeHHs IapaMeTpoB, KOTOpPHIE

paccunTaHbl B MOJEJISX CMEIICHUS, pa3feCHUS BEIIECTB, IOMCKA [aBJICHUS
TeMIepaTypsl 1 T.J.

o. NpoowoTp IC Iil_léj
Crmcok ceTei G Annapat DOasnexwe, at
Cems N0 E-285 0.1
Cems N1 GA-105 0.1
Cems N2 E-151 0.2337036
Cems N3 E-152 0.2673575
Cete N4 E-188 0.975
Cems N5 L E-187 1.0533222
Cems N=B 1 E-129 1.0576634
Ceme N7 E-130 1.0670543
Cems N=B EA-101-3 1.0734301
Cems N=§ EA-101-2 1.0737021
Cems N10 EA-10141 1.0797619
Cems N211 E-131 1.0797766
Cems N212 EA-306 OBO-3 1.0797895
Ceme N=13 E-201 1.0865482
Cems N=14 E-202 1.0864393
Ceme N15 E-203 1.0857854
Cems N16 ABO EC-101AG 1.0842306
Ceme N217
Cems N18 S

=

Puc. 3 Pacnpedenenue 0agnenutl 8 y31ax mexHoa02UYECKOU cxembl
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O6bLerT:C3

4 CpodCTEA NOTOKA

8.92641

INons napa 099999999
NuuHeiiHas ckopocTe. Mfc 2 96695555
FPacxon monsfc 196.099396
Pacwona ToHHfuac 556345334
Pacxon Hc 0.83895139
Temnneparypa. 'C 200

Puc. 4 HepEMeHHble COCMOAHUA U CKOPOCMb NOCMYNJIEeHUs cMecu 6 annapam

JlaBneHWe ¥MOKOCTH, aTH 9.0039
889367
Macca cmecu, Kr 11471.062
Monei ecero 54227 447%
CreneHs 2anonH. ¥nkoctel, % 18.6746111°
Temnneparypa. ‘'C 197.602
HpoeeHe ¥MAKOCTH, M 1.1204766A

Puc. 5 llepemennvle mexnonozuueckozo npoyecca

st Toro, 4To0Obl ONpPEAETUTh BO3MOXKHBIE Ae(DEKThl B TEXHOJIOTHYECKOH CUCTEME,
HEOO0XOIUMO BHECTH BO3MYIICHHUS B €€ paboTy U OTCIEOUTh PACCUUTAHHBIEC 3HAYCHHUS,
CpPaBHMB HX C TpEIeNbHO [OMyCTMMbIMH. B TOM ciydae, eciu Kakas-inu0o
NepeMEeHHAsT BBIXOJIUT 3a TIPeJIeNbl JOMYCTUMbIX 3HaYCHUH — HEOOXOAMMO Ha OCHOBE
aHalM3a pPe3yJIbTAaTOB MOJECIMPOBAHMSA C TIOMOIIBIO MPOrPAaMMHOTO KOMILIEKCa
OTpeAeTUTh MPUYUHBI 3TUX W3MEHEHHU, a Takke BHECTH M3MEHEHHMS B HACTPOMKax
CY wu CIIA3, 49roObl TpW TNPOU3BEACHHBIX BO3JACHCTBHUSIX KOHTPOJIUPYEMBIC
NepPEMEHHBIE COCTOSHHS HE BBIXOWIIN 32 MPEeIIbl IOMyCTUMBIX 3HAYECHUI.

4. IlpakTH4YecKkoe MpUMeHEeHNe YN CIEHHOT0 MOAeTUPOBAHUS

Hns toro, uroObl pa3paboTaTh HAICKHYIO O0€3-OMacHYI TEXHOJIOTHYECKYIO
CHCTEMY, yCTOWYHMBYIO K BO3MYILIEHHSM, HEOOXOJUM aHAINU3 BO3MOXKHBIX 1€(EKTOB U
nepecMOTp BO3MOXKHBIX KoHurypanuit s CY u CITA3.

K Hambonee BaXHBIM NPEUMYIIECTBAM KOMIIBIOTEPHOI'O  MOAEITMPOBAHUS
TEXHOJIOTMUYECKUX MPOLECCOB OTHOCSTCS BO3MOKHOCTH:

— TPUYMHHO-CJIEICTBEHHOI'O aHajlu3a s BHIOOpAa ONTHMAIbHOTO BapHaHTa
TEXHOJIOTMUYECKOI'0 IIPOLECCa, COOTBETCTBYIOLIETO IIOCTABIEHHBIM 1IEIISIM;

— HaXOKACHUSI ONTHMAIBHBIX PEXKHUMOB pabOThl 00OpYHOBaHUS AJSI HOITY4EHUS
JKEJTaeMOM MPON3BOAUTEIHHOCTH YCTAHOBOK H YKEJIAeMOTO KauyeCTBa MPOJYKTOB;

— OIEHKM BIHUSHHUS HM3MEHEHHS XapakTepUCTHK CHIphS, cOOeB B pabore u

OCTaHOBKH 060py,Z[OBaHI/I$I Ha 6630HaCHOCTB, HaJCXKHOCTb H peHTa6eJ’ILHOCTB
YCTAHOBKH;,
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— pacdeta ¥ TPOBEPKHM TApaMETPOB CHCTEMBl YIPABICHUS B PEKHUME
JUHAMUYECKOTO MOJCITUPOBaHUS;

— KOHTPOJISl COCTOSIHUSL 000PYIOBaHUS;

— OIIEHKH TakuX Je)eKTOB 000pyIOBaHMUs, KaK 3arpSI3HEHNE TETNIOOOMEHHUKOB U
3axJICOBIBAHUE TApPEJIOK PEKTU(GUKAIIMOHHBIX KOJOHH MyTEeM MOJCITUPOBAHUS U
MOHHUTOPHHTA TIEPEMEHHBIX COCTOSIHUS 000pyI0BaHUS peaJbHON YCTaHOBKH.

Takum o0pa3oM, pa3paboTka COBPEMECHHBIX TEXHOJIOTHYECKUX MPOIECCOB H
ONTUMANbHAS  OKCIUTyaTalusi JISHCTBYIOIUX TPOU3BOJICTB HEBO3MOXHA  0e3
NPUMEHEHUS] MOJCNHPYIOIMIMX  KOMIBIOTEPHBIX IPOrpamMM, OO0eCleunBaroInX
BBICOKYI0O TOYHOCTh ONpEAETICHUS! TEPEMEHHBIX COCTOSHHS TEXHOJIOTHUYECKUX
MPOIIECCOB M MO3BOJISIONNX 0€3 3HAYMTENBHBIX MAaTCPHATbHBIX U BPEMEHHBIX 3aTpar
NPOBOJMTH aHAM3 3TUX IMPOLECCOB. TaKue YHUCICHHBIE WCCIEAOBAHUS HMEIOT
OTPOMHOE 3HAUCHHE HE TOJILKO JAJs IpoekTupoBanus ¢ nomouipio CAIIP, Ho u nns
(GYHKIIMOHUPOBAHUS CYIIECTBYIOIIUX MPOM3BOJCTB, TaK KaK MO3BOJISIOT Y4eCTh
BIIMSHIE BHENTHUX (aKTOPOB (M3MEHEHHE COCTaBa CHIPbS, M3MEHEHHE TPeOOBaHMA K
KOHEYHBIM M INPOMEKYTOUHBIM INPOJYKTaM M T.[.) Ha IOKa3aTelu JAeHCTBYIOIIMX
NPOM3BOJCTB W pa3paboTaTh OE30MacCHYK CHCTEMY YIPaBICHHUS Ha OCHOBE
MOJICITUPOBAHUS TIPOIIECCA B PEKUME PEaTIbHOTO BPEMEHH.

OOBIYHO MOJENTHPYIOIIME KOMIBIOTEPHBIE MPO-TPaMMbl TaKXKe Ha3bIBAIOT
cumynsaitopaMd. B ofmieM ciaydae ¢ NpUMEHEHHEM COBPEMEHHBIX CHUMYISTOPOB
TEXHOJIOTHUYECKHX MPOIECCOB PEHIAOTCS CISAYIOIIUE 3a1auu:

- aHaJIu3, OIITHUMU3aAIIUA u CHHTEC3 TEXHOJIOINYECKHUX CHUCTEM JJIA
MPOEKTUPYEMBIX U I€MCTBYIOIINUX MTPOU3BOJICTB;

- UCCIICIOBAHNE TIOBEJCHUS TEXHOJIOTUYCCKUX CHUCTEM B PEKUME PEabHOTO
BpPEMEHH JJIsl CHHTE3a CHCTEM YIPABJICHUS U MPOTHBOABAPUHHON 3alIUTHI C IENBIO
IIOMCKa BO3MOXKHBIX He(l)eKTOB U IIOBBINICHUA HAACKHOCTH 3THUX CUCTEM.

3akioueHne

CoBpeMeHHOE pa3BHTHE TEXHOJIOTUU MPOU3BOJICTB U TPeOOBaHUs K 0€30MaCHOCTH
CTI/IMy.]'II/Ip}/IOT paSBI/ITI/Ie CHUCTEM KOMHBIOTepHOFO MO)Z[CJ]I/IpOBaHI/ISI FI/IIlpaBJII/I‘IeCKI/IX
CeTel U TEXHOJIOTUIECKHX IPOIIECCOB.

MopnenupoBanue (HU3MKO-XUMHUUYECKUX MPOLECCOB M THUIPABIMYESCKHX CETeH B
PEXKUME PEAJILHOTO BPEMCHU IMO3BOJIACT HE TOJIBKO IMPOBOJAUTH aHAJIMU3 IIECPEMEHHBIX
COCTOSIHHSI TEXHOJIOTHYECKOrO IMpoliecca MPOU3BOJICTBA, HO U BBIABUTH JIC(EKTHI, a
TaK)Ke MPOU3BECTH HEOOXOIMMbIE PACUEThl MO OLEHKE d(P(HEKTUBHOCTH BO3MOXKHBIX
CIOCOOOB UX YCTPaHCHHUSI.

PaspaboTan MeTon MOAETMPOBAHMS THUAPABIMUECKUX CETEH U TEXHOJOTHYECKUX
MPOLIECCOB, MO3BOJISIOMIUNA ONPEACNATh U aHAIU3UPOBATH NEPEMEHHBIC CO-CTOSIHUS
TEXHOJIOTHYECKON CUCTEMBI, B TOM YHCJIC IPY HATHINN JeEKTOB.

B JIaHI)HeI\/'IIHeM IJIAHUPYETCA TMPUMCHCHUC YHUCICHHOI'O MOIACIIUPOBAHUA JIA
CO31aHrd KOMIIBIOTCPHBIX TPCHAKCPHBIX KOMIIJICKCOB, KOTOPBIC CIIyXaT A
O6y‘leHI/I$I IepcoHaa Mponu3BOJACTBA B PA3JIMYHLIX IIPCI- U aBaprIHLIX CUTyaluiaX.
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YK 533.6.011 : 51

HecraunonapHoe TeueHre B MAaruCTpajabHOM Ira3onpoBOJIE
MIPU MPOJIOIBHOM CEMCMUYECKOM BO3JICHCTBUU

A. B. SIkynun
XapvKko6cKull HAYUOHATLHBIL YHUBEPCUMEN 20POOCKO20 XO3AUCMEA
umenu A.H. bexemosa, Yxpauna

PaccmarpuBaroTcs HecTallMOHApHbIE THIPOJMHAMUYECKHE MPOLECCH B JIHMHEHHOM
y4acTKE MAarucTpaJbHOIO Ta30NpOBOJA, BBI3BAHHBIE IUIOCKOH  MPOJOIBHON
CeCMUUECKON BOJIHOW, KOTOpas pPacHpOCTPaHIETCs BAONb OCH TPyOOmpoBOna, HE
npuBOAsA K ee cMemieHuto. Ompenensercs: pacnpenercHHe AaBICHUS BIONb TPACCHI
IpH 33JaHHBIX €TO 3HAYEHHAX Ha KOHIAX TpyOomposoza. IIpemioxkeHo ympoieHHoe
NpUONIDKCHHOE  aHAINTHYECKOe  IIPE/ICTABICHHE PEIICHHS  COOTBETCTBYIOIIEH
MOJICpHU3UPOBAHHOM CUCTEMBl ypaBHEHHH B YacTHBIX IIPOM3BOJHBIX Ha OCHOBE
IIPUMEHEHHS ONIEPALIOHHOTO UCUUCIICHUS U METOJI0B BO3MYILCHUH.

Knrouegwvie cnosa: HecmayuoHapHoe meveHue, meﬂeepadmoe ypasHeHue, CuHeyaIsApHoe
603MyUieHuUe, Memood Mano2o napamempa, onepayuorHoe ucHucieHue.

PosrnsmaroTeess  HecTamioHapHI TiAPOAMHAMIYHI TpOLECH B JHIWHIA  IUTAHII
MariCTpajJbHOTO Ta30IpPOBOAY, BHKIHKAaHI IUIOCKOIO IOB3IOBKHBOI CEHCMIYHOIO
XBHJICIO, SIKa IIOLIMPIOETBCS B3IOBXK OCI TPyOONpOBOXY, HE MNPUBOASYM MO il
3MillleHHs. BU3HauaeThcss PO3NOALT THUCKY B3IOBX TpacH NpPU 33JaHUX HOTO
3HAQUEHHSX Ha KIHIAX TpyOOompoBoxy. 3amporoHOBAaHO CIIpolieHe HaOJIbKeHe
aQHANITHYHE ITIOJAHHS PO3B’SI3KY BIAMOBIAHOI MOJAEPHI30BaHO! CHUCTEMH PIBHSHbL Y
YaCTUHHUX IOXIHUX Ha OCHOBI 3aCTOCYBAaHHS OIEPAIlifHOTO YWCICHHS 1 METOIIB
30ypeHb.

Knrouosi cnosa: necmayionapua meuis, menespagpne pisHAHHA, CUHYIAPHE 30YPEHHs, Mmoo
Manozo napamempa, Onepayiine YucienHsl.

The nonstationary hydrodynamic processes in the linear part of main gas pipeline are
considered that are caused by a flat longitudinal seismic wave, which propagates along
the pipe axis without causing its displacement. Distribution of pressure along the
piping line is defined by known pressure values at the ends of the pipeline. A
representation of the simplified approximate analytical solution is proposed to the
corresponding modernized system of equations in partial derivatives. The solution is
based on application of operational calculus and perturbation methods.

Key words: nonstationary current, telegraph equation, singular perturbation, method of small
parameter, operational calculus.

1. O0mast MOCTAHOBKA 3a/1a4M M €€ aKTyaJbHOCTh

IIpy TpPOEKTUPOBAaHUM W OIKCIUIyaTallMM CJIOXHBIX TEXHUYECKHX CHCTEM
Pa3IMYHOrO0 Ha3HAYCHHUS BCTAIOT MpPOOJIEMBbI pacueTa MeXaHWKH TPyOOIpPOBOJOB H
TEUCHUH CIUIOIIHOM cpenbl B HUX [l — 7]. HecTanmoHapHbIii MOTOK B MarkCTpaJbHOM
razompoBoge (MI) ¢ pa3BuTOH IIEPOXOBATOCTBIO  paccMaTpUBAETCS  Kak
TypOyJIE€HTHOE T€UeHHE C TOHKUM MPUCTEHOYHBIM JIJAMUHAPHBIM clioeM. Takoi pexxnm
xapaktepern it MIT ¢ nmHeliHbiMu y4yacTkamu (JIY) HOpoOTSDKEHHOCTBIO TMOpsiAKa
HECKOJIBKMX COTEH KHWJIOMETPOB, IMPOKJIAABIBAEMBIMH IO JHY MOpEH WM uepes
TOpHBIE TIEpEeBajbl, KOTJAa YCTAaHOBKAa MPOMEXKYTOUYHBIX KOMIIPECCOPHBIX CTaHIIMN
TEXHUYECKH HEBO3MOXKHA, a IIpU 3TOM B Hayaje KaxJIOro y4acTKa CO34aeTcs
aHOMaJILHO BBICOKOE AaBieHue 10 15+25MT7la [1]. IlnoTHOCTE TPaHCIOPTHPYEMOTO

© AkyHuH A. B., 2016
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rasa gocturaer 3uauenuii 150+ 200 ke /x>, CKOPOCTh 3ByKa B HEM YBEJIIMYHMBACTCS JI0
500+600 .m/c, a aMmIMTyJa BOJH JABJICHUS W Pa3peKEHHUS MOXKET IPEBHIIIATH
IMIla, ¢ 4yeM HEOOXOAWMO CUUTAThCS NPU TPOCKTHPOBAHUM M OIKCILTyaTallMd

obopynoBanust MI'. laxe eciam ypoBEHb MyJbCAallMi NABICHUS HE TMPEICTABISIET
HEMOCPEICTBEHHOW OMacHOCTH JIi CTEHOK TPyOOIIpOBOAA, OH MOXKET HETaTHBHO
MOBIIMAT, Ha paboTy 3amopHOM apMaTrypbl W Ta30lepeKadrBarOIIAX arperaros,
BBI3BAaTh HECAHKIIMOHUPOBAHHOE cpadaThIBAHUE CUCTEM KOHTPOJIS U aBTOMATHKH.

OnHolt W3 TPHYMH HECTAIMOHAPHBIX TporeccoB B MI MoOXkeT CIyXuTbh
ceficmmueckoe BozzelicTBue. bomee ywem Ha 10% Tepputopun ObiBmiero CoBETCKOTO
Coro3a HaOMIOAAIOTCS CUIIbHBIE 3eMJIeTpsiCeHUsI (CeMb OaJIJIOB M BBIIIE), B TOM YHCIIE
Ha Ilpuxapnatee u B KppiMmy. Cpenu Bcex BHIOB CEHCMHUYECKHX BO3ACHCTBHIMA
HauOompmIell cuiaod 00NaJaloT TEKTOHWYECKHE 3eMJIETPSICEHHS, MPOUCXOIAIINE
BCJICACTBUE JAe(OPMHPOBAHUS 3EMHOH KOpBI. XOTS YacTh BBIJCICHHOW SHEPTHU
pacxoayeTcss Ha NpPEONOJIEHHE TPEHHUs, CLEIUIEHHWS W Ha paspylleHHe MOopoAd, HO
OCHOBHBIM  MPOSIBICHUEM TaKUX 3€MIICTPSACEHUNA CIYKUT  paclpOCTpaHECHUE
KoleOaHW B OKpYXKalIIeld yhpyroil cpeme, YTO MOXKET BBI3BATh CEPHE3HBIC
HapYIICHHUS IITaTHOU paboThl MI'.

2. UcToku HccIe10BaAHUSA U LeJIM PadoThl

OcHOBHas 1IeNIb MCCIICOBAHUN CEHCMOJAMHAMHUKHU MPOTHKEHHBIX MIT cocTout B
BbIpa0OTKE pEKOMEHJAIUM, KOTOpble MO3BOJAT Y4YecTh OCOOEHHOCTHM HW3MEHEHUs
HanpsDKEHHO-e(OPMHUPOBAHHOTO COCTOSIHMS CTEHOK TpPyOONpoBOJa M XapakrTep
MPOTEKaHUsI THAPOJUHAMUYECKUX IIPOIIECCOB B Ta3oBOM moToke. [lpu 3Tom oHH
JOJDKHBL OBITh 9KOHOMHYECKH IeNeCOO0pa3sHbIMH U COTJIACOBAHHBIMH C OOIIEH
CTpaTeruel MarucTpajabHOTO TPAHCIIOPTA rasa.

B ob0mem ciyudae, B3auMoOIeiiCTBUE B CHCTEME «OKpYyXKawolas cpena—
TpyOOIPOBO/ — TPAHCTIOPTUPYEMBIH ~ Ta3»  HOCHT  CJIOXHBIM  TPEXCTOPOHHUI
o0orofHBIN xapakTep. B mpukmamHeix 3amadax, Kak IPaBHJIO, TOJAraeTcs, YTo
IOBIDKEHHE cpenbl (TpyHTA) 3aJaHO M HE HCKaXKaeTcs APYTMMH KOMIIOHEHTaMH
cucTeMBbl. B wactHOCTH, cuuTaeTcsi, 4To TpyOOIPOBOJI HE OKa3bIBAET CYIIECTBEHHOTO
BJIMSIHUSI HA MEXaHUKY TPYHTa, OJTHAKO CaM BOBJICKAeTCs B JABIKEHHE U aedopMaInio
rpyHta. Ilpu sToM TpyOonpoBoa MOA BHEIIHUM BO3JEHCTBHEM CEHCMHUYECKON BOJIHBI
paccMaTpUBaeTCs Kak TOHKOCTEHHAs! 000JI0UKa, KECTKO BIAsHHAsI B CIUIOIIHYIO CpEay
— BHEUIHUH TPYHTOBBIN MaccuB. Konebanus u gedopmaru TpyOoopoBoia BEI3BIBAIOT
NyJbCalli BHYTPEHHErO Tra30BOTO IOTOKa. B cBOIO ouepenb, HeCTallMOHAPHBIC
OpoLecchl B TPAaHCIOPTUPYEMOM Ta3e CTAaHOBATCA INPUYMHOM JUHAMHUYECKUX
nedopmaruii  TpyoonpoBoza. I[lpu pacuerax s5ra O0OOHAHOCTH CBS3€H 4acTo
WUTHOPHUPYETCS, YTO YIPOIIAeT TIOCTAHOBKY U PEIIEHNE COOTBETCTBYIOIINX 3a/1a4 M BO
MHOTHX CIy4yasX TIO3BOJIAET MOJYyYUTh NPAKTUYECKH NPUEMIIEMBIE IO TOYHOCTH
pe3yabTaTHI.

Cpenu o0CyxaaeMbIX MPO0JIeM OCOOCHHYIO aKTYaJbHOCTh B IOCIEIAHEE BPEeMs
nproOpeIH BOIPOCH THIPOA3pPOYIPyrocty [2, 3], HO ¥ THAPOANHAMUYECKUE aCTIEKThI
COXpAHSIOT CBOIO 35100074HEeBHOCTh [4 —6]. B pmanHOii pabotre B omHOMEpHOM
MMOCTAaHOBKE PACCMATPUBAIOTCS HECTAIIMOHAPHBIE THAPOAMHAMHUYECKHE IMPOIECCH B
JUIMHHOM TOPHU30HTAJIBHO PACIIOIOKEHHOM JrHeiHoM yuacTke (JIY) MI', Bo13BaHHbBIE
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MJIOCKOW TIPOJIOJIBHON CEHCMUYECKO BOJIHOM, KOTOpasi paclpoCTpaHsAeTCs BAOJIb OCH
TpybompoBona, He mpuUBOIS K ee cmemeHuo. OnpexaersieTcss pacrpelesieHue
JaBicHUs BHOJNb Tpacckl JIY MI mpu 3agaHHBIX €ro 3HAYCHHWSIX HAa KOHIIAX
TpyOotpoBoga. B orimume ot paboTel [5], B mpemsiaraeéMoil MOJENr YYWUTBIBAETCS
CXKIMAaeMOCTh TI€PEKaYnBaeMON cpelbl W [UCCUMANNSA DHEPrhH, CBSI3aHHOH C
JnBrkeHHeM raza. OOCYKIar0TCsl pacueTHBIC MPOLEAYPHI M BOIMPOCHI TUCKPETU3AIUN
HENPEPBHIBHOTO MPEICTABICHHUS.

3. [ocTaHoBKA 3a1a4U U ee yNPOLIeHUE

[IpeamonaraeTcs, 4To Kaxkaas TOYKa X TpyOONpOBOJA ABUKETCS C YCKOPEHUEM 10
OJHOMY U TOMY € 3aKOHY, KOTOPBIMA 33JacTCsl aKCEJIEPOrpaMMON CEHCMHUYECKOTO
BO3IEHCTBHS dzx/ dt® = f ,rne T = f(t) — npousBonbHas uHTErpUpYyeMast PyHKITHS,
t — Bpems. Eciam BBecTH HEHHEPUMOHHYIO CHCTEMY OTCYETa, CBS3aHHYIO C
TpyOOIpOBOOM, TO €ro JABWKEHHE C YCKOPEHHEM TMPHBEAET K MOSBICHUIO
HECTAI[MOHAPHBIX PAaCHpe/IeeHHBIX MacCOBBIX CHJI, JCHCTBYIOIIMX Ha BECh 00BEM
raza B TpybOompoBome. HeycraHoBuBLIeecs H30TepMHUYECKOE MABIKCHHE rasa
MIPENICTABISAETCS KaK HaJOXXKEHHE CTAI[MOHAPHOTO pexuma (OCHOBHOW (OH) o
HECTAlMOHAPHBIX BO3MYIIECHHH M (C OOBIYHO BBOAMMBIMH YympouieHusMu [1, 7])
OINMCBHIBAECTCS OJHOMEPHOW KBA3WJIMHEWHOW CHUCTEMON YpaBHEHHM B YaCTHBIX
NPOM3BOAHBIX TUNEPOOIUYECKOr0 THUMA C JONOJHHUTEIBHBIM WIEHOM, KOTOPBIN
YUUTHIBACT ACHCTBHE BHEITHIX HHEPLUUOHHBIX CHIT

2
@+cza—q=0; @+8a@+—xq +eapf =0 1)
ot x x ot 2Dp

npu HaYdaJIbHBIX

0<x<L: q(x,00=qj(x); p(x,0)=p;j(x) (2)
nu FpaHPI‘IHBIX
t>0: p(0,t)=puo(t); P(Lt)=pp(t) ©)

ycnmoBusx. 3meck P = pP(X,t) — maBaenune; (= ((X,t) — yaenbHBI MacCOBBIH Pacxo;
p =p(X,1)— mwroTHOCTH; C— CKOPOCTh 3ByKa B Taze, C=~ZRT : T — temmeparypa,
T =Ty=const; R - rasoBasg NmocTosHHasi; Z — KOI(PPUIUEHT CHKUMAEMOCTH,

z=const; L u D - mmmua w aumamerp TpyOompoBoma; A — koadduiumeHnt
THIPABINYECKOTO CONPOTHUBIIEHHS, A =CONSt; @ — MOCTOSIHHBII IOJIOKHUTEIBHBIN

kosppumment, a=yAL/(2D); Gi(x), Pi(X) # Pho(t), Poa®) — ymkum,
OHpeI[eHHIOHH/Ie COOTBETCTBCHHO HA4YaJIbHBIC U I‘paHI/I‘IHLIe YCJ'IOBI/IH; e — MaJ'IbIﬁ

MOJIOKUTENBHBIM  MMapaMeTp, KOTOPBbIM OTpakaeT BTOPOCTENEHHBIM  XapakTep
BO3JICHCTBHS Ha TEUEHHE Ta3a BHYTPEHHUX W BHENIHUX WHEPIMOHHBIX (aKTOPOB,

£=+2D/(AL) .

Onmpasce Ha MeTonbl Bo3MymieHWH [8], kpaeBas 3amada (1) —(3) momyckaer
pacuienyeHne peeHns 0 MaJoMy apamMeTpy € .

Hcnonb3yst ypaBHEHHE COCTOSIHUSI peanbHOro raza B popme p = zpRT, MOXHO
UCKITIOUUTD U3 IuddepeHnanbHoi cucteMsl (1) MIOTHOCTh ra3a U NpeAcTaBUTh €€ B
BHUJIC
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2.2

@+cza—q=0; P, ead, 2eta” | apf g 4)
ot oX OX ot 2Dp c2

I[Tycts t, =L/C — BpeMst pacpoCTpaHeHHUs BOJIHBI [0 JtrHe TpyGonposoaa. Eciu

BBECTH  Oe3pa3MepHble  NEepPEMEHHBIE P=p/Pc; G=09/dp; X=x/L;

t =t/t,=ct/L wmpeacraBuTh HaYaJIbHBIC U TPAHUYHBIE YCIOBHS KaK
0<X<1: G(X,0)=G;(X) =1+5G7 (X); P(%,0)=Pi(X) = Po(X)+spP(X): (5)

£>0: B(0,)=Ppo®) = Po@) +e PR (@) ; PLI) = P (@)= Po® + PR (), (6)

IJIe TICPBBIC CllaraeMble COOTBETCTBYIOT OCHOBHOMY CTallMOHAPHOMY (DOHY, a BTOPBIC
clIaraeMble OTPAXKAIOT €T0 BO3MYIIEHUsI, iprdeM [1, 7]

Go=1; P2M)=p2(0)-2a% Bo(0)=yP2O)-(P3)-P3M)%x, (M

TOra MOKHO TIONYYHTh KpPaeBYIO 3aaady Uil ypaBHEHHH HEPa3pbIBHOCTH H
JIBUKCHHS B Oe3pa3MepHoii hopme

o  aq &d, A

—+—=0; —+ea—+0¢{J+ecbpf =0 8
7 x o TR reatebp (8)
NP HadaJbHBIX M rpaHU4HBIX ycaoBusx (5), (6). 3mece pg = po(X), gg =const —
3HAYCHUSI IABJICHUS U YICIBHOTO MacCOBOTO Pacxojia MPH OCHOBHOM CTAallHOHAPHOM

pEKUME; Pc =CQy — HEKOTOpOE XapakTepHOE MAABICHUE; D — IOCTOSHHBIH
ko3 durment, b=al/ c?; ¢ — nepeMeHHbIi Koddpument, ¢@=@(X, t)= aqu [
f = f(f)= f(Lt/c). [Tpuuem yureno, uro Gy =1.
Hns  ynopoieHuss 3anuvcedl B JaJbHEWMIIMX BBIKJIAJKaX 3HAK YEPThl HaJ
MEPEMEHHBIMU OITYILEH.

OT rUIpOJMHAMHYECKONW CUCTEMBI (8) MOKHO MEPEUTH K OJHOMY TejierpadHOMY
ypaBHEHHIO OTHOCHTENbHO naBienus. [Ipoauddepenunposas nepsoe ypaBueHue (8)

mo t, a Bropoe — M0 X W MCKJIIOYMB cCaMmy MEPEMEHHYI0 (| U €€ MPOU3BOIHBIC a—q u

X
azq
—— , MOXKHO IIOJIy4YUTh
oxot
2 2
@_Saﬂ_l.@.@_gg.@.@_gg.aﬁ.fp_(p@_kgﬂ.@zo. (9)
X2 ot? ¢ OX OX @ Ox ot @ oX ot Q@ OX

Cornacro [7] o¢yskums @=@(X,t) wuMeer Maiayl0 KpyTH3HY N0 X, T.€.
0¢/0x ~ ¢ . Toraa ypaBHeHue (9) MOKHO 3aIiCaTh B BUJIE

2 2 2
ox2 e @ ox oOx ¢ Ox ot @ OX
—@@HE P _g (10)
a e
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I/ICHOJ'ILSySI ACUMIITOTHUYCCKHUC paSJ'IO)KCHI/IH 110 MaJ'IOMy napaMepr
p(x,t) = p(o) (X)+¢ p(l) Xt +...; q(xt)= q(O) +sq(1) (X,t)+...; (11)

(1) =0 @) +ep@ (X, ) +..., 6@ =a%q@/p©@, (12)
rac B KAaueCTBC HyJ'IGBOFO HpI/I6J'II/DKeHI/I$[ HpI/IHHTLI napaMeTpLI OCHOBHOTI'O
CTAaLlMOHAPHOI'0 peXuMa

pP©@ =po(x) u q©@ =1, (13)

MOXKHO TIOJIYYHTh PEKYPPEHTHYIO TOCIIEIOBATEILHOCTh KPACBBIX 3aday s p(”),
n=1, 2,.... I3 npakTHIeCKuX COOOpaKCHUH TOCTATOYHO OTPAaHUIHUTHCS PACUICTOM 0
TIEPBOTO IPHUOIKECHUS

p=pOx)+ep® = py(x)+ep?. (14)

4. IlocTpoeHHe HHTErpaIbHO-Pa3HOCTHOI MO/e/IN pacnpe/ie/eHUs AaBJIeHHs C
Y4€TOM IPOAO0JIbHOI0 CeiiCMUYECKOr0 BO3AeiicTBUS
IIpu gy >0 craunoHapHOe AaBieHUE Pg(X)— MOHOTOHHO yOBIBatOIIast (PyHKITHS.

Hdns  ympomenus B ypaBHenuu (10) MoXHO cnenarb 3amMeHy X—>U, Tae

u= (po(x))3/2 . Torna, obosmauas Ug =(pg (O))3/ 2, = (po (1))3/ 2y BBIpaXKast
npousBoaHylo dpg/dX H3 cTaMOHAPHOTO ypaBHEHHs ABMXKEHUS [ 1, 7] (B HPHHATBIX

Oe3pa3sMepHbIX HepeMeHHbIX) dpg/dX+ az/ Po =0, MOXHO MOTYy4UTH

©) _ 3. . PO -pE(x) ugP-ut3 15
Po(0)—pg (M) Up " -
2
d;’oz_a_:_a2u—2/3; iza_Ud;POQ z_gazu_l/3 .i; (16)
dx Po ox 0pp dx ou 2 ou
(0) 2 2
do :_a_z.dﬁ:_%.(_azu—zls)za%—z_ (17)
dx Py dx u
B pesynbraTe ypaBrenue (10) mpuHUMaeT BU
p_ 4P Pp 4o p adpdp adp
ou? 923 a2  9a* ot @ ou éu  3u du
1/3 1/3 1/3
_ 2bu2 .a_p.fH;ZZbL.a_(P.f _822u_.8_(p.6_q201 (18)
3a‘p OU 3ap ou 3p ou ot
T7Ie BBEJIECHMEM MHOXHUTENA € yYTeHa TAaKXKE€ MaJIOCTh IISITOTO ClIaraeMoro.
U3 ypasuenus (18) juist mepBoro npuOIMKEHNUS ClIeTyeT
2. 213 A2 (1) ) ~4/3 2/3
o°p” 4T o°p” 4 op +2au _4bu f:O. (19)

ou? 9a* a2 9a? ot 9 9a*
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Crnenyer moa4epKHYTh, YTO B cOOTHOIICHUH (19) ocTaBiieH Malblil WieH CO BTOPOM

MPOU3BOJHON IO BPEMEHHU 02 p(l) / ot , KOTOpBIM OTpa)kaeT BOJIHOBOM XapakTep

ucciemyeMoro mpomecca. Ero orOpacklBaHHE COOTBETCTBYET CHHTYJSIPHOMY
BO3MYILICHUIO HMCXOJHOTO YpPaBHEHHS — MEPEXOJy OT THIEPOOIIMYECKOro THMa K
napaboIMIecKOMy, YTO HapymlaeT KOPPEKTHOCTh ydeTa OBICTPO OCIMIUIMPYIOIINX
BHemHUX Bo3medictBuii f =f(t) w He ToO3BONAET aJEeKBaTHO OMHUCATh
NPUHLUIUAAIBGHO BaKHBIM HAyalbHBIA TEPUOJ BPEMEHM NPOTEKaHWs Ipolecca,
NPUBO/IS K HEYCTOHUMBBIM NP t — 0 BBIYMCIMTEILHBIM IPOLETYPaM.
VYepenusis Manblii KO3()GUIUSHT MPHU 3TOM JIOMOJHUTEIBHOM 4YICHE, YPaBHCHUE
(19) MOXHO TIPeACTaBUTH B BUJIEC
2,0 2,0 @)
0 p2 —alz-a p2 —az-ap +a3u‘4/3—a4u2/3f=0, (20)
au at ot

IJie TOCTOSHHBIE IOJNOKHMTEIbHbIE KOOQOHUIMEHTBI &y, 8y, a3, 84  ONpPEAEIAIOTCA

BI)Ipa)KeHI/IﬂMI/I
5/3 5/3
2 (4w?B) 4 1 oo _4(Uo )
a = 2 =—7 - lu du_—,
%9a - 9a” Uo—Up 15a* (Uup—wp)
a 4 a 2a . a 4h
2= o 3= 4=,
9a2 9 9a*
HaqaanHe nu FpaHI/I‘IHI)Ie yCHOBI/ISI JJIS nepBoro HpI/I6JII/I)KCHI/I}I
4/3  4/3
Y @Y U 9, gy S8
uy<u<up: p“’(u,0)=p 6”3—uf'/3 ; 8tp (u,0)_2uj/3><
413 | 4/3
@ Uo —-u .
q 4T3 A73 | (21)
Up —U
t>0: pDuy, =pH®); PP, t=pP ). (22)

IIpeobOpasys ypaBrenue (20) mo Jlammacy [9] mo BpeMeHHU ¢ y4€TOM Ha4allbHBIX
yciioBuit (21), MOKHO TIOCTPOUTD €r0 OIEPATOPHOE U300paKEHUE

aZP(l)(u,S) 2200 5) v p® udl3 _ /s +3a2a1 040 udl3 43 )
1
ou2 FERIES MPYICNT FIENIE
udl3 _y4r3

—a,sPD(u,s) +a, p¥ ragu™3fs—a,u?'%F(5)=0,  (293)

TEIIE

rie PO (u,s) uw F(S) — m30b6paXkeHHUsT COOTBETCTBEHHO MABIIEHWS W BHEIIHUX

WHEPITMOHHBIX BO3ACUCTBUM; S — mapaMmerp mpeodpa3osanus Jlamaca.
Jlns1 yaeTa BOJIHOBOTO XapakTepa TCUCHHS JOCTATOYHO OTPAHUIUTHCS HATUYHEM B
ypaBHeHUHU (23) TOTBKO BTOPOTO CIIaraeéMoro, a TPeThe W YETBEPTOE, KaK MeHee
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3HAYUTENbHBIE, OTOPOCHTH (OHH YAaCTHYHO OTPAKAIOT 3aTyXalollee C TEYCHHEM
BpEMEHH BIMSIHUE Ha4YaJbHBIX YCIOBHUI). B pesynprate momy4aercss omepaTopHOE
YpaBHCHUC
2p@)
0P (u,s
#—YZP(D(U,S) +2G(u,s) =0, (24)
ou

rae Y =a14/S(s+20) ; a=(1/2)a2/a12 ,

4/3 413 -4/3
G(u,s)=22p® 2011, %4
' 2 M u61/3_ 4/3 25

—EUZ/SF(S).
U 2

Pemenne ypaBHenms (24) 0Oe3 yueTa TpaHUYHBIX YCIOBHH (22) MOXKHO
MPEJICTABUTH B CIICIYIOIICH HETPAJIULIMOHHONH CUMMETPUIHON opme

PD (u,s) = A(s)-exp(—y(up —u))+B(S)-exp(—y(u —uy) )+

+ lfi exp(—y(u—6))G(6,s)do + jo 1 exp(-y(0—u))G(6,s)do, (25)
Uy u’

B 4YeM JIETKO YOeIHMTHhCS HemocpelCTBeHHON npoBepkoi. K BeipaskeHHIO (25) MOXKHO
NPUATH C TIOMOLIBIO METOJAa BapHallMM MPOU3BOJIBHBIX MOCTOSHHBIX. COOTHOLICHHE
(25) ompenenser peuieHHE ONEPAaTOPHOrO ypaBHeHUs (24) 0e3 HCHOIL30BaHHS
runepOonuyecknx QyHkuuid. Takas ¢opma 3ammcu  M300pakeHUs] IMO3BOJISET
MOJYYUTh TOCTATOYHO MPOCTHIE OPUTHUHATIBI.

3nech A(S) m B(S) — mpousBonbHbBIC QYHKIHH, OpUrHHAIBI KOTOphIX a(t) u b(t)

NPUHAMAIOTCST 32 BCIIOMOTaTeIbHBIC TaK Ha3bIBacMbIC BOJHOBBIE mepemeHHbie [10].
JUitst MX HAXOXKACHHUS UCTIOJB3YIOTCS TPAaHUYHbIE YCIIOBHS (22):

Ug

A(s)+B(s)-exp(~y(ug —up))+ | 1exp(—y(uo—e))c,(e,s)dezPbgl)(s); (26)
A(S)-exp(—1(Up — ) + B(9)+ | — exp(-v(6-up))G(6,9d0 =RV (),  (27)

rie Pbgl) (s) m Pbgl)(s) — M300paKeHH 33JaHHBIX TPAHIUYHBIX YCIOBHIA.

Hcmonb3ys Tabauunsiii opurunan [9]

—h 2
exp( Vs(s+ a)) exp(—at)-lo(oc 2 _p2 )-n(t—h)
Js(s+2a)

HEMOCPEJACTBEHHO M AuddepeHipys ero 1mo mnapamerpy h ¢ yderom paBeHCTBa
dlg(t)/dt=14(t), a Takke HpuUMEHsSS WHTErpan CBEPTKH OPUIHHAIOB, MOXHO B

ypaBHeHHsIX (25) — (27) mepeiT BO BpEMEHHYIO 00J1aCTh U IMOJYYUTh PEKYPPEHTHBIC
WHTETPAIbHO-PA3HOCTHBIE COOTHOIICHUS JUIS IaBJICHUS] U BOJTHOBBIX ITEPEMEHHBIX:

p(u, t) =u?/3+ &R(t, ay(Up —u)) alt — ay (Up —u)) + eR(t, ay (U —uy)) x
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t—ay (ug—u)

xblt—ag(u-u))+enlt—a(ug-u))  [S(t—1, a(up—u))a(r)de +
0

t—ay (u-uy)
+en(t—ap(u—uy)) js(t—r, aq(u—uy)) b(t)dt+

0, (u,t) 4/3 413 02 (u.t)
e22 "T(t, au-0]) %u]demaz [ Vit alu-6l)e*3de-

4/3 4/3
01 (ut) Up " —U 0y (ut)
Up t
62 [0%3d0 [T(c, ay|u—0))f (t-1)dke; 28)
2 Uy a|u—6|

a(t) = p(l) (t) — R(t, ay(ug —uy)) b(t—ag (ug —uy)) — n(t—ag (ug —uy))x

t—ay (Up—y) wfu 4/3 _o4/3
x  [S{t—t, a(ug- u))b()de — 2 j T(t, & (ug—0))p; h do—
0 91(u0 1) _u].

] jvr ay(Up - e))e—4’3de+a4 j 02/3de jTral(uo 0))f(t—7)dt; (29)
01 (ug,t) Uy ay(Up—9)
b(t) = py (1) — R(t, & (ug —uy)) alt —ag (ug —uy)) — n(t - ag (g —uy)
t—ay ((up—y)) a, 0 (ug,t) a 4/3 _g!3
x js(t—r,al(uo—ul))a(r)oh—7 [ Tt ag(0-up))p; Wo|e
0 u Up " —Ug
1
02 (ug,t)
-3V, a0 ul))e—4/3de+a4j92’3de thal(e u)) f (t—7)dr, (30)
2 Uy Uy 3 (0-uy)

npudeM a(t)=0 u b(t)=0 npu t<0.
Benomorarensnsie ¢ynkuun 0q(h,t), 0,(h,t), R(t,h) wu sgpa mnTEerpansHBIX
omeparopoB S(t,h), T(t,h), V(t,h) omnpenensroTcs BhIpaKeHUIMHU

0,(h,t) =max{u;,h—t/a;}; 6,(h,t)=minf{ug,h+t/a}; (3D)

. h exp(-at) 2_.2).
Rt h) =exp(ah) nt=h);  S(t,h) =X Ll ayt?-h? |;  (32)
o (et

T(t,h) = L expat) Io(on/tz —hz)n(t—h); (33)

&

t t
V(t,h)= J'T (t,h)dt= ain(t —h)jexp(—oc't) Io(oc\/ 7 - hzj dt (34)
0 1 h
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1, t>0
0, t<0’

lo(t) u 14(t) — mMommudummpoBannsle ¢ynkuuu beccens HynaeBOoro m InepBoro

3neck m(t)— emunmuHas crynendaras QyHkums Xepucaipa: m(t) =

TOPSIIKOB.

O6pamenne mpeobpazoBanusa Jlamaca TIpUMEHEHHEM HWHTETrpajga CBEPTKH
OpPUTHHAJIOB TO3BOJISIET M30EKATh Pa3ioKeHUs] N300pakeHuil B OECKOHEUYHBIE PSbI,
YTO 3HAYUTEIHHO YIpOLIaeT MaTeMaTHUECKUE BHIKJIAIKUA U CYIIECTBEHHO YMEHbIIAET
00BeM BBIYHCIICHHUI.

Wurerpanbpao-pazHoctHas monensb (28) — (30) ciyxur 0000mEHHEM H3BECTHOTO
peleHns BOTHOBOTO ypaBHEHUS B (JopMe CyNepno3uly NpsMol 1 oOpaTHOW BOJH,
KOTOpPbIC B OTCYTCTBHM TPEHUSI COXPAHSIOT CBOW aMIUTHTYJbI IPU PACHpPOCTPaHECHUH
o Tpy6orpoBoy. Hanmuure ruapaBindeckoro CONpOTHBICHHUS IPUBOUT K TOMY, YTO
KaxKaas M3 BOJIH HCIIBITBIBACT MUCKAXCHUA B PE3YJIbTATC 3aTyXaHHUd U MHOI'OKPATHBIX
OTpa)KCHHﬁ, OAHAKO HC U3MCHSACT BCJIMYUHLBI €€ 3alla3AblBaHud MIPU paCIipoOCTpaHCHUN
no TpyOOmpoBoay. YKa3aHHbIC HMCKaKCHUS YYMTBIBAIOTCS B COOTHOIICHUsX (28) —
(30) ¢ momoIIIbI0 HHTETPAJIOB CBEPTKH, KOTOPBIC MPEACTABISIFOT COO0 HeMpephIBHbIC
CYMMBI OTpPaXC€HHBIX BOJH, 06pa3yeMblx HC TOJBKO Ha KOHIAxXx, HO H B
MPOMEXKYTOYHBIX CEUYEHHUSIX TpyOONmpoBOJa TOJ BIHUSHHUEM TUAPABIUYECKOTO
COIIPOTHBIICHUS.

[MpeanoxxkeHHass MHTETpajJbHO-PA3HOCTHAST MOJENb  TO3BOJSIET  ONPEACIIUTD
naBiieHue B Jr06oi Touke JIY MIT B mpou3BonbHBI MOMEHT BpeMeHH. B mpaBbie
yactu BblpakeHuit (28) —(30) uCKOMBIC BEIMYMHBI BXOMAT C 3ala3/IbIBAHHEM.
PacueTsl cBOASATCA K TIOCIIEIOBATEIBHOMY MHTEIPUPOBAHUIO. BhIuncieHue kBaaparyp
MOXHO OCYIICCTBUTH CTAHAAPTHBIMH MCTOJaMH.

5. Yipouenue pacueTHbIX COOTHOLIEHUM

Cucrema pasenctB (28) —(34) ompemenser pacnpee/icHre TaBiICHHUS BIOJb
Tpaccel JIY MI' no BO3MymeHHMl NEpBOro MOpSAAKAa BKIIOYHUTENBHO TpPHU
NPOM3BOJBHBIX HAyaJlbHBIX W TPAHWYHBIX YCJIOBUSIX W IPOM3BOJIBHOM BHUJE

aKcCeJIeporpaMmbl dZX/dt2 =f. OZ[HaKO O9TH COOTHOHIICHHA ABJIAIOTCA JOBOJBHO

CIIO)KHBIMH, UYTO 3aTpyAHSET IPOBEICHUE ONEPAaTHUBHBIX pacyeToB. Y4YeT
0COOCHHOCTEH MMOCTAHOBKHU 3aJaudl U MIPOLIecca CHHTE3a Pe3yJIbTUPYIOIEeH MOAenn —
ANMpPOKCHMAIlMOHHBIA XapaKTep HWCXOJHOHW CHUCTEMbl YypaBHEHHH B YaCTHBIX
NPOM3BOJHBIX, NIPUHATHIE B X0l €€ TpaHCPOpPMALUH YCPEIHEHUS KOd(PPHULIMEHTOB,
npeHeOpeXKeHne B paMKax METoja BO3MYIIEHHH BEIWYMHAMH BTOPOTO W BBIIIE
MOPSIIKOB MAJIOCTH, KPATKOBPEMEHHOCTh BHEUIHUX HWHEPIUOHHBIX BO3JCHCTBUI —
MO3BOJIACT, NPAKTUYECKM HE CHWXKasg TOYHOCTH IIOJIYyYaeMbIX DE3yJIbTaTOB,
3HAYUTENIILHO YIPOCTUTh pacyeTHbie (QOPMYyNBl M TIOBBICUTH OBICTPOJICHCTBHE
BBIYMCIICHUN.

VYCcnoBusAM MOJEINPYEMBIX MPOLIECCOB OTBEYAIOT Majible 3HauUeHHs 0e3pa3MEepHOro
Bpemenu t. Ilosromy mpu t —0 B 00macTu OpUTMHATIOB U, COOTBETCTBEHHO, MPH
S—>o0 B 00macTd U300paKEHUH MOKHO HCIIOJIb30BaTh IPHUBEJCHHBIE HIKE
COOTHOIIICHHS (TPOMO3JIKHE NMPOMEXKYTOUHBIE BBIKJIAJKH OMyHieHbl). OHM OCHOBaHBI
Ha NPUOIMKEHHOH 3aMEHe COOTBETCTBYIOIIECH (yHKImu-nzoOpaxenus F(r,p), rae
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2, 4acTHOW CyMMOoii ee psiza Teiopa mo BTOpoMy apryMeHTy J3:

r=s+o u B=o
F(r,B)zF(r,O)+(6F(r,O)/6B)-B, B KOTOPOH OCTaBJIEHBl 4WIEHBI JO IEPBOrO
nopsimka mo 3 BkIoumTenbHO. W3 Bupa paccmatpuBaeMbix QyHkiwmid  F(r,B)
BBITEKAET, YTO TOJyYEHHbIE MPUOIMKEHHUS TeM TOYHEE, YeM MEHbIIe OTHOIICHHE

ol/(s+a).

Js(sr2a) =+/(s+a)?—a? ; S(t.h) exp(—h,/(sm)z—oc2 j—exp(—h(s+oc))z

o?h

2

2
~ exp(—ah)-exp(hs)- azh .

exp(— hy/(s+ (1)2 —o? j

-exp(=at) -n(t-h); (35)

1
S+a

. 2
T(th) = zeXp(—ah)-exp(—hs)-[ ! e 1 -+
. /(Ha)z_az sto 2 (s+a)
2 . 2
P8 epot) | 1+ S (2 -h?) @), (3)
2 (s+a)° ) 4
2
TR S : SRL I PR ; (37)
s (s+a)-a s+o l-al/(s+a) s+a S+ (s+0a)?
exp(— h\/(s+oc)2 —o? j )
°1 1 a o
V(th) == ~ -(1+ + 2J-exp(—och)x
R \/m S+a s+a (s+a)
2 2
><GXID(—hS)'( 1 oh 1 2+a—- ! 5 | = exp(-ah)-exp(-hs) x
sta 2 (s+a) 2 (s+a)

1 o@rah) 1 +3a2_ 1
(s+a)? 2 s+ 2 (s+a)?
x(4+a(2+at)(t—h))-nt-h). (38)

Uroroseie Beipakenus (35)—(38) mms smep S(t,h), T(t,h), V(th)
UHTETPAIBHBIX OIEPAaTOPOB HE COJCPXKAT BBIYMCIHMTEILHO 3aTPATHBIX ONEpaIuid
U3BJICUCHHS] KBAJPATHOTO KOPHS M ompenenieHus 3HadeHuit ¢ynkumii bBeccens. Mx
TAKKE MOXKHO TOJMYYUTh, HCIONB3YS PA3IOKEHHs MOAMMUIIMPOBAHHBIX (DYHKITHIA
Beccens B crenennsie psas [9].

Ucxonst w3  ynpomeHHbix Qopmyn (35)—(38) u wm3MeHss  mOpsIoOK
HUHTETPUPOBAHUSI B TIOBTOPHBIX MHTETpasiaX, MOXKHO MMPpeoOpa3oBaTh U aHATUTUYCCKU
BBIYHCIIUTD OT/ICNIbHBIC COCTaBIIsONINE cooTHOMeHuH (28) — (30):

} % %(t—h)exp(—oct)x
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0, (u,t)
[ Vit alu- e|)e—4’3de expat): {(1/5)a(2+at)al(e5’3(u t)— 95’3(u,t))—
0,(u.t)

—oc(2+oct)a1u(92/3(u t)— 92/3(u,t))—(2+a(2+at)t)a1><

(92’3(u t)+03'3(u,1) —2u2’3)—2(2+a(2+at)t)a1u (61‘1’3(u,t)+951’3(u,t)—

2 3)-ftsa@ ool s a2 wn - W) @
0, (u,1)

j92/3de jTra1|u 0|)f(t—t)dr= J'f(t 7)exp(- ar)drzj (1+(oc2/4)(12—
Uy ag|u—0| 61(u,7)

t
—af(u —9)2))92’3de :%j f (t—1)exp(-ar) ((1/5)(4+oc21:2 —a2afu?)e®’3 +
0

0, (u,
+(1/ 9o ?afue®’® - @110 a0t 3)‘92(( T)) dr; (40)
(U, T

jo V(t, a(ug —0))0~ 41349 3 L oxpeal): {(1/5)a(2+at)a1( 33 95’3(u0,t))+
0y (ug.t)

+(2+ a2+ o) (t - agup) )ag (ug"3 — 623 ug, 1) -
—(4(t —aqlp) + au(2 + at)(t —aluo)z)(ual’ 3_op/ 3(u0,t))} ; (41)

fezlsde .[T 1, 3 (Ug — 6))f(t r)dr:—jf(t r)exp(—ow)((l/S)(4+OL Tt -

Uy 8 (Uup—9)

— aafug)e® % + 1/ 4)a’afuge®’® - W1 D)o 282911/3)61(% K (42)
ez(lfjl t)Vt (t ay(0- ul))6‘4/3de—3exp(—at) {W5)o(2-+ at)a2(08'3uy ) - uf'3)-
Y
) —(2+a2+at)t+au))a (92 (U, t)— u2/3)
_(4(t+31U1)+0t(2+at)(t+a1u1)2)( S 3(u H-u 1/3)} , (43)

j92/3d9 J'T T, 8 (0-u))f(t— r)dr_—jf(t 1) exp(= m)((1/5)(4+a -

Uy 81 (6-uy)
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0 (uy,7)

—aalu?)0®’3 + (1 4)aaiu 0?3 — (11)a?afett 3) dr. (44)

U
C yuetom (39) — (44) u (31) — (34) uHTErpaIbHO-PA3HOCTHBIE COOTHOIIEHHS (28) —
(30) npuHUMAIOT YIPOIICHHBIN BHI:

pu, t) =u?/3+ cexp(-aay (Up — u)) n(t —a (Ug — u)) alt — &y (Uo —u))+
+eexp(-aay (U—Up)) n(t—ag (u—uy)) blt—ag (u—uy)) +

a t—ay (Ug—u)
+ s?ln(t—al(uo ~u)af(ug-u)  [exp(-a(t-1)) a(r)dr +
0

a t—ay (U-uy)
+s?1n(t —ay(u-w))af(u-uy)  [exp(-a(t—1))b(r)dr+
0

0, (u.t)
+sa—226xp(—(xt) [ (1+(1/4)a2(t2—alz(u—e)z))n(t—a1|u—e|)><
0,(ut)

473 _ 4]

4/3 4/3
x pl(l{%]dm ss%exp(—oct) {(1/5)a(2 +at)al (95’ 3uty—e7’ 3(u,t))—
1

— a2+ at)afu(03/3(u,0) - 07/3(u, 1) |- (2+ a2+ at)t)ay x
(92’3(u t)+03'3(u,1) —2u2’3)—2(2+a(2+at)t)a1u (91‘1’3(u,t)+651’3(u,t)—
—2u 1/3) |_4t+oc(2+oct)(t +a12u )J(6_1/3(u,t)—91_1/3(u,t))}—

- &I ft— T)exp(—OLT)((l/5)(4+OL T 0t2a12u2)95/3+

0

0, (u,
+ (1 4)o’afue®’3 - (1/11)a2a12911/3) D)

01(u,7) (49)
a(t) = pd (t) —exp(-aay (Ug —y)) n(t - (U —Uy))bi(t — 2y (g —uy)) -

t—ay (Up—uy)

—%n(t —ay(Ug—up))a(Ug—u)  [exp(aft—1))b(x)dr -
0

—a?zexp(—at) jo (1+(1/4)0L2(t2 —a? (ug —9)2))n(t—a1(u0 —0))x
01 (o t)
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4/3 4/3
p(l)[s—eJde—Siexp(—oct) {(1/5)a(2+at)a1( >/3 95/3(u0,t))+
uo —U1

+(2+ a2+ o) (t—agug) )ag (133 — 023 ug, 1) -
(4t - agug) + (@ + at)(t — agug)? gt 2 — 67 3(ug 1) J+

+3% [ f(t—7)exp(-ar) ((1/5)(4+0L212 -
0
~o?afu§)e®’® + (U 9o afuge®® - (W1 2a2611/3)‘e CLINCL
1\40>
b(t) = Py (t) — exp(-aay (Up —up)) (t—a(Up —uy)) alt—ay (Up —uy))-
t—ay (Ug—Uuy)

—%n(t —a(Up—up))(Ug—u)  Jexp(-a(t—))a(x)dr -
0

05 (uy,t)
——exp(—at) | (1+(1/4)oc2(t2—alz(e—ul)z))n(t—al(e—ul))x

U

y[ ug'3 -3 3a 5/3 5/3
x| Ho =0 |do- 3exp( at)- {(l/5)oc(2+0tt)a1 (e (U, t) —uf )—
Uo —U1

—(2+a2+at)(t+aguy))ay (6%’3(u1,t) _u12/3)_
- (4(t +aqUy) + a2 +at)(t +agty) 2 )(951/ 3(uy, ) —upY/3 )} N
t
+3%I f(t-9)exp-orm) (1/5) 4+ o2 -
0

0 (uy,7)

—a2alu?)0® 3 + (1 4)0alu 0?3 — W1 aatett 3) dr. (47)

Ug

6. I[locTpoeHne AMCKPETHOI0 AHAJIOTa HHTErPaJbHO-PA3HOCTHOI MoeH

OnepupoBaHrne ¢ TPEIIOKEHHBIMA COOTHOIIEeHusIMU (45) — (47) cpenctBamu
KOMIIBIOTEPHOM TEXHMKHM MpPEANojaraeT IPUMEHEHHWE UUCIEHHBIX METO/O0B.
®opmabHOE HUCTONB30BAHNE CTAHAAPTHBIX BBIYUCIUTENBHBIX aJTOPUTMOB MOKET
MPHUBECTH K HEONPaBJAHHBIM 3aTpaTaM W B Psje CIydaeB 3aTPyAHUT (U3NYECKYIO
MHTEPIPETALMIO MOJMyYEHHBIX pe3ysIbTaToB. bojee NMpoayKTHBHBIM MpPECTABIAETCS
HEINOCPENCTBEHHOE TOCTPOECHUE TUCKPETHOTO aHajora IMOJydYeHHONW HENpephIBHON
MOJIENTA HECTAIMOHAPHBIX TEYEHUH B TPYyOONPOBOJIE C YUETOM CIEHU(DHKH 3aadH.
Takoil MoOAXO0J MO3BOJISIET YHNPOCTUTh BBIYUCIUTENBHBIA IPOLECC, MOBBICUTH €r0
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OvIicTpozelicTBue W c(HOPMHUPOBATH HEIOCTHYIO KapTHHY CETOYHOTO pachpeieseHHs
nasieHus B JIY MI'.

B pabGorax [11,12] mnpenmnaraeTcst CTPOUTh JUCKPETHOE MPEICTaBICHUE
HECTAIIMOHAPHBIX THUAPOJUHAMHYECKAX TMPOIECCOB B TPYyOOINpPOBOAE CHayala B
obyacTi M300paKeHHH, a 3aTEM HCITOJIB30BaTh JUCKPETHOE MpeodpaszoBanue Jlamraca
U TEOPUI0 HMIOYJILCHBIX cucTeM. OJHAKO MepexoJ OT HCXOJHOM HeNmpephIBHOM
CHCTEMBI C pacipeeIeHHBIMU MTapaMeTPaMy K SKBHBAJIEHTHON UMITYJIbCHOM CHICTEME,
BO-TIEPBBIX, TPEOYET MPOBEACHHUS CIIOKHBIX PAacYeTOB ISl MOyYEHHUS TePEaaTOIHBIX
¢yHkimii.  Bo-BTOpBIX,  JOMycKaeT  3aMEHy  OINEpallid  WHTCTPUPOBAHHS
CYMMHPOBaHHEM  C  HCIIOJIb30BAHUEM  JIUMIIb  KBaJIparypHOW  (opmyiibl
MPSIMOYTOJIFHUKOB, YTO B PsfIE CIy4aeB MPUBOANUT K 3HAYUTEIHHBIM MOTPEITHOCTSIM,
MMOCKOJIBKY HE IMO3BOJISET OXBATUTHh IMUKOBYIO aMIUIUTYIY MEPEXOTHBIX MPOIECCOB C
pEe3KO  M3MEHAIOUIMMMCS  IapaMeTpaMHM ra3oBoro moTtoka. Kpome  Toro,
HEOOXOIMMOCTh OOecredeHus] 3alaHHOW TOYHOCTH pAacyeToB TIPH HEBHICOKOM
MOpsAKE MPUOIIDKEHUS 10 (POpMYyIIe TIPSIMOYTOIBHHKOB BRIHYXKIAET 33a/[aBaTh MBI
mar Jauckperuzanud. IIOCKONIBKY pelleHHe YpaBHEHUH IHUCKPETHOH MOJEIU
OTpeseNsieTCs] B y3JIaX CETKH, TO 3TO TpeOyeT 3HAYMTENbHBIX 3aTpaT MHaMsITH H
MIPOBEJCHUS OOJBIINX BHIYHCIICHHIA.

J1st MOCTpOCHMSI TUCKPETHOTO OTOOPaXKEHUS MOJyYSCHHON HENPEPBIBHON MOICITU
HECTAllMOHAPHBIX  TEUCHUH  Oojiee  MPEANOUYTUTEILHBIM  SBISETCS  IOIXO],
Oasupyrommuiics Ha WCIHONB30BAHUM CETOYHOM AamNMpOKCHUMAIMA HWHTErPAIBHOTO
ypaBHEHHUSI CBepTKH opuruHainoB [13, 14]. IlpeumymiecTBO yKa3aHHOTO METOJa
COCTOMT B TOM, YTO OH IIO3BOJISIET CHHTE3MPOBATh JUCKPETHOE MpPECTaBICHUE
THUAPOIMHAMIYECKUX TPOIECCOB B TPYOOIPOBOE 0€3 MOCTPOSHHS MPOMEKYTOTHBIX
JUCKPETHBIX W300paKCHWH HWCKOMBIX (YHKIHH, a TaKKe MAaeT BO3MOXHOCTh TPH
oOpamienun npeoOpazoBanus Jlamnaca 0TKa3aThCsi OT MCIOJIb30BaHUS OECKOHEYHBIX
psanoB. UTo 0COOEHHO Ba)XKHO, OH MO3BOJISIET MOBBICUTH KAYECTBO MOJEIHMPOBAHUS 32
cyer BBIOOpa IS YHCICHHOTO  HMHTETPUpOBaHWS  Ooiee  APPEKTUBHBIX
BBIUMCIIMTEIBHBIX TPOIEIYp, B YACTHOCTH, KBaapaTypHoi Gopmyiasl Cumicona [9].
CyiiecTBeHHBIM HegocTtaTkoM Metona [13, 14] sisercs HEOOXOIUMOCTh PEIICHHUS
CHUCTEM HESBHBIX CETOYHBIX alre0panmyecKux ypaBHeHHH. OJHAKO TMpeIoKEHHBIE
cooTtHomeHust (45) — (47), ONMUCHIBAIOIINE pacIpeelieHue NaBleHus 1mo Tpacce JIY
MI', pa3spenieHbl OTHOCHTENBHO HWCKOMBIX BEIMYWH, YTO MO3BOJISIET O0ONTH
yKa3aHHYIO Mpo0iIeMy.

Ces3p  HempepbiBHOIO Oe3pasmepHoro Bpemenu t (t>0) ¢ auCKpeTHBIM N
(n=0,1,2,...) 3amaercst B Buje t =nNAt. 3nech mar guckperusanuu At omnpegensercs
dopmynoit At=2t,/N, rae t, =1 — Ge3pazmepHOe BpeMsl pacIpPOCTPAHEHUS BOJIHBI
mo juumHE TpybompoBoma, N —mpomsBonbHOE HarypaigpHoe uymcno. Lllar
JUcKpeTn3anud AU 1o 0Oe3pa3MepHOU MPOCTPAaHCTBEHHOW KOOpAWHATE 3aaeTcs
HE3aBHCUMO OT BBIOOpa BpeMeHHoro mara At B BHIE COOTHOIIEHUS
Au=(ug—U;)/M, M —npousBoiibHOE uYeTHOE HaTypajbHOe umciio. Ilepexons k
CETOYHBIM NPECTABICHUSIM UCKOMBIX (DYHKITHN

p(m,n) = p(u; + MAuU,nAt) ; a(n)=a(nAt); b(n)=b(nAt) (m=0,12,...,M),
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B pe3yibTaTe 3aMEHbI ONEPALH HENPEPHIBHOIO MHTEIPHPOBAHMS (KaK 110 BPEMEHH,
TaK W 10 MPOCTPAHCTBEHHOW KOOPAMHATE) CYMMUpPOBaHHEM 1o MeToay Cumriicona [9]
cootHomeHus (45) — (47) NPUHUMAIOT COOTBETCTBYIOIIUI TUCKPETHBIH BU/L.

7. BbIBOABI 10 pe3y/ibTaTaM U HanmpaBJieHUsl AaJbHEHIIUX uccae0BaHN

[IpenanokeHHass UHTErpadbHO-pa3HOCTHAs MOJENIb TO3BOJIAET  ONPEACIUTH
JaBieHne B I000i Touke MI B MpOW3BOIHHBIA MOMEHT BpPEMEHH B YCIOBHSIX
MPOJOJBHBIX CEUCMHMUYECKHX BO3JACHCTBUU. BrpluncieHue KBagpaTyp MOXHO
OCYIIECTBUTh CTaHAAPTHBIMH Metoaamu [15]. OmnHako yueT cnenmuduky 3amaadu
MO3BOJISICT 3HAYUTENIBHO YNPOCTUTH BBIUMCIUTENBHBIA MPOLIECC U IMOBBICUTH €r0
OBICTpONICHICTBHE.

[IpeumymiecTBO  pa3paOOTaHHOTO TOAXOJa — BO3MOXKHOCTH  PacCUHTATh
HECTaIlMOHAPHBIC TUIPOJAMHAMUYECKHE NpoIlecchl, Bo3HuKatonme B JIY MI, Ge3
nepexoia B 00JIaCTh TUCKPETHBIX M300paKeHUH, a TaKkKe OCYIIECTBIATh OOpalieHue
npeoOpazoBaHus Jlamaca Ha OCHOBE TEOpPEMBI CBEPTKH 0€3 HaXOXKICHUS KOpHEH
XapaKTEePUCTUYECKOTO YPABHEHUS, YTO YIIPOIAET MaTEeMAaTUUECKHUE BKIAIKU, a TAKXKE
WCKJITIOYAeT U3 PeIIeHUs OECKOHEYHBIE PSIbI.

CrnexyeT TMOMYEPKHYTh, YTO TIPEUIOKEHHBIH MOMXOJ TIIO3BOJISIET 3aMEHUTH
OIepanrio HCIPCPLIBHOTO MHTETPHUPOBAHUA CYMMHUPOBAHUEM, IIOJB3YACH HE TOJIBKO
METOJIOM MPSIMOYTOJILHUKOB, HO W 00Jiee TOYHBIMU KBaJIpaTypHbIMH (DOpMyIIaMu.
[Iporiexypsl omepupoBaHusl ¢ Pa3paOOTAaHHOW HHTErPANTbHO-PA3HOCTHON MOMEIHIO
JIETKO peaju3yIOTCsl B JIIOOOM pa3BUTOM IAKETe KOMIBIOTEPHOW MAaTeMaTHUKH, B
4aCcTHOCTH, B cpeze Matlab [16].

B nanpHeiimem npearnonaraeTcss yTOYHUTH ONMCAaHUE PEaKIIUi Ta30BOTO IMMOTOKA Ha
WHEPLIMOHHBIE BO3IECHCTBYSI, IPUHUMAs BO BHIMAaHIE N3MEHEHHS TMHEWHON CKOPOCTH
TEYeHUsI 0 JUTMHE TPyOONpOBO/ia M €ro HAKJIOH K TOPU30HTY.
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