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Baxvimarcan KYMAI'YJIOB,
odenymam Cenama Ilapnamenma PK,

OOKMOp MEXHUYECKUX HAVK,
axaoemux HAH PK

JOBPAS BOJISA — PA3BBUTHUIO 1 KOHCOJIMJALIMHN

B Haie oueHb HenmpocToe BpeMst JIOAH 3eMJIH 0COOCHHO HYXJIAI0TCs B 100pOH Boje —
00BeANHSIONICH, a HE pa3beInHSIONeH yenoBedecTBo. Ha cnemyromeit nenene Hyp-Cynran
CTaHeT T'PaHJIMO3HON TUaloroBod miomaakoit: 14—15 cenrsiops B cronmune Kazaxcrana
coctoutcst VII Cpe3n auiepoB MUPOBBIX M TPAAULMOHHBIX penuruid. Ero riaBHas tema:
«Ponb muaepoB MUPOBBIX U TPAJAULIMOHHBIX PEIUTUI B YXOBHOM M COLIMAJILHOM Pa3BUTHHU
YeJIOBEYESCTBA B MOCTHAHIEMUYCCKHUI TeproI». 3asBKH Ha yyacTue B popyme noganu 108
neneranuii u3 50 cTpaH, y:ke akkpeJuToBaHbl 188 3apyOeKHbIX KYPHAJIMCTOB, B TOM YHCIIE
u3 Euronews, BBC, CNN, Bloomberg, AlJazeera.

Ve crano 1o0poi TpaauIkel MPOBOIUTh TIIO0ATBHBIA MEKPEIUTHO3HBIN KOHIPECC B
ropojie Ha Oeperax Ecuiisi, B camom cepjiie EBpazuun. Y nepronnyHOCTh onpejiesneHa: co-
Ouparbcs pa3 B Tpu rofa. [lepsbiii cbesn npomren B 2003-m, mocneayromue — B 2006, 2009,
2012, 2015 u 2018 romax. HapymeHna nepuoanyHOCTh BIEPBHIE U3-3a pa3pa3uBILIEICs MaH-
JIeMUH KOPOHABHpYCa, HO, HAKOHEII, ¥ 3TOT Oapbep MpeoI0IeH.

UeThIpe TOAa CITyCTS MBI )KUBEM OKHIaHUEM OUEPEIHON CEHTIOPHCKOM BCTPEUH PYy-
KoBoJUTENel KoH(peccuil. I mporHo3 moroibl BHOBb ONAaronpusTHBIN: OyJeT coilHed-
HO.

...MpbIcneHHO Bo3Bpaiiaroch B Heza0biBaeMbiil 2001 oz, 1o MoeMy yOeKIeHUIO, CTaB-
M MPEIBECTHUKOM CO3[aHHS COBEPIIEHHO HOBOTO CHUCTEMHOTO MEXaHH3Ma JTyXOBHO-
MOJTIUTUYECKOTO TTApTHEPCTBA BHICOKOTO YPOBHS U IIMPOYAMIIIET0 0XBaTa.

23 ceHTs0ps B MOJIOAYIO CTOJHILY CYBEPEHHOH pecrmyONnKu HaHeC UCTOPUIECCKUN BU-
sut [lanma Pumckmii Moann Ilasen II. CoBcem ckopo mocie mOoTpsCIIe BeCh MUP aMepu-
KaHCKoit Tparemun 11 centsa6ps B Hpto-Hopke. IIOHTH(HK He OTMEHHIII TOE3/KY, ¥ 3TO BCEX
Brieyanio. HuaTo He MoXKeT mokosiedaTh MpaBeIHy o BOIIO K MUPY H A00DY.

U tBepaplil mar noHTH(HUKA HABCTpEUy APYTUM BEepOBAHHIM, OJAropoJHbIN MOCHLT K
B3aMMOJICHCTBUIO KYJIBTYP M LUBWIM3AIMNA ObLI IO JTOCTOMHCTBY OLIEHEH Ka3axCTaHIla-
MU.

[Tama mpoBen HECKOJBKO BCTPEY, B TOM yucie ¢ Mosioaexbio B EHY umenu JI. H. T'y-
MujeBa. A KylbMHUHANMEH Bu3uTa ctana Cearas Mecca y MoHyMeHTa 3amutHukam Otede-
CTBa, B KOTOPOI MPUHSIN ydacTue 6omnee 35 ThIC. YETOBEK.
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CasiToe OnarocioBeHrne KOCHYJIOCh He Tonbko Kaszaxcrana, ero Hapona, HO M Iepco-
HAJIBHO MHOTHX TPaXKJaH, MOCKOJBbKY MOHTU(HK ObUT OTKPBIT A oOmeHus. MHe Toxe
[TOCYACTIIMBUIIOCH 3aCBUAETEILCTBOBATh MOYTEHHE TNIaBe KaTOJINYECKOH IIEPKBH.

[To 3aBepmienuu BusuTa B nociaanuu [laner Pumckoro [lepsomy Ilpesnnenty PK Hyp-
cyntany HazapOaeBy Obuto ckazaHo: «S1 BHOBB 3aBepsto Bamie IlpeBocxoaurenscTBo B
MOHMX MOJIUTBaxX O TOM, Aa0bl Kazaxcran Mor ueprarh Bce OOJIbIIe CHITBI M3 CBOETO O0TraToro
JYXOBHOTO KYJBTYPHOTO HACJIEAMs U TAaKUM 00pa3oM ObUI B COCTOSIHUM OTBETHTH HA MHO-
T'He BBI30BBI, CTOSIIIME TIepe]l CTPaHOH Ha HOBOM dTarie ee pazBuTus. [a OnarocnoBut bor
Kazaxcran, ero ycuius mo co3JaHMI0 OOIIECTBA, KPEMKO CTOSIIETO HA OCHOBE YBa)KCHHS
MpaB U JJOCTOMHCTB KaXI0H TMYHOCTH U BCEX HAPOJOBY.

Cawm ¢akr, armocdepa u 6e3yKOpU3HEHHAsS! OpraHU3aOHHAasE paboTa 10 00eCIICUeHHIO
BH3UTA, HECOMHEHHO, J00aBUIIN HMUJIXKE- BOH IIPUBIIEKaTEIbHOCTH cTpaHe. M xorna B es-
pane 2003 roma Ha MexIyHapOIHON KOH(PEPEHIIMN MHUpa U coriacusl Obliia 03By4eHa UJIes
MPOBENICHHUsT MEKpeIuruo3Horo gopyma B cronuie Kazaxcrana, oHa mosydnia BECOMYIO
MOAJIEPXKKY, YTO CIENIAI0 BO3MOKHBIM CO3BaTh TAKOHM Che3]l Y)KE B CEHTSIOpe.

Cpbesn cTan HeopAWHAPHBIM COOBITHEM, B HEM yYacTBOBAJIH ACNerauu 17 pemuruo3HbIx
opranuszanuii u3 13 ctpaH (cpaBHUTE C CErOMHAMHUMU JaHHBIMUA — 108 13 50 — o4yeHs 3Ha-
yuMBbIi niporpecc). OH MOATBEPANIT aKTyaJIbHOCTh M BOCTPEOOBAHHOCTH BOTUIOLICHUS HJICH
COTPYAHHYECTBA U €TUHEHUS MPeCTaBUTeNeH Pa3lUuHbIX PETUTHil BO MM MUPHOHM U J0-
CTOMHOM JKU3HHM JIFOAECH BCEH IU1aHeThl. IHUIMATUBY IIPOBEIEHUS €TI0 Ha IIOCTOSHHOM OCHOBE
MOAJICPIKAII TaKue BIHMATENbHbIC MOMUTHKH, Kak Kopu AnnaH, /[xopmk Bymi, Mapraper
Tatuep, L3 L3omunb, Henscon Mannena, Banepu JKuckap 1" cTeH u apyrue.

K 2006 rony y cwe3na u cBoi «oduc» nossuics — popen Mupa u Cornacust. 1o
BEIIMYECTBEHHOE COOPYKEHHUE acCOIMUpYyeTcsl Takke ¢ AccambOmeedt Hapoma Kazaxcra-
Ha, TPOBOJSIIEH TaM OOJBIIMHCTBO CBOMX MEPONPUSATHHA. YTO JTOTHMYHO, Belb LIEIH CO-
BIIAIAIOT — €UHEHHUE, COIVIachue paau BceoOllero Onaromoiyyus. A pabouuM OpraHoM
CTall cekpeTapuar cbesfa. DPHEeKTUBHYIO CHCTEMY OpPraHM3allMOHHBIX, UICOJIOTHYECKUX
1 KOHLENTYyaJbHBIX KOMIOHEHTOB Che3Jla JINJEPOB MUPOBBIX M TPAJUIIUOHHBIX PETUTHN
Kak (yHIaMEHTAJIbHYIO OCHOBY 3TOH TNI0OAIBbHON MIaT(OpPMbI BEICTPOMI BO BPEMs CBOE-
ro npezcenarenscTBa B CeHare U B KauecTBE PYKOBOAUTEINS cekpeTapuaTa cbesna KacsiM-
XKomapr Tokae. B pesynbrate obecrieueHue ASTEILHOCTH UCTIOIHUTEIBHON CTPYKTYPHI
(hopyma e-(hakTo 3aKpernuiIoch 3a BEpXHEH majaroi kazaxcranckoro [lapimamenTa.

Topxych, 4To KaK ceHarop mpuyacTeH K 3Toi pabore. B wacTHOCTH, B cocTaBe Jerne-
raiuu Bo miase ¢ npexacenareneM Cenara Ilapnamenrta PK, pykoBogurenem cexperapuara
Cmpesna IuaepoB MUPOBBIX M TPAJULIMOHHBIX penuruii MayinenoMm AmmmOaeBbiM B HOSIOpe
2021 roga mocetun Barukan. Maynen AmmM6baeB ot umenu [Ipesunenrta crpans Kacbiv-
’Komapra TokaeBa Bpyums noHTUGUKY npuriamenne Ha npencrosiuui VII cvesn. Coctos-
JICh TIEPETOBOPHI C IMaBoi BaTnkaHa 1 pyKOBOAMTENISIMHU €TI0 CITYXKO.

[onrepxnaennoe yuyactue [lanbl PuMckoro @paniicka o3HauaeT BBIXO/ III00aIbHOTO
MEXPEITUTHO3HOTO (JOpyMa Ha HOBBIA YPOBEHb. ITO — CBUICTENILCTBO BEICOKOTO MEXK/TyHa-
POMHOTO aBTOPUTETA HAIICH CTPaHbl U 3HAK MPHU3HAHUS YCIEXOB STHOKOH(ECCHOHATBHOM
nonuTthky Kazaxcrana.

Takoxe mmanupyercst IpuOBITHE OOJBIIUX JIEJIEralliii 1 aBTOPUTETHBIX JTUIEPOB: HIeHXa
Anb-A3xapa BepxoBHoro umama ar-Taiieba, mpescenarens ynpaeieHus Mycyiabman Kas-



Kymaeynoe B. T. /lobpas eonist — pazeumuro u KOHCOMUOAYUU 7

Ka3a mieiixa [lame-3ane, npenceaarens oT/esa BHEIIHUX LIEPKOBHBIX CBsI3eil MOCKOBCKOTO
narprapxara MUTpononuta AuToHus, narpuapxa Mepycanumckoro @eoduina I11, rmaBHbIx
paBBuHOB AmkeHasckoro u Cedapackoro Jlauna Jlay u Uixaka Moceda, npencenaresns
Accouunaruu OynauctoB Kuras Sub 13103 u apyrux. B chesne npumyt ydacrue npejacra-
Butenu 10 penuruii n Benymux KoHdeccuil: ucinama, XpucTUaHCTBa, OyJiu3Ma, nynanu3ma,
WHyH3Ma, CHHTOM3Ma, 1a0CH3Ma, 30poacTpu3Ma, JUkaiiHu3Ma, Oaxan. Kpome Toro, OyayT
MpeaCTaBlIeHbl 24MeXTyHapOAHbIE OpraHU3aI|H.

Mectom nposenenust VII Cbes3na auiepoB MUPOBBIX U TPAAUIIMOHHBIX PEJIUTHNA Oompe-
nenen JlBopenr HeszaBucumoctu, a XX 3acemaHus ceKkperapuara cbhe3lia M ero padoduei
rpynsl — J[Bopert Mupa u Cornacusi.

Pa3zHooOpa3Ha TeMaTrka CEKIIMOHHBIX 3acefaHuil: «Poib penuruu B yKperuieH|H ay-
XOBHBIX U MOPJIbHBIX IIEHHOCTEH B COBpEMEHHOM MUpe», «Poiib 00pa3oBaHus U peTUrno3-
HOT'O IIPOCBEILEHUS B YBAKUTEIBHOM COCYIIECTBOBAHUU PEIUTUN U KYJIBTYP, YKPEILUICHUU
MUpa U cortacus», « Bkiaa pelMruo3HbIX JIMAEPOB U MOJTUTHKOB B MIPOIBUKEHUE T100aTb-
HOT'O MEKPEJIIMTHO3HOTO JUanora U Mupa, IpoTUBOAECUCTBUE SIKCTPEMU3MY, PaUKAIU3MY U
Teppopu3My», « BKiias skeHIIUHBI B OJIarornoiayvyue 1 yCTOMYHBOE Pa3BUTHE COBPEMEHHOTO
o0riecTBa U pojib PEIUTHO3HBIX COOOIIECTB B MOAJIEPIKKE COLMUATBLHOTO CTaTyca JKeHIIH-
HBD».

U Oyner, xak u 21 rox Hazax, Oonpmas mecca [lansr Pumckoro —14 centsa0ps Ha Teppu-
TOPUHU MEXAyHapoaHOTo BeicTaBoyHOTO 1leHTpa EXPO. Haunercs ona B 16.45 no BpemeHu
Hyp-Cynrana. B Hell muiaHupyIoT NPUHATH y4acTHe THICSYM NaJIOMHUKOB 13 KazaxcraHa,
V36ekucrana, Monronuu, Keipreiscrana, Poccun u npyrux crpa.

VBepeH, uto VII Cresn munepoB MUPOBBIX U TPAAULIMOHHBIX PEIUTHI MPORAET yCIel-
HO Y BHECET 3HAYMMBIN BKJIaJ] B JlyXOBHYI0 U HDABCTBEHHYIO KOHCOJIMJALUIO YEI0BEUECTBA,
CHUCTEMHOE NPOTHUBOJICHICTBIE COBPEMEHHBIM HEraTUBHBIM TeHJAeHIMAM. A KazaxcTaH ee
pa3 MOATBEPAUT CBOM BBICOKHMI aBTOPUTET Kak 3((eKTHBHAS TUIOLIaKa Ui AUAJIOroB U
[IEPETOBOPOB CaMOT'0 BBICOKOTO YPOBHS.

«Kazaxcmanckas npasoay
om 9 cenmsaops 2022 2o0a
Ne 172 (29799) 4 cmp.
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ANALYSIS OF METHODS FOR INFORMATION SECURITY
LEVEL ASSESSMENT OF INFORMATION
AND COMMUNICATION INFRASTRUCTURE OBJECTS

In the world of automated digital technologies, one of the main tasks of the enterprise is to find an
effective way to prevent the implementation of information security risks. In case to achieve these goals,
various evaluation methods are currently used. Basically, any research begins with a literary review of
the research topic development. Consequently, this article is a literary review of current methods, tools,
and standards for assessing information security of systems, formed through scientific materials from
the Scopus and Web of Science databases. Also, this paper examines the analysis of existing methods for
assessing the level of information security in the objects of information and communication infrastructure.
Based on literature review provides an analysis of information security level assessment methods. This
article performs the results of research to an analysis of information security level of information systems
within the framework of the project with grant funding from the Ministry of Education and Science of the
Republic of Kazakhstan, grant number AP13067916.

Key words: cyber security, assessment methods, information and communication infrastructure
objects, CIOICI, impact, risk.

Introduction. Currently, there are no organizations that would not face certain threats in
information security, for example, malware, Internet fraud, phishing, impersonating another
person, DoS, and also, the associated risks to their information systems [1-3]. Along with
the large number of considerable risks to which each organization is bare now are active
risks of information technology arising as of inadequately established domestic processes,
people, and systems or from damaging outdoor events, such as computer attacks on re-
sources [4-6].

The main aim in ensuring information security is to defend the business itself, the capa-
bility to defend its connected IT assets, guaranteeing privacy, integrity, and accessibility of

* E-mail koppecmoHaupyromiero aBropa: a.s.abdiraman@gmail.com
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information and information systems, as well as ensuring the confidentiality of the organi-
zation's resources [7].

Analysis of information security level assessment methods. In this regard, this ar-
ticle provides a systematic literature review of methods, techniques, and tools related to
the prevention of threats to information security. A literature review on the use of various
methods for assessing the level of information security of information and communication
infrastructure (ICI) objects was compiled through the manual [8], which provides aspects of
conducting a systematic review of the literature of a specific research area proposed by the
authors B.Kitchenham and S.Charters.

A systematic literature review is a form of secondary research that uses a well-defined
methodology to identify, analyze and interpret all available evidence related to a specific re-
search issue A systematic literature analysis is a form of consequential research that uses a
definite methodology to associate, analyze and clarify all available confirmation allied to cer-
tain research arise [8]. This method of conducting a literary review makes it possible to save
time resources and narrow the list of analyzed literature by filtering through keywords.

The sources in the systematic literature review are the scientific Internet resources "Sco-
pus" and "Web of Science". First of all, it is necessary to determine the keywords to search
for relevant literature in the scientific platforms "Scopus" and "Web of Science".

The following words were selected as keywords for the search:

— assessment methods;

— information security;

— objects of information and communication infrastructure.

Considering the above keywords, statistics of published documents were compiled in
the context of web sources. In Figure 1, you can see the publication trends corresponding to
the search keywords of the study area. This graph shows certain popularity of the topic of
assessing the level of information security, which determines the relevance of the study.

Figure 1 — Statistics of the number of publications by year of publication
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Also, the largest number of publications on the topic under study was in the period
from 2018 to 2021. During this period, "articles" were mainly published by type of
publications. As can be seen from the graph, there is a decline in 2022. It is worth noting
that publications for 2022 are still being accepted and under consideration, so the number
is reduced.

Based on the statistics presented in Figure 1, the articles were analyzed by the number
of citations by search, by keywords. As you know, the relevance of an article is determined
by the number of its citations. This analysis was carried out on the Internet resource Web of
science. According to the search results, by keywords, as well as by the type of document
"article", the total number of publications was 280. It is worth noting that most of the articles
during the study period were not cited. In this regard, a table has been compiled for the most
cited publications (see Table 1). In addition, according to a similar method of selection, the
Internet resource Scopus has issued 1227 articles.

The above number of articles considers the expanded research area; therefore, the
following categories are selected to limit the research area:

— computer science information systems;

— telecommunications;

— methods of the theory of computer science.

The last 5 years in the period from 2018 to 2022 were chosen as the study period. Also,
according to the type of publications, only articles for the last five years were selected.

After setting the above restrictions, the total number of publications was 39 in Web of
Science, and 140 in Scopus.

Based on the analysis of publications through the Web of Science Internet resource,
using the method described in the manual [8], a literary review was conducted on the
most-cited statistics databases Web of Science and Scopus in accordance with the field of
research.

In the article [9], the authors developed a methodology for assessing information
security in a special-purpose information and telecommunications system. During the study,
the authors used the main provisions of the theory of communication, the theory of queuing,
artificial intelligence, as well as general scientific methods of analysis and synthesis.
The difference between the proposed method and the known ones, which determines its
novelty, lies in the possibility of detection and qualitative interpretation of cyber threats;
modeling scenarios of acute situations caused as a result of the execution of cyber threats;
assessment of risks having characteristics of several classes and ranking of information and
telecommunication system assets by their level of criticalness; assessment of the number of
critically vulnerable assets of the information and telecommunication system; substantiation
of the constitution and likelihood of cyber threats that can cause extreme situations in the
information and telecommunication system; risk assessment of their implementation in
the information and telecommunication system. The practical significance of the proposed
method lies in the fact that its application makes it possible to automatize the mechanism
of analyzing cyber threats and assessing the risks of information security of an information
and telecommunications system.

In [10], an innovative ontology and approach based on the graph method for assessing
the information security of a network are proposed. The ontology is designed to represent
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knowledge about information security, such as knowledge about assets, vulnerabilities,
attacks, relationships, and inference rules to identify possible attacks. Subsequently,
an effective system structure and an algorithm for generating an attack graph were
developed to detect logical attack paths in corporate networks. However, the disadvantage
of this method is the complexity of calculating the proposed algorithm for generating an
attack graph. Moreover, the research in the article [11] shows that there is no standard
method for representing attack graphs or attack trees and that additional research is
needed to standardize this representation. Nevertheless, the studies carried out in [11]
are useful for assessing the level of information security of ICI facilities. Since to
conduct an assessment, we need data that describes the nature of cyberattacks, exploits,
and vulnerabilities.

The object of research in [12] is the critically important objects of ICI (CIOICI),
which are important in the field of national security, economy, and public security of each
country. In this study, the impact of cyberattacks on CIOICI is assessed using a hierarchical
flow model approach. Using this method, a CIOICI model is constructed that considers
the cyber-physical interaction within the station, the dependence between stations, and
the topological structure of the physical network. Further, based on the CIOICI model, an
impact assessment is proposed to quantify the losses caused by the spread of the impact
within the CIOICI network. However, the detailed relationship between the devices and
the target has not been investigated, as has the analysis of the spread of the attack on the
network.

The paper [13] presents a method of searching for aggregation operators to create
a classification of attacks on a certain system. To implement this method, a set of data
collected during decision-making exercises was used. Using the collected data, information
security experts performed tasks to assess security based on a realistic system. The results
showed that using the proposed method, it is possible to rank attacks on the system
by ratings of security components, ranking security components by ratings of specific
complexity factors, and, finally, ranking attacks on the system by ratings of specific
factors. In the course of this work, important conclusions were obtained that made it
possible to create tools to support expert security assessment. Such tools can reduce the
time and effort required by experts to conduct assessments and allow system developers
to make approximate safety assessments before they seek expert advice. These advances
will address the growing concern about the capabilities of limited expert resources due to
the increasing complexity and increasing number of information systems being attacked
by an ever-changing set of attacks.

There are 3 types of assessment of the level of information security of ICI: assessment
by reference, risk-based assessment, and assessment by economic indicators. For the study
in this article, the most appropriate type of assessment of the level of information security
is risk-oriented.

Results. Table 1 presents the above-described models and risk assessment methods
proposed by various authors [9-13] for the study period.
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Table 1 — Risk assessment models and methods [9-13]

rity assessment

Reference | Proposed method/model of information secu- Disadvantage
rity level assessment
[9] a method for automating the process of ana- | works only with identified informa-
lyzing cyber threats and assessing the risks | tion security threats available in the
of information security of an information and | knowledge base
telecommunications system
[10] graph method for network information secu- | the complexity of calculating the

proposed algorithm for generating
an attack graph

Multicriterial decision method

Requires the creation of criteria for
making a certain decision

hierarchical flow model method

the spread of the attack in the CIOI-
CI network has not been analyzed

a method of searching for aggregation opera-
tors to create a classification of attacks on a

requires constant updating of the
database of information security

threats

specific system

It is worth noting that a risk-based assessment of the level of information security is
carried out on the example of a certain system. Also, during the analysis of the literature, the
objects of research used to assess the level and risks of information security were identified.
Table 2 presents various research objects used for research in [14-19].

Table 2 — Systems for assessing the level and risks of information security [14-19]

References The object of the study
[14] monitoring and data collection system
[15] critical digital assets of nuclear power plants

[16]
[17]
(18]
[19]

Cyber-physical security systems

e-government websites

Internet of Things devices

Financial organizations

Along with the positive consequences, meeting the requires of community in the subject
of information and communication technologies development entails an increase in the
vulnerability of critical ICI facilities to cyber attacks. Given the ever-changing landscape
of cyber threats, it is important that the country constantly ensures the cybersecurity of its
information and communication technology infrastructure. Recently, cyberspace security
has received much-needed emphasis from the government and international agencies.
To ensure confidence, actions initiated by the country to counter cyber threats should be
constantly evaluated for their implementation and effectiveness.

It is in the work [19] that the research is aimed at offering a new look at the compara-
tive analysis and ensuring information security throughout the country. The article presents
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a study and analysis of the methods and practices adopted by countries to assess the situ-
ation in the field of information security and create guarantees regarding the implemented
information security measures. This paper examines the methods of assessing and ensuring
information security used by 37 countries in order to understand the global scenario and
identify various methods adopted to assess the state of information security.

In Kazakhstan, there is a methodology for assessing information security risks, in-
cluding the order of ranking financial organizations by the degree of exposure to informa-
tion security risks and rules for assessing the level of protection from information security
threats.

The methodology for assessing information security risks described in [20] is intended
for financial organizations that are not residents of the Republic of Kazakhstan. According
to [20], the information security service of a financial institution in the Republic of Ka-
zakhstan identifies the source of information security threats and vulnerabilities of critical
information assets, assesses the amount of damage caused by information security threats.
However, this methodology does not provide points regarding responding to information
security threats in case of its occurrence/detection. It is worth noting that the untimely pre-
vention of information security threats can lead to the penetration of intruders into the ICI of
financial organizations, followed by causing enormous damage to the capital of individuals/
legal entities.

At the moment, many financial organizations of the Republic of Kazakhstan are subject
to phishing attacks, which clearly shows not a strong level of protection from information
security threats. In accordance with [20], financial organizations, at the request of the autho-
rized body, must assess the level of protection from information security threats. Neverthe-
less, practice shows that setting a certain regulatory period for conducting this assessment
is more effective than on request. Also, the rules [20] do not specify further actions of the
authorized body after the assessment in case of revealing a weak level of protection from
threats to the information security of a financial organization.

In order to increase the effectiveness of the fight against cybercrime, developed coun-
tries have begun appropriate work to increase the security of their own information and
telecommunications networks for general and special purposes. Current global trends in
the spread of cybercrime and the activation of various attacks/threats to information se-
curity indicate the increasing importance of combating it and timely work to assess the
level of security of the logistics from threats to information security. The current situation
with cybercrime requires constant improvement of methods of combating cybercrime, the
development of information systems, and methods aimed at ensuring information security
in the country.

Conclusion. In this article, a systematic literature review of existing methods for as-
sessing the level of information security of various systems was carried out, as well as an
analysis of measures to ensure information security on the scale of financial organizations
of the Republic of Kazakhstan. As can be seen from Table 2, methods for assessing the
level and risks of information security have been most widely used in the field of finance,
nuclear energy, cyber-physical security systems, e-government, and the Internet of things.
The authors also formed a conclusion about the high relevance of research related to the
assessment of the security of ICI from information security threats.
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In addition, the results of the analysis showed the absence of a single standardized
method for assessing the level of information security and security in various areas of com-
munication. In this regard, further research to assess the level of information security will
be conducted on the example of satellite communication systems.

As a result of the review, the following tasks were set for further research:

0030p review of existing methods for assessing the information security of objects of
informatization of satellite communication systems;

determine the levels of the protected information;

to establish recommendations focused on improving measures to guarantee the
information security of ICI facilities on the example of satellite communication systems;

research of increasing the level of information security of ICI facilities based on the
developed evaluation method on the example of satellite communication systems.
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JLH.ITymunee amvinoaswt Eypaszus ynmmulx ynueepcumemi, Astana IT ynueepcumemi
Hyp-Cynman xanacol, Kasaxcman

AKIAPATTBIK-KOMMYHUKA LIUSLIBIK HHOPAKYPBLIBIM
OBbEKTLIEPIHIH AKITAPATTBIK KAYIIICI3AIK JEHTEAIH
BAFAJIAY 9JICTEPIH TAJIJIAY

Asmomammanovipblizan YUGPILIK MEXHONOSUSNAP dNEMIHOe KICINOPLIHHIY OACTbl MIHOEMMEPIHIY
6ipi aknapammulk Kayincizoik wadyvlioapull icke acblpyobll aloblH aryobly muimoi 20icin iz0ey 60-
abin mabwvinadvl. Ocvl Makcammapea Kol JHcemKizy 6apulcblHOa Kaszipel yakelmma 6aganayovly apmypii
20icmepi Konoamviiaowsl. Hezizinoe, ke3-keneen 3epmmey 3epmmey maxwbipblObIHblH OAMYbIHA 20€0U Uo-
ayoan bacmanaovl. Conovikmarnoa, oyn maxana Scopus scane Web of Science manimemmep bazacvinan
ELLILIMU Mamepuanoap Hezizinoe Kypuli2an dcytienepoiy aknapammelx Kayincizoiein 6aganayovly 3a-
Manayu a0icmepine, Kypaioapvl MeH Cmanoapmmapwlia 20eou wory doavin mabwiiaosl. Conoaii-ax,
AKNapammovlK-KOMMYHUKAYUATBIK UHDPAKEDITLIM 00beKminepindesi aknapammslik Kayincizoix oeneeuin
bazanayoviy KOIOAHbICMASL 20IiCMepiH Mmanday Kapacmulpsbliadsl. Ooeduemmepdi wiony HeeiziHoe
aknapammslk Kayincizoix deneellin b6azanay adicmepin manoay ycvinvliean. byn maxana KP Binim owcone
evlbiM Munucmpnieiniy 2022-2024 scolidapea apHanean blibIMu HcaHe (Hemece) bLIbLMU-MeXHUKAIbIK
Hcobanap OOUBIHUA HCAC 2ATLIMOAPOLL 2DAHMMBIK, KAPHCHIIAHOBIPY wenbepinde AP13067916 epanmmulx
2Hc00achl wenbepinoe aknapammolk JHeyuenepoiy aknapammsiy Kayincizoik 0eneeiin manoay 60tublHua
3epmmey Hamuoicenepi peminoe YCblHbIIAH.

Tyitin co30ep: kubepkayincizoix, 6azanay a0icmepi, aKNAPAMmMbIK-KOMMYHUKAYUSLTIBIK UHDpa-
KypuLiviv obvexminepi, KMAKH, acep emy, mayexen.
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A. C. AB/IHPAMAH, A. M. HYPYIIIEBA, JI. C. AJI/JALIIEBA

Eepasuiickuil nayuonanvuwiil ynusepcumem umenu JIL.H.Iymunes, Astana IT ynugepcumem
2opoo Hyp-Cynman, Kazaxcman

AHAJIM3 METOJOB OIIEHKH YPOBHSI TH® OPMAIIMOHHOM
BE3OITACHOCTHU OFBEKTOB HTH®OPMALIMOHHO-
KOMMYHHMKAIIMOHHOM MTHO®PACTPYKTYPBI

B mupe asmomamusuposanuvix yu@dposuix mexHoro2uti 0OHOU U3 2NA6HbIX 3A0aY NPEONPUAMUSL A6~
emest ROUCK P PexmusHo2o cnocoba npedomepawyenus pearu3ayuu puckos uHGopmayuonno beonac-
nocmu. B criyyae oocmudicenus dmux yenei 8 Hacmosuee 8pemMs UCHOTb3YVIOMCA paiuyHble Memoovl
oyenku. Ilo cymu, n1060e ucciedosanie HAUUHAEMcs ¢ IUMepamypHo20 0030pa pazeumus membl uccie-
dosanus. CnedogamenvbHo, OaHHAS CMAamvs npedcmaegisem cooou TumepamypHulil 0030p CO8PEMEHHBIX
Memoo08, UHCMPYMEHMO8 U CMAHOAPMO8 OYEHKU UHPOPMAYUOHHOU O€30NACHOCTU CUCTEM, CHOPMUPO-
BAHMBIX HA OCHOBE HAYUHBIX Mamepuanos uz 6az oannvix Scopus u Web of Science. Taxoce paccmampu-
6aemcs AHAU3 CYUWECMBYIOWUX MEMOO08 OYEHKU YPOBHA UHPOPMAYUOHHOU 6E30NACHOCMU 68 00beKmax
UHDOPMAYUOHHO-KOMMYHUKAYUOHHOU uH@pacmpykmypbl. Ha ocnose 0630pa numepamyper npedcmasien
aHanu3z mMemooos OyeHKu YposHs un@opmayuonnou desonacnocmu. IIpeocmagnenvt pe3ynvmanul uc-
C1e008anus N0 AHAIU3Y YPOBHA UHPOPMAYUOHHOU 6E30NACHOCTU UHDOPMAYUOHHBIX CUCEM 8 PAMKAX
2PAnMO6020 PUHAHCUPOBAHUA MOLOOBIX YUEHbIX HO HAYYHBIM U (UIU) HAYUHO-MEXHUYECKUM NPOCKMAM Ha
2022-2024 20061 Munucmepcmea oopasosanus u nayku PK, nomep epanma AP13067916.

Knioueevie cnosa: xubepbezonacnocmv, memoobl OYeHKU, 00beKmbvl UHGOPMAYUOHHO-KOMMY-
HuKkayuouHou ungpacmpyxmypet, KBOUKH, so30eticmsue, puck.
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PROGRESSIVE WEB APPLICATIONS CAPABILITIES TO BECOME
AN ALTERNATIVE TO MOBILE APPLICATIONS

These days, almost every successful company owns a web application for their business. Essentially,
companies try to develop a website that is easy to navigate, so that a user could have a great experience
regardless of a used device. But, a web app, even if developed to be used on any device, can be constraining
for a user as it does not have features that have been reserved to native apps. Thus, companies are forced
to develop a native application for their product and two applications are needed for two different OS
- 10S and Android - to reach all potential users and match the modern criteria of a successful product.
However, such a strategy of developing a web and two native applications are time and money consuming,
which is far from ideal from a business point of view.

In 2015, Google introduced Progressive Web Apps (PWA), which aims to close the gap between web
and native applications by combining the best features from web and native apps. In this article I am going
to describe several APIs that can make PWA feel like a native app.

Key words: progressive web applications, PWA, service worker, app manifest, API, mobile app, native
application

Introduction. Progressive web apps are web applications that behave and feel like a
native one. That is to say, PWA should have all the functionalities that a platform-specific
application has. It is done by implementing web-platform specific features such as service
workers and manifests with progressive enhancement and certain APIs.

A service worker is a script that a browser runs in the background, separate from a web
page acting as a network proxy. It intercepts any request and then decides whether it should
serve the resource from the cache via the Cache Storage API, from the network as normally
would happen without a service worker, or create it from a local algorithm. [1]

Figure 1 — Service Worker as a network proxy
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The web app manifest is a JSON file that provides information about the application so
that it displays properly as a native app when installed. The basic file must contain an app
name, icon and URL that opens when the app launches.

These days technologies are evolving at a rapid pace, in particular web and mobile de-
velopment. Big companies implement new technologies with better approaches into their
applications/products. Thus, they set the bar higher for other companies to stay relevant and
successful. As products on the market get better in general, users’ demand grows as their
expectations from other products' capabilities. That is why it is vital to have a reliable and
up to date application.

In relation to the network connection, users are used to getting the information fast even
with an unreliable and poor connection. They tend to leave an application if the wait is too
long. For example, as page load times go from 1 second to three seconds, the probability of
a user bouncing increases by 32% and the probability goes up to 123% by 10 second loading
mark as illustrated in Figure 2. [2]

Figure 2 — The probability of bounce

Users' behavior and expectations vary when they use web and mobile applications.
They expect certain features from both types of applications. So, the goal is to make an app
that provides native-app experience in such a way that a user assumes he uses a mobile app
when in fact it is PWA.

Until the appearance of PWA, platform-specific apps have been the only ones with
features like push notifications, offline mode, idle detection, home screen installation and
so on. Even though not every platform-specific feature can be implemented into PWA now,
there are ongoing improvements in terms of new APIs that provide the capability to make
PWAs with native-app experience. All of the APIs are built with the web's secure, user-
centric permission model so that a user does not have to worry about his vulnerable data.

In the Main Part I am going to explain several platform-specific features that can be
implemented into PWA with the help of certain APIs.
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Main Part. There are five features that are explained in this section. They are presented
in the following order:

1. A contact picker

2. Device Orientation and Motion

3. Idle detection

4. Content sharing

5. App shortcuts

A contact picker

A user expects to get access to his contact list whenever he uses a mobile app. This fea-
ture does not exist on web applications, but it is much needed in PWA. Therefore, Google
has created the Contact Picker API, which allows one-off access to a user’s contact informa-
tion with full control over the shared data.

Thus, use cases of the Contact Picker API are:

1. discovering a contact who uses a social platform;

2. selecting a contact to send an email;

3. making voice calls with voice over IP, which could get a phone number from a contact
list;

Security

A permission to use a contact list must be granted by a user every time when the request
to the list is made. This differs from native applications where a user grants access to a
contact list once. Additionally, there is no option to select all contacts to make sure that a
user selects only needed contacts.

The API is only available from a secure top-level browsing context. It means that to run
the code HTTPS is required. So, to develop locally a developer would need an SSH tunnel
as localhost uses an HTTP connection.

The Chrome team took these measures using the core principles defined in Controlling
Access to Powerful Web Platform Features for security reasons. [3]

Browser compatibility (Figure 3) depicts the main problem of the Contact Picker API
- Safari IOS does not support it yet. As it can be seen, only Android browsers have full
compatibility except Firefox for Android. Obviously, desktop browsers do not support this
API as a contact list only exists on mobile devices.

Device Orientation and Motion

Most mobile applications can rotate the display to work in landscape mode. The most
prominent example is YouTube where display rotation is the most common feature. There
are other mobile applications which highly rely on this functionality as it provides a better
UX.

DeviceOrientationEvent is an experimental Web API event which could be used to im-
plement display rotation in PWA.

Additionally, this event could be implemented with geolocation for turn-by-turn naviga-
tion.

There is another experimental Web API - DeviceMotionEvent. This event is suitable for
gaming and fitness applications, because it helps with character’s/person’s movement.

Coordinate system
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Figure 3 — Browser compatibility of Contact Picker API

The Figure 4. represents a device coordinate frame and three values (alpha, beta, gam-
ma) in the frame. X, y and z are in the plane of the screen and are positive towards the right,
towards the top and out of hand side of the screen, respectively. Alpha, beta and gamma are
properties of the DeviceOrientationEvent.

c. d.

Figure 4 — Device coordinate frame.
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The DeviceOrientationEvent returns rotation data, so that a developer knows
whether a device is leaning front-to-back or side-to-side and to which degree.
Therefore, the data allows a device to interactively respond to orientation changes.
The DeviceMotionEvent provides the speed of device positioning and orientation changes,
i.e. acceleration, and returns data about the rotation (in °/second).

The Device Motion Event includes four properties: acceleration, acceleration Including
Gravity, rotation Rate and interval.

The acceleration and acceleration Including Gravity properties are objects providing
data about acceleration on X, y and z axis, which represent the axis from West to East, from
South to North and perpendicular to the ground, respectively.

Rotation Rate corresponds to the same alpha, beta and gamma values described earlier.

Figure 5 — Browser compatibility of Device Motion Event.

Idle Detection

When a user does not use his device for more than a minute (if not changed manually),
the device goes into an idle mode. This mode means that a device is on but the screen is
off.

The Idle Detection API gives more flexibility to web development as it provides a user
(active or idle) and a screen (locked or unlocked) idle state. That is to say, developers can
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Figure 6 — Browser compatibility of Device Orientation Event.

start or stop the execution of the particular code by looking at the idle state and, consequently,
provide a better UX.

The use cases of the API are the following:

1. Networking or messaging applications to see if someone is available at the moment
(online/away/offline);

2. Publicly used applications return to the home page if there is no interaction with the
application.

3. Updating a service worker when the app is not used.

There is one remark when using the API - a user has to grant the permission for the
API to be used. Otherwise, the idle detection will not work. The Chrome team has designed
and implemented the API this way for security reasons using the core principles defined in
Controlling Access to Powerful Web Platform Features[3].

Initially, idle detection was gated behind the notifications permission, but the Idle
Detection spec editors have decided to gate it behind a dedicated idle detection permission.
Referring to native applications, there is no need for a user gesture to grant the permission as
such applications have access to locked/idle states. So, the Idle Detection API implemented
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in PWA is more transparent as it gives a choice to a user whether to allow the idle detection
or not.

Figure 7 — Browser compatibility of Idle Detection API.

Content sharing

Content sharing is one of the most used functionalities in native applications. It helps
users to save time by doing the minimal effort of clicking the share button and picking the
receiver.

Web Share Target API enables a web site to receive shared data from other sites or
apps. The goal is to allow PWA to appear in the Ul for picking an app to share to. This way
content could be shared from native to web apps and vice versa.

In order to use Web Share Target API web app manifest file must be updated with share
target entry so PWA is registered as a share target. A developer explicitly sets what kind
of data PWA will accept. The most common scenario is accepting data, links, and text.
Additionally, files could be accepted and some application changes as well.

Web Share API makes it possible for web apps to share links, text, and files to other
apps installed on the device to use the same system-provided share capabilities as platform-
specific apps.
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For a progressive web application to appear in the sharing Ul among native applications
the PWA must be installed on a device. After installing a user can open any app that supports
share functionality and by clicking the share button a user will be prompted with a target
picker where the installed PWA will be displayed (Figure 8). Finally, the shared data will be
available in the PWA with the implemented Share Target API.

Figure 8 — Content sharing in PWA.

The Web Share API has two methods - navigator.share() and navigator.canShare().

Navigator.canShare() is used before navigator.share() to identify whether the data is
sharable or not.

Navigator.share() is used for sending the data to a share target. The method must be
called on a transient activation, for example a click on the PWA icon in the sharing Ul,
which means that the method cannot be called programmatically without a user gesture.
Navigator.share() is a promise-based method with a required properties object, which must
contain at least one of the following properties: title, text, url or files

App shortcuts

App shortcuts are a handy way to get access to frequently used actions. So, a user
can boost his productivity and facilitate re-engagement with an application. Shortcuts are
invoked by right-clicking the app icon on desktop or long-pressing the icon on a mobile
device.

This functionality used to be reserved to native applications, but now it is available for
progressive web applications as well.

Shortcuts are defined in the app manifest json file in shortcuts entry, an array of objects.
Each object must contain a name displayed in the context menu and a url within the applica-
tion. There are other optional fields:

1) Short name is used when there is insufficient space for a full name to be displayed;

2) Description is not used at the moment, but is going to be exposed to assistive
technology;



Assetbekov A. B. Progressive web applications capabilities to become ... 25

Figure 9 — Browser compatibility of Web Share API.

3) Icons are used for shortcut representation in the context menu;

Best practices:

1) Order app shortcuts by priority. The available number of shortcuts varies depending
on the platform from 3 in Chrome 92 for Android 7 to 10 in Chrome and Edge on Windows.
So, the crucial shortcuts should be first in the array.

Figure 10 - Browser compatibility of shortcuts API.
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2) Use distinct names. As icons are optional there could be a situation when they are
absent. Therefore, it is unsafe to rely on icons to describe what kind of app they represent.

3) Analyze shortcuts usage. To provide a better UX it is better to track what shortcuts are
used more frequently than others.. This way the first point will be satisfied as well.

Conclusion. It is not necessary for a progressive web application to have all the
native functionalities to work properly. That is why transforming a web application into
a progressive web application is a gradual process, which allows developers to integrate
native-like features one by one without breaking the application. The APIs described in the
article have shown that features which have been reserved to native applications are now
available in web applications due to certain APIs. All of the APIs are designed securely
using the core principles defined in Controlling Access to Powerful Web Platform Features.
[3] In most situations a user gesture is required to use the API for PWA, which differs from
native apps where it is not needed due to the implementation differences. In other respects
PWA feels like a native app, even though not every browser provides support for interfaces
and methods of the APIs or they are in an experimental stage. So, a user experience can vary
from browser to browser, which is the most apparent PWA issue. PWA is still an evolving
technology and it will take time for browsers to catch up and be in sync with one another.
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MOBMJIBAI KOJTAHBAJIAPT A BAJTIAMA BOJIY YHITH
INPOI'PECCHUBTI BEb- KOJIIAHBAJIAPBIHBIH MYMKIHJAIKTEPI

Byn kynoepi apbip Oepnix mabvicmvl KOMRAHUAOA 63 OU3HECIHEe APHANRAH 8eD-KOCBIMULACHL Oap.
Heczizinoe, KoMnanusnap nanoanianbliean Kypoliebled Kapamacma natoaianyusbl mamawa mayicipubece
ue 6OYbl YU apiay oyal 6ed-cammol Jeacayea muipvicaovl. bipax éeb-bazoapiama, minmi ke3 Keieen
KYpblI2blod NAtOAlany2a apHai2an 60ica od, natuoaiaHyubiibl wekmel anadvl, cebedi oHblH MOOUIbOT
Konoanbanap yuiin cakmanean MyMKiHOikmepi dcok. Ocviiatiua, KoMnauwusiap 6apivlk aneyemmi
nauoanaHywbLIapaa Ko JCemKizy JHcoHe madulcmbl OHIMHIY 3aMaAHayU Kpumepuiiepine catikec Keuy yiulin
exi mypni OJK, 10S scane Android, ywin 03 onimi yulin dcepeinikmi KoCoIMuanul azipieyee maxcoyp. He-
2eHMeH, 6eb nen exi MoounbOi KoculMuiansl a3ipaeyoiy OYa cmpamezusacsl yaKuim neH aKuianvl manian
emeoi, Oy 6uzHec MypeblCblHaH UOealOaH alblC.

2015 sncvinwt Google exeyiniy 0e eH Hcakcvt MyMKIHOIKmMepiH OIpIkmipy apKblivl 6€0 dicone MOOUIbOT
KONOAHOANAp apaculHOazbl auakmslKmol scooea basvimmanzan Progressive Web Apps (PWA) ycoinoul.
Byn makanaoa men PWA-uvl mobunvoi Konoanbasa yxcama anramoin oipuewe API cunammaiimein 6ona-
MbIH.

Tyitin ce30ep: npoepeccusmi eb-Kocvimumanap, PWA, cepsuc kvizmemxkepi, konoanba manugecmi,
API, Mobunv0i Kocvimuia, sncepinikmi Konoanoa.
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BO3MOKHOCTH ITPOI'PECCUBHBIX BEB-IIPUJIOKEHU
CTATb AJIBTEPHATUBOI MOBWJIbHBIM IPUJIOKEHUSAM

B nawu Onu noumu Kaxcoas ycnewndas KOMnanus eiaoeem 6ed-npunodicenuem 0 coe2o dusneca.
Ilo cymu, xomnanuu nvimaiomes paspabomams 6e6-caiim, Ha KOMOPOM 1e2KO OPUEHIMUPOBAMbCSL, UMO-
0bl nonb306aMens Mo2 NOIYHUMb OMAUUHBLIL ONbIM, HE3AGUCUMO OM UCNONb3YeMo20 ycmpoticmea. Ho
6eO-npunodicenue, oadxice eciu OHO pazpabomano O UCHONb308AHU HA TI0OOM YCMPOUCMEe, MOdiCent
02PaHUYUBAMb NONL30BAMENA, NOCKONLKY OHO He umeem GyHKyull, Komopule Obliu 3ape3epeuposannvl Ojis
HAMuGHBIX npuaodicenuil. Takum o6pazom, KOMRAHUU BLIHYHCOEHbl pA3pabamuvléams HAMUEHOE NPUTLO-
JIceHue 01 c80e20 NPOOYKMa u Heobxooumo 06a npunodcenus ons 08yx pasueix OC, 10S u Android,
4UMoObl OXEAMUND 6CEX NOMEHYUATLHBIX NOTb30GAMENEL U COOMBEMCMBO8AMb COBPEMEHHBIM Kpumepu-
Am yenewnoeo npooykma. Oonaxo maxkas cmpamezus paspadomxu 6e6a u 08X HAMUBHBIX NPULOICCHULL
mpebyem epemenu u 0enee, 4mo 0aileKo He UOCAbHO ¢ MOYKU 3peHust buzneca.

B 2015 200y Google npeocmasun npoepeccusrnuvle 6eb-npunogicenus (PWA), yenvto komopuix aeis-
emcesi COKpawjenue paspuléa Mencoy 6€0-nPUiLONCEHUSMU U HAMUSHBIMU NPUTLONCEHUSMU 3a cuem 00beou-
HeHus Tyuux QyHKyuti uz oboux 6udos. B cmamve onucamno neckonvko API-unmepgpeticos, komopule
moeym coenamv PWA noxooicum na namusnoe npuiodicenue.

Kniouesvie cnosa: npozpeccusnvie seb-npunoscenus, PWA, cepsuc-eopxep, manugecm-npunodxicenus,
API, mobunvroe npunodicenue, HAMUBHOE NPUTOANCCHUE.
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BATBIC KA3AKCTAH OBJIBICBIHJAAFbI AUTB-UHOEKIUSICHIHBIH
SMUIEMUOJOTUSLIBIK KAFIANBIH BOJIKAYIAFBI
UHTEJJIEKTYAJIIbI TAJIIAY TEXHOJIOTUSICHI

Maxkanaoa adammvly umMMyH manuslavizel upycelh (AUTB unghexyuscol) Oaxviiay men mapa-
JVbIH  MAMEMAMUKAIbIK, M00enb0eyoi 0amblmyobly Hezizel 6azblmmapsl, SNUOEMUALLIK NPOYECIHIH
OUHAMUKANBIK, JHCOHE KYPLLIIMObIK KIACCUDPUKAYUALAPL KOTOAHBLIZAH.

Onemoezi scane Kazaxcman Pecnybnuxacsl 6otiviHua Ko socemimoi manimemmep MeH MiHOemmepze
baiinanvicmul gupycmuly mapanysl cunammaneat, bamvic Kazaxcman o6uLibicol aKiMOiiHiY 0eHcaynvik
cakmay 6ackapmacvinvly JKUTC-miy andein any ocone 08aH Kapcvl Kypec dHCOMIHOe2i 00nbICHbIK
opmanvikmat, Bamvic Kazakeman ootivinwa 2010-2020 srcoliebl cmamucmukaivlk Maiimemmep aiblHbln
AHUTB sicykmuipeandapobiy pempocnekmusmi, Kidcmepiix mandayiap Hcypeizinoi.

CoipKammanyuvlHbly KeCmeciHiy CUnammamacol oepinieen, mayekenioinici anblKmai2aH, ColpKam-
MAHYWBLIBIKMbIY CINAMUCIMUKATILIK 0012CamMOapbl meKcepinoi.

Foinvimu srcane npakxmuranvix 3epmmeyiepoe dSRUOeMUsHbIY KpUumepuiiepi MeH 6axbLiaybiHbly mapa-
bl AKnapammuli mexHonoeusaap mapanviHan KapacmuipuLiovl. bonoicay sicyiiecin cane mamemamuKkanoix
MOOENbOIH KOMOAHBICIMARbL 3USIMKEPILIK HCYUSTEPIH KOMOAHA OMBIPLIN MbLCANOAP KeMIPILOL.

Manwi3061 6azeimmapovty 6ipi AUTB indeminiy candapvin 6onscay, 6ip opeaHusmuiy iuminoei
UMMYHONO2USANBIK OUHAMUKAHbL 3ePMIMEY, XANbIK, OeHeelliH0e INUOEMUSTbIK HCA2OAUObIH OAMYbIH DONHCAY
Maceneci IKOHOMUKA MEH dNeyMEemmiK CalacblHOA&bL HCA20ANAp KApacmulpbliobl.

AUTB scykmouipeandapobt 6HOey dHcaHe Hcac epekulenikmepi OotublHua #cagoaiovl manoday yuli
Data Mining knaccughuxayus adicmepi naiioaianuliobi.

bamuvic Kazaxcman obvlivicvinbly dcac epexuenikmepi bouvinua AUTB scykmuipanoap mypaisl
10 51cvL10b1K Ke3eHiHIY ChlpKammanyublLIbleblH bonicay Statistica Konoanbanvl baz0apramanap naKkeminiy
KoMe2iMeH dncypeiszineoi.

Tyitin coe30ep: pempocnekmusmi manoay,Kiacmepiix mauoay,eskiud apaxauvixmolzol, Data Mining,
Statistica advanced.

Kipicne. KoramapIk geHcaynbIK cakTaynarsl 3ekTi Macenenepain 0ipi AKTK-xykmacer
npodneMacsl OONbIT TaObUIaAbl, OJI JKEAEN IIapajapAbl Tajlal eTeTiH KeH ayKbIMIIbI
QJIEYMETTIK, MEITUIIMHANBIK, SKOHOMUKAIIBIK canaapra oken coransl. AUTB — e anapiven
Kac ypIakThl, PEPOIYKTUBTI )koHE eHOCKKe KaOiIeTTi )KacTarbl afamMIapAbl 3aKbIMIaHThIH
KayinTi HHQEKIHUSIIBIK aypy.

* E-mail xoppecionaupytomero apropa: aigul-03@mail.ru
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FOHDMJIC capanmsinapeiabiy 6aranayst Goiibiama (2021), anemae AUTB xyKThIpran
37,6 [30,2 - 45,0] muu. agam Typansl, 770 meg agam XKUTC-neH GaiinaHbIcThl aypynaap-
naH Kadteic Oongel. BYY-ueiH AUTB/XKUTC OolibiHina OipikkeH OarmapiiaMachlHbIH
(IOH9PII[C) MaiMeTTepi OoiibiHIIa, Ka3ipri yakpiTTa AU TB-UHQEKIUSACHIHBIH MTaHICMHUS-
ChI TYpaKTaH/Ibl, 0ipaK eTe JKOFaphl JeHreiIe.

2019-2020 )xbutnapaarbl )KaHa KOPOHABUPYCTHIK MH()EKIIUSHBIH TaHAEMHUSICHI a1aM3aTKa
OapJIbIK MEMJICKETTEP/IiH OYPBIH-COHBI OOJIMaraH IIapajiapbiMEH >KCHIJICTIH MIHAETTEp
koibl, AUTB uH(eKIUsIHbIH Tapaty npodiieMachl ©3eKTi OOJBIN Kajia Oepei,oHTKeH] eM-
JICY CaJlaChIHJIaFbl TAOBICTAPFa KapaMacTaH oIl MISIIIIMETeH.

Kazakcrannma JKWUTC-TbIH anmelH  alny JKOHE OFaH Kapchl Kypec IKOHIHIeri
peciyOnuKanbIK OpTaibIKTBIH AepekTepi Ooiibiamma 30.09.2020 k. Ocy KOPBITBIHABICHIMEH
AUTB-undexnusceiabiz 27 100 sxarnaiisl TipKesi, OHbIH imiHe epiep — 16344, olienep
—10756, 6ananap — 146. Conpaii-ak, enimizne AU TB-col Gap sliennepnaeH tyran 4464 6ana
TipkenreH[ 1].

Kapasnbin oteipran moceneHiH e3ekTiniri bY ¥-upiH 2016-2021 xbpuigapra apHanraH
AUTB/XKUTC sxeninperi Gipikken Garnapnamacsiubie (FOHEMJIC) %aHa cTpaTeruschi:
2030 xburra Kapai onemue JKKTD iHmeTiH TOKTaTy MIiHIETTEMECIH ©31HE aliFaH/IbIFbIHA
OaiinanbicThl. byt Kazakcran PecniyonukachinbiH J[eHcaylbIK cakTay )KYHECIH TaMbITYIbIH
2016-2019 xpinnapra apHasras «JleHcaybIky MeMIIEKETTiK OarjapiaMachiHa KOpiHic Tar-
oI, Oy Kazakcranma AUTB-uH(beKIusICchl SNHIeMHUSCBIHBIH CUNIATBIH, dCipece KYKTHIPY
KayTIi )KOFaphl XaJbIKThIH HET13T1 TONTAPhIHAA 3epeiiey KaKETTUIINH TYIbIP/IbL.

Koramna AKTK »xyxrsipranaap meH JKKTb-meH aybIpaThlHAap CaHBIHBIH KOIl JKOHE
JKBUT CAlbIH YJIFAMbBIN OTHIPYBIHBIH OOJYbI Ke3 KeJIreH MEMIICKET YIIiH JeMOrpadusIIbIK,
SKOHOMUKAJIBIK JKOHE dJISYMETTIK mpoodiieMa 0okl Ta0buta bl [2-3]. baranay mamimeTtepi
ootibiama, anemuae AKTK/KKTB-mMen emip cypeTiH amamaapiabiH canbl 46 MUUIHOHHAH
acaznpl.byn aypynbiH sxahaHabiK 1HIETI KasipaiH e3iHae 30 MUJUTMOHHAH acTaM aJlaMHbIH
eMipiH Kujbl. JKbUT caliblH oJemMie 5 MUJUIMOH ajJiaM >KYKThIPaJibl, 3 MHJUIMOHHAH acTam
ajaM epecektep MeH Oananap emipneH kereni. XKacrtap AUTB undekusceiHa aca ocan
Ooubin keneni: gamyiisl exaepae AUTB xykreipyasi 65% dakrici anbikTanasl 15-ten 24
JKacKa JISUiHT1 ykacTapra kejiesi.[4-6]

By macenenin e3exriniri Kazakcranaa, acipece ®KyKThIPY KayTi dKOFapbl XajbIK TOIITa-
poiaa AUTB-uHbeKkuusch 31naeMUsICBIHBIH CUTIATBIH 3ePTTEY KaXKETTUTIr HEeH TyBIHIA/IbI.
ONUAEMUOJIOTUSUIIBIK ayPY/IbIH aMYybIH OOJIIBIPMAY YIIiH MOMYJISIUSIaFbl aypy/Ibl aJlbIH-
aja aHpIKTayFa MYMKIHJIK O€peTiH TepeH Tajjay 9icTepi KOJAaHBUIBII, CTATUCTUKAIBIK
OHJICYJII €HT13y KaXeTTuTri TybHgan oTeip [7-8]. OchlFaH OailylaHBICThI, MEIUITUHAIIBIK
MoJliMeTTepre OaiIaHBICThI 3ePTTEYIIEp KYPrizy, aAaMAapIblH OYKiad TOOBIHAAFB! aypyIbIH
CUTIATBIH 3ePTTEY 9MIICTEPIiH HHTETPAIUACHI )KOHE dMOeOar TCiI apKbLIbl AaHBIKTATYhI Ke-
peK.

KoMmproTepimik  oHE aKHmaparThlK TEXHOJOTHSJIAPABIH, COHAAi-aKk cakray
TEXHOJIOTUSICBIHBIH KapKbIHABl JaMYBIMEH KOITEereH JEePeKTepli cakTayra Ooajbl.
Jlepektepi 13/1ey TEXHOJIOTUSICHI KONITETSH MAJIMETTEPCH BIKTUMAJ, KYHJbI OiaiM/Ii
13]1eMl JKoHe HIiblFapa anajbl. Jlepekrep KOpbl TEXHOJOTHSACH — Oy ManiMeTTep 0aza-
CBhIH 0acKapaTblH OargapiaMaiblK KacakTama Typaisl FeulbiM [9-11]. lepekrepai i3aey
JIETEHIMI3 — MOJIIMETTEp MIA0JOHBIH 13/Iey MPOLECi, SIFHU KOITETeH TOJBIK €MeC, aHbIK
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eMec, Ke3IeWCOK MOJIMETTeplleH ajblHFaH MAJIIMETTepMEeH >KyMbic xacay[12-13].
Hepekrepai i3aey — Oy MajiMerTep 0a3achl MEH jKacaH/Ibl HHTEJUICKT CallaChIHIAFbl
ete Oenceni 3eprrey canacbl. CTaTHCTHKANBIK KOHE OHTAWIAHIBIPY aJrOPUTMIIEPiHIH
KUBIHTBIFBI  30%  canbICThIpMaNbl  JOJAIKIEH [apaMeTpiiepai  ColiKecTeHIipyi
kepcereni[ 14-15].

Hotmxenepai JleHcayibIk cakTay YHbIMIapbl MOAECIB/CY JEPEKTepiH TapUXH JepeK-
TEPMEH CaJbICTBIPY apKbUIBI OeNTii Oip aliMaKTarbl KYKIAIbl aypyaapAblH SHIEMHUSICHIH
0oJDKay YIIIH KOJJIaHa ajiajbl.

3eprTey MakcaTbl. MeAMIMHAIBIK aKNapaTThl Tajjay YLIIH CTaTHCTHKA SIiCTEPiH
KOJIJIaHy Ka3ipri yakpiTTa Ka3zakcTania »keTKITIKTI KeH TapajiMaraH, COHJIBIKTaH KYPri3ijreH
3eprTeyiepaiH Makcarbl Data Mining TEXHOJIOTHUSACH OOWBIHINA AIHIEMHUOIOTHSIIBIK
Karaaiapl Tanay, 0oJKay KOHE ajl/IbIH ajla aHbIKTay OOJIIbI.

Kazakcran Pecriyonukacei sxonezie barsic KazakcTan 0ObIIBICHIHBIH JKaC €pEeKIIeNiKTepi
ooiibiHma AWTB sxykteipranmap Typanbl 10 SKbUIABIK Ke3EHIHIH PETPOCIEKTHBTI,
KJIACTEPJIIK TaJay KYPTi3y.

MatepuaJ xoHe aicTep. 3eprrey o0bekTici petinge barbic KazakcTaH 00bUIBICHIHBIH
xac epekenikrepi 6oibiama AUTB sxykTeiprangap Typaisl 10 Kbuiablk kezeHiHiH (2010-
2020 xoK.) IepeKTepl TaHIalIbl.

XaJbIKThIH Ay pYIIaH IBIFbI OOMBIHINA AepEKTeP/Ii )KikTey Data Mining TeXHOJIOTHSICBIHBIH
YJIKEH IEPEKTepPiH Tajiay apKbUIbl XKYpriziii. Jepekrepai Tanaay Kypasbl petinae Statistica
KoJanOansl OarapiaaManap nakeTi KongaHbuabsl: StatisticaBase, StatisticaAdvanced, Data
Mining nepexTepiH eHAaipyre apHanraH Kypaiaap. KmacrepieyaiH »aHa omicTepi TOIBIK
OalinaHpic 9iciHe Heri3aenreH rpadukaiblKk GopManapablH KOMETiMeH Talfay jkacayra
MYMKiHIIK Oepai. ['paduxansik hopmanapabl KoIAaHy apKbUIbl JepeKTeplli KiacTepliey
Tangay yakbITBIH KbICKApTyFa, COHIAH-aK CHIPKATTaHYIIBUIBIKTEI OOJKay aJrOpUTMiH
a3ipyieyre MyMKiHIiK Oepai. Kiactepitik Tanaayibl 1epekTepre KOJIJaHy/IbIH MPAKTHKAIIBIK
MaHBI3IbUTBIFBI MEH ©3CKTLIIr KYMOH TYJbIPMaiibl, OUTKEHI Ka3ipri aknapaTThlK KOFam/ia
JepEeKTep MEH OJapJibl TaylJay HOTHXKeJepi OONFaH CalblH YIKEH poJ aTKapajbl, al Kia-
cTepiiey OyJ1 iepeKTep/i ’KaKchl TYCIHyre MYMKIHZIK Oepei.

ONuUAeMHOJIOTUSIIBIK, CTATUCTUKAJIBIK 9JIICTEP Il Naiianana oTeIpsbid, enimizeri JKKTh
IHJICTIHIH TapaJIyblH TOKTATY XOHIHJET1 )kahaH IbIK MaKcaTTapra KOJI )KETKI3y KaKeTTUIITH
eckepe OThIpbi, barbic-Kazakcran o6mabickiHgarbl  AUTB-undekuuscer  OolibiHIIA
SMHUIEMHOJIOTHSUTBIK KaFaaiabl Oaranay, AUTB sxyKThIpFaHaapIbIH )KbIHBICTHIK THICTUIIT
OOMBIHIIIA PETPOCIICKTHUBTI, KJIACTEPJIIK TajlJIay JKacay.

Hotu:kesiep MeH TajKbpLIay. DKCIIEPUMEHTTIK MOIIMETTEp/l OHACY KOMIIBIOTEpAE
CTaTUCTUKAJIBIK TAKSTTEPJIE JKYPri3iIIi.

Kaszakctan XankplHBIH Herisri tomrtapbl apackigaa AUWTB-uHpeKIUsIChIHBIH
KaraainapbIHa KyprizinreH MoHUTOpUHITIH 2010-2020 sxpuinapeiaby aepextepi, AUTB-
HBIH TapajlyblH 3MUIEMHUOIOTHSIIBIK KaJarajay HOTHXKENIEP] eNjie IHASTTI THIM/II OaKbuiay
YILIiH FaHa emec, conaai-ak 2030 >xpUTFa Kapai XaubIKThIH JCHCAyJIbIFbIHA KaTep PEeTiHAe
AWNTB-uHpekIHace >MHUASMHUSACBIHBIH 6Cy KApPKBIHBIH aWTapibIKTail KBICKapTy YIIiH
OapJIbIK aJIFBIIIAPTTAPABIH Oap EKEHIH KOPCETTI.

2020 sxputFbl KbIpkylekke apHanraH «Kaszakcranga AUTB» ecebine colikec ANUTB
OepinyiHiH Heri3ri xonaapsl (1-cyper) [1]:
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— EH xWui Ke3/1eceTiHi — BUPYCTBIH JKBIHBICTBIK KOJIMEH Oepinyi: on 57,9% kypaiinbl.
By xarnaiina rerepocexkcyanablk koiaMeH 54,3%, aim roMocekcyaiblK JKoiMeH Tek 3,6%
Oepineni.

— AUTB-HBIH exiHIIi Heri3ri Oepiity KOJIbl — MapeHTepaibIbl (IFHU, WHBEKIUSIIBIK
€CIPTKiHI KOJI/IaHy Ke31HJIe MHeJIep MEH INIpHIITep apKpuibl): 38,1% xarmaii.

— backa xoHe OenrinenOereH oepy sxonaapsl — 4%

Cypem 1 — Kazakcran Pecriyonukacsiana AU TB-undekusicbHbIH Oepiiry KoJiapsl.

AWTB xyKThIpFaH agaMaapbIH 9JICyMETTIK MOpTeOeCiHiH MaTiMeTi OOMBIHIIIA )KYMBIC
skacaiitei AUTB xykTelpran agam — 33,4% ,xyMmbicebiznap — 48,8 %, corramrangap
JKOHe TepreyMeH Kamanranjpap 12,6 % kypaiiael. AUTB xykTelpraH agaMaapislH okac
epeKiIeniri OoMbIHIIA TaNAalTHIH O0JIcaK eH Kol Ke3aecin Typranbl 30-39 jxac apanbiFbiHaa
39% (10 609 amam), 40-49 xac apansireiga 34% (9 125 anam), 50-59 xac apanbiFbiHIa
13% (3 645 agam), 20-29 xac apanbirbiaaa 10% (2 708 agam), 60 sxactan xorapst 2% (407
angam),0-14 xac apansireiaga 1% (334 agam), 15-19 xac apaneirbiaga 1% (272 anam) 2
CypeTTe KOpCEeTireH.

Cypem 2 — Kazakctan PecryOnukachIHEIH xac epekmieniri oorisrama AUTB sxyKThIpran agaMmmap
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2020 sxputFbl KbIpkyliekke apHanraH «Kaszakcranga AUTB» ecebine colikec ANUTB
OepinyiHiH HEri3ri )KOJIaphl.

AKIapaTThlK TEXHOJOTUSIAD TYPFBICHIHAH OJNUACMUSHBIH Maiina OoNybIH, Tapa-
JYbIH oHEe Oakpliay KPUTEPHUIIEPIH 3epTTey MaHBI3Ibl FHUIBIMH JKOHE MPAKTHKAIBIK
3epTreyiepain 0ipi 6osbin Ta0dbutabl. AUTB iHIeTIHIH anIbIH aJly MOCEJICCIH eIy YIIiH,
SMUIEMUSHBIH OPILIYiHIH YaKbIThIHIA OOJDKay OIIAFbI YIKEH pell arkapaisl. bomkay cesi —
IpeK Co3iHeH aiblHFaH OoJamaKTa OOBEKTIHIH BIKTUMAJBIFbIH, Kai-KYii Typalibl KOHE
(HeMece) onapbl JKy3ere achlpylblH OanaMa >Kougapbl MEH Mep3iMIepi Typalibl FEUIBIMU
HETri3/IereH mabiMaayasl oinaipeni [3].

BorkaypiH Herisri o/iicTepiHe MbIHAJIAP )KaTabl:

* MOJIEJNIBJICY 9JIiCTEPI;

* capanrTaMabIK Oaranay;

* CTATHCTUKAJIBIK dJiCTEep;

* MHTYWUTHBTI (MamaH OypblH OoJpKayablH Oenrisi Olp TypiHE FBUIBIMH OJiCTepmi
KOJIJIAHFaH JKOHE TeXHUKAJIBIK Kypasiiap/ibl KOJJIaHOal OpbIH/Ial anaTkiH ke3ne) [4].

Ocpuiaiiia, Oomkay *KyHeciH Kypy HeMece MaTeMaTHKaJIbIK MOJCIbACPl KOIJaHyFa
HET'13/IeJIreH KOJIJIaHbICTaFbl MHTEIICKTYaJI Il XKYHEIeP Il KOJIIaHy MaHbI3/IbI OOJIBIIT KeJIeIi.
AJBIHFaH MOJIMETTEP/I1 )KOHE OJIap bl TAIJAy/Abl ECKepE OTBIPHIN, HAKTHI AiMaKTaFrbl HAKTHI
JKaFAai bl HEFYPIIbIM JI9J1 CUTIATTAUTBIH YATiHI TaHaay.

2010-2020 xbutnap apansirbiaga bareic Kaszakcran o6nbicel Oolibiaiia AUTB aypybiHbIH
AHBIKTAJIFAHbI )KOHEJIEC KAaWThIC OOJFaH Typalsibl ChI3BIKTHIK Ipadukre kepceriireH (3 cy-
per).

Cypem 3 — ATB aypybIHBIH aHBIKTaJIFaHBI )KOHE/IE KaHThIC OOFaH
Typabl ChI3BIKTBIK TPA(UK

AypynsiH chBBBIKTHIK Kecteci (cyper 3.) AKTK — »kyknacel (aHBIKTalFaH >KOHE
KaiiTeic OonraHmap canbl) bareic Kaszakcran xanker OoiibiHma 10 KBUIIBIK KE3€HHIH
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JKUBIHTBIK IEPEKTEPiH eckepe oThIphi Kypbuiral (2010-2020 xok.). Adciucca oci OOHbIH-
mra AVTB skyKThIpFaHgap/bl 3epTTey KblIIapbl, KoopauHartanap oci OoibiHma — AUTB
JKYKTBIPFAHAAP/IbIH a0CONIOTTIK CaHbl KOWbUIFaH. byl ChI3BIKTHIK Tpaduk 2011-2013
JKBUIIAP apalibIFblH/Ia aHBIKTAJFaH TYPaKThl ypaicTi kepcereni. 2014 xpuigan Oactam
aHBIKTAJIFaH aypyIapblH HOTH)KEC] eKi ecere koOetoine OainanblcThl Hamapiaiaer. 2019-
2020 sxpI1apbl 3epTTEY/IiH alFallKbl )KbUIaPBIMEH CaNbICThIpFaHia TYpFeiHAapasiH AUTB
aypybl OipHelle ece apThill, ©3iHAIK IIbIHBIHA KeTelli. byl KepceTKIIITiH jKoFapbliay epe-
CEK JKacTarbl TYPFBIHJAP JKOHE Ocall TONTAFbI-eCipTKI TYTHIHYIIbUIAP, COTTANFaHap apa-
ceizia AUTB-undekusaceiabiH TapanybiMeH xkoHe AUT -uH(EKIHUICHIHBIH KbIHBICTHIK
TPaHCMHCCHUSICBIHBIH OPBIH JTyBIMEH TYCIHIIpiTIe .

Ocpunaiima, bateic Kazakcranna AWTB-MeH CHIPKAaTTaHYUIBUIBIKTBIH KOIIKBUIIBIK
cepriHin Oaranay ke3inge 2013-2020 xpiimap Ke3eHiHAE KbUIAaM KeTepiny xone 2012-
2013 xbutgap, 2016-2018 xkblnaap yakslIT apaiblFblHAA KYJ1bIpay aHBIKTaTa bl

Beptukannbl xonblHBIH KepceTkinn 1,3%-ra geiiin TeMeHpaeyl Oyi TEHJCH-
nusi abCONIOTTI JereHal OlIaipMeiai, eUTKEHI HOTIKEJICPIIH KaKCapyblHAH KeWiH
Oipringen Hamapiaiasl. AUTB )yKTeIpranaapblH ChIPKATTaHYIIBUIBIK JSHIeH1 00¥i-
BIHIIIA JKEJIIIK KECTeHI TaJjjay Heri3iHje Kbl OOMBIHINA YII TOMKA 06JIil KepceTyre
Oonansl:

1) (2011-2013) — opTamia KeTepiy *KbuUlIapsbl;

2) (2010,2014-2020) — >xoFapbl KOTEPLTY KbULAAPHI;

3) (2012-2013,2016-2018) xkynasipay KbUIgaphl jkoHE apaiblk kbuigap (2013, 2016,
2017).

Co3bikThiK rpadukana BKO Ooiibiaiia AWUTB-maH kaiThic OONFaH JepeKTep/IiH
HoTmxkenepi 2010 - 2013 >kpuinap apanbIFBIHIAFBI ©TIM-KITIMHIH JKbUIIAM KOTEPiTyiH
KepceTesi.

2013-2015 >xpurmap apaljbIFbIHIA KAWUTHIC OOJIFaHIAP/BIH CaHbl TOMEHJIETCHI, OCHI
JKBUIIAPBI aHBIKTAJIFaH HayKacTapIblH CaHbI )KOFapblIaybl Oalikanaabl cedeli onap ecernke
aJIBIHBII €M aJIFaHap OOJBIN KeJeIi.

2016-2017 sxpu1aapsl AepeKTep TypaKkTaHOaabl, HHbEKIUSUIBIK €CIPTKiHI TYTHIHYIBLIAD
apaceinna AUTB-nHGeKIUsICHIHBIH Tapanybl, COHJIAii-aK KbIHBICTBIK KOJIMEH KYFaThIH AP
keOeiiin keneni. Anaiina, 2019-2020 xpurnapra Kapali KOPCETKIIITIH a3/1all TOMEH/ICTeHIH
OalikaiimbI3. by kepceTkim Oip KarblHaH jkKaHa KOPOHOBUPYCTBHIK MH(MEKIUS MaHIeMUs-
ChI Ke3CHIHJIC aKIapar HHAY )KYWECIHIH HaIIapliaybIMEH, aJl eKiHIII )KaFbIHAH OHBIH ©JIiM
TYpiHIETi cangapbIMeH TYCIHAIpiIesi.

Cypem 4 — AVTB xyKTbIpFaHiap HOTHKEIEPiHIH CHIaTTaMaJIbIK CTaTHCTHKACHI
6ap ANMEKTPOH/IBIK KECTE

bakpiraHaTelH ~ alfHBIMANBIHBIH  IpiKTeMeni opTama MoHI ¢dopMmyna OoWbIHIIA
aHbIkTamagsi(1):
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~ ini
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MYHJIaFbl N-YATiHIH KesieMi (aliHbIMaJIbl X OaKblUIayTapbIHBIH HAKTBI CAHBI).

Menuana-Tancelpbic OepiireH MOHIEP KaTapblH JKOFapblia J1a, TOMEHJAE JIe OCHI
MOHJIEP/IiH T€H CAHBIMEH KapThIChIHA OOJIe/I.

Mopa — OyJ1 MaJTIMETTEp JKUBIHTBIFBIH]IA KU1 KE3JISCETIH MOH.

IpikTemeni qucnepcus allHBIMAIBIHBIH ©3TEPTillTITiH CHIIATTaIbI, popMynna OOHbIHIIA
ecenreneni(2):

., Z (Xi _)_()
S, :I_ln——l (2)

MyH7arbl X — yJITiHiH OpTaia MoHiH Ginipesi.

Hucnepcust 0-eH 1mekci3aikke aeiin e3repeni. Typakrbl aiHbIMabiap — 0-1iH 3Kc-
TpeMaJIbl MOHI ©3TeprillTiKTiH 00IMaybIH Oiaipei.

Bacrankel nepekrep ¢aiinbinna bareic Ka3zakcTaH 0OBUIBICBIHBIH JKAC SPEKIIETIKTepl
ooiibiHa AWUTB skykTeiprangap Typansl akmapar Oap. Ocbl KiacTepiiK TasfaylIbiH
MaKcarhbl Kjactepiepre 0oy >KoHEe TOyeKeNl TONTApbhlH aHbIKTAay YIUiH THICTI KiacTepi
aHBIKTAay OOJBIN TaObUIAABI. By MoceneHi mienry yIIH KIACTePNIIK Talijayibl KOJJIaHy
HET'13T1 THIMJII JKOHE JKarlai KOJIJaHbUIAThIH 9/1icTepIiH Oipi OOJIBIN CaHaIA b

JKakpIHIBIK mapackl peTinae EBkin apakambiKTeiFbiH (EBKINIOBO paccTosiHUe) Maii-
JaniaHa OTBIPBII, KJIACTEPIiK TalAayIblH HePaPXHSIIBIK POCIMiHIH KOMETIMEH OHIp/iH Kac
epeKuIerNikTepi OOMBIHINA KIKTEYI KYPrizeMis, aj KiacTepiepi OipiKTipy YIIiH — TOJBIK
OaiiyIaHbIC 91iCiH (METO/I IIOJIHOM CBSI3H ) 9/1iCTEPiH KoyaHaMmbI3. OChl 9/1icTEp/IiH KOMETIMEeH
eKi kmactepi 6ip-0ipiMeH OaiaHbICTBIPYFa OONa b

Ke3s-kenreH exi kiactep 0ip-0ipiHe kaKbIHIaFaH 1a, ojap O0ip-OipiHe )KaKbIHIal OacTaii-
JIbI YKOHE OallJIaHBIC KAIIBIKTHIFBI MEH epeKIiliesieHe . Tuicinie, OipiKTipiIreH Kiactepiep
Ke3JIeHCOK KaJiFaH OeJIiKTep/ieH 0eJIeK 3JIeMeHTTepre aliHama bl. byl KyObUIbIC HbICAHIAP-
Ibl Oip-OipiMeH OalIaHBICTBIPAbl JKOHE KIacTepiepAl Kypaiubl. ANBIHFaH KiIacTepliiep
Y3bIH Ti30eKTepMeH YehIHbUTFaH. Kitactepnepain TaOuFu caHblH aHBIKTAy aiiMaKTapbl Kiia-
crepiepre OipiKTipy apKbUIbI XKYPri3isii.

Kac epekmrenikrepi 6oibiHIIa AVTB aypyblH KYKTBIpFaH afamMaap/sl KiacTepiepre
OipikTipy TOpTiOi HepapXHUsUIBIK araliTa 5 CypeTTe KOpCeTiJIreH.

Benynui Garanay yuiin temenieri popmysia OOWbIHINIA KapacThIpyFa 0OJIa bl
e

maxmij  (4)
1=1

a +a,

= —Zbu (3) S =

x|k

MyHzaFb! &8 — KIacTapbIH OpTa KiacTepiik apakambikTsirst |- 110 com knac-repmix
apachIHIAFBl OpTaIlla KJIACTEPITIK KAITBIKTHIK OOJIBIT KEeJIeTi.

Erep o0bekrinep apachiHIarbl OapIiblK albIpMalIbUIBIKTap Oip-OipiHe TeH Oojica, oH/a
Oy xarmaiima onmap 1-re TeH Oomanel. JKorapeina CHUIaTTalIFaH alTOPUTMHIH KOMETIMEH
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aJIpIHFaH OeiMep 1-re TeH Hemece apThIK eMec Oobin Kenei. HoTkecinae Oapibik Hbl-
canzap Oip kiacrepre OipiKTIpijareH ke3jie ojap 1-re TeH Ooabl IS aifTa ajiaMbl3,

Cypem 5 —2010-2020 >KbLT apaJIbIFBIHAAFEL, )KaC epeKIIeNiri OOHbIHIIA
AWTB aypybIH KYKTBIPFaH alaMIapIbIH KIaCCHPUKAINACHL.

Tonwik Oatinanbic omici. Tonbik Oainanbic omici (arputmr. Complete-linkage clustering)
—MepapXUsIIBIK KIIACTepIIey alropuTMaepiHiH Oipi. bactankpiaa yinriHiH op 3J€MeHTI Keke
kJactep 6onbin cananasl. ComaH KeliH KknacTepiiep 0apIiblK 3JeMeHTTep Oip KilacTepre eH-
TeHIIe IOHEeKTI Type OipikTipinesi. ATTOpUTMHIH 9p KaJaMbIH/Ia eKi KiacTep OipikTipine,
OJIAp/IbIH apACBIH/IAFbl KAIIBIKTBIK MUHUMAaJIbI OOJIBIT KEJIETi.

OObeKTiziep >KUBIHTBHIFBI OOJIIHIeH KIIacTepliepAiH TaOWFH CaHbIH AHBIKTAy YIIiH
MEePapXUSIIBIK KJIacTepIIeyIiH op ACHICHiH/e KUBIHTBIKTHI OCBI KJIACCTBIH CaHBIHA OOJiHII.
Krnactepnepnin op xyObIMeH onapabi Oip-OipiMeH imki OaiimaHbichl OaramaHbl. JKoHene
op KJacTep YLIIH OpTalia KJIacTepiliK KallbIKTBIK €CenTeN .

balimaHpICTBUTBIKTEI ~ OaFanay Ke3iHAE opTalia KJIACTepPIlIUNK  KalIBIKTBIKTHIH
KJIacTepapajIblK KAIBIKTHIKKA KaThIHACH! KOJIIAaHBUIAIbL:

JennporpamMmMaza oObeKTiep KiacTepiepre OipiKTipiIeTiH KamIbIKTHIKTAp (IIapTThI
OipiikTep/e) KeNeHeHIHeH OeNTineHe].

Kennenen ock 6akputaymapabl OuTTipei, Tik-0ipiKTipy KallbIKTBIFBIH OiTipeti.

XKac epexmreniri OofipiHma AUTB aypyblH KYKTBIpFaH agamaaplblH Kiaccupuka-
LUSICBIHBIH JIFAIIKbl KaJaMbl KeJleci KiIacTepiepaeH TYpabl:

1) 2019 — 2020 (11ait) *bIgapablH KOPCETKIIIIHEH;

2) 2016, 2014, 2012, 2011 >xpurmapsIH KOPCETKIITIHEH;

3) 2017, 2018, 2013, 2015, 2010 >xbu1aapABIH KOPCETKINTIHEH KYPalIbl.

Bynan opi 6ip kmacrepre (2016, 2014, 2012, 2011) sxpurmapAplH KOpCeTKIMITepiMEH
(2017, 2018, 2013, 2015, 2010) xpuTIAPIBIH KOPCETKIMITEpi KiacTtepiep OipikTipinesi.
[Ipornecc Gapabik HEICAHTAPBI Oip KiTacTepre OipikTipyMeH askranaipl. COHBIMEH, IeH0-
rpaMm OOMBIHIIIA, OYIT XKaFqaiiia I Kiactepre 0emyre Oomabl.
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Case ID Cluster Means (Bo3pacr)

Cluster Cluster Cluster

No. 1 No. 2 No. 3
0-14 xac 0,50000 0,40000 1,00000
15-19 xac 1,50000 0,60000 0,00000
20-29 xac 17,50000 7,80000 17,50000
30-39 xac 34,50000 18,00000 12,50000
40-49 xac 15,50000 6,00000 6,75000
50 xac+ 6,50000 6,60000 2,75000

Cypem 6 — Cluster Means 31eKTPOHIIBIK KecTecl

AJBIHFaH KJIaCTepJepAiH epeKIIeTIKTepiH Tanjar, kac epekmeniri ooibiara AUTB
aypybIH KYKTBIPFaH aJiaMJIap/blH KOPCETKIIITEPiHIH OpTallla MOHIH CaJbICThIPa OTHIPHII,
013 KeJieci HOTYIKENePTe KOJ JKETKI3IIIK:

Cypem 7 — EBKJ’II/IJI[OBO ApaKallbIKTbIFbl 3JICKTPOHABIK KecTeci

Bipinmi kinactep tyractaii anranga 20-29, 30-39, 40-49 sxac apaibIFbIHIAFBI €PEKIIEIIT
ooiibiHa AWTB aypybIH KYKTBIpFaH azamaap epecek TYPFbIHIAp MEH XalbIKThIH Ocall
TONTApBI-€CIPTKI TYTHIHYIIBIIAp, coTTanFanaap apaceiiga AUWTB  uHekuusceHbIH
TapalyblHbIH OpTalla JeHreiMen epekuieneneni xkone AUTB undexkunsachlHbIH AKBIHBICTBIK
TPAHCMHCCHUSICBIHBIH YJIEC CaIMaFbIH ajlaibl;

Exinmi xmactep ywin 1 kiacrepmen cambicTbipranga AWTB-kyKnachbiHbIH TeMeH
kepcetkimi ToH. Exinmi kmactepre 20-29, 30-39, xac epekiueniri 6oiibiama AUTB ay-
PYBIH JKYKTBIDFaH afaMaap TOyeKelsli >KOFapbhl OOJIBIN Kesieadi, anaiiia aakoroju3MHEH,
HAIIAKOPJIBIKTAH JKoHE OacKa Ja 9JIeyMeTTIK aypysaplaH 3apjan LIereTiH ajamaap TOObI
Kipeni;

Ywinmn knacrepae 0-14,15-19 xac apanbiFsinaa xoHene 50 xactan Korapbl

’Kac epekureniri Ooiipiama AUTB aypybIH KYKThIpFaH afamaap UHbEKIMUIIBIK €CIpTKiH1
TYTBIHYIIBUIAD apachlHAd, COHJAl-aK aypy aHaJaH YPBIKKA JKbIHBICTBIK >KOJIMEH >KOHE
Kypcakka xxyrarbiH AUTB-uH(eKunsceIHbIH Tapaiybl MEH Oepiily KOJIbl KOPCETIITEeH.
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8-cyperte xac epekeniri ooibiHa AUTB aypybIH )KYKTBIpFaH afgaMaapabiH YII TO-
ObIHA KAThICThI alTAPJIBIKTAN albIPMAIIBLIBIKTAP/IBI aTall OTyTe 00JIA b

Cypem 8 — Op KiacTep YIIiH opTaria MaHaep rpaduri.

Cypem 9 — Kanawm OoiibiHIna OipiKTIpy CXeMachIHbIH rpaduri.
(EBKJIMIOBO paccTOsTHUE)

Aram Topi3ni (IpeBOBHIHBIN) KiacTepiey HoTHxkenepi. Juarpammana KejieHeH OCh
OoMbIHIIIA KaJamIap, TIMHEH — KalmbIKThIKThI OctiHeneiai (Cypet 9.) Bapiblk HbicaHap-
Il Oip knactepre OipikTipy ymriH anroputrmre 11kamgam Kaxer 6onsl. bactankel momyss-
[Usl YIIIH YIIHIN Kagam/a OalKasibl, ajl MAKCUMAJIIbl CEKIpY Ceri3iHIN KaJaMHaH KeHiH
Oalikanajpl, ochltaiiiia 3 kiacrepre 06JiHyi aHBIKTAIIIBI.
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XKac epexmeniri OoitbiHia AWTB aypyblH KYKTHIpFaH ajamJIaplblH KIacCU(H-
Kanusi caHpl OOWBIHINIA KiacTepre OIpiKTIpiIin KoHene KIacTepiepAiH KOFapbl ecyiH
AHBIKTAIbI.

XKac epekmieniri OoWbIHINIA OIPTEKTI TOnTapra OIpPIKTIpy HICHIy >KOJIBIMEH aJbIHFaH
CTaTUCTUKANBIK OOJDKamay HOTHIKeNepl MHBEKIMSUIBIK ecipTkini TyTeiymbmap (MET)
CBHIPKATTaHYIIBIIBIKTHIH OOJDKAayIIbUIAphl OONBINT TaOBLIATHIHBIH KepceTTi. Data mining
KOMETIMEH OHIIEY XalBIKTBIH OChI TOOBI AWTB-nH(DeKIusacH iHAeTIiHIH 6CyiH bIHTaTaH-
JBIPY/IBI JKaJFACTBIPBINT OTBHIPFAHBIH KOPCETTi. JKBIHBICTHIK JKOIMEH OepineTiH WHMEKIn-
slap KYPBUIBIMBIHJA MaHBI3/IBI POJI aTKapaThlH KOWH(EKUUsIap YJISCIHIH apTybl YIIKCH
aaHIay IBUTBIK TYbIPAIbL.

KopwiThinabl. Kasakcramma 2030 sxsurra  kapait  FOHEMJIC-tiH  «90-90-90»
JKENIENJISTUITeH CTPATeTUSCHIHBIH MakcarTapblHa KoJ JkeTkizy ymniH enge AUWTB
WHQEKIMACBIHBIH SMUIEMHISIIBIK MPOLECIHIH JaMybIHAAFbl Kasipri ypaicrepni, Oepity
JKOJJIApbl MEH HMHQEKIHUSHBIH BIKTUMAJ TapaldyblH alKbIHIAWTHIH, Kayill (akropiiapbiH
(M IEeMHUOIOTHSUTBIK, 9JIEYMETTiIK-3KOHOMHUKAIIBIK, MOJICHU, MiHE3-KYJIBIK JKOHE OacKamap)
eckepy MakcatsiHIa AW TB-uH(DEKIISICHHBIH SMUASMUASIIBIK TPOIecTepl, TUHAMHUKAIBIK
YKOHE KYPBUIBIMIBIK MOJICIBJICP KapacThIPBUIIBI.

ONUEMHOJIOTUSIIBIK, CTATUCTHKAJIBIK OJICTepAl MaijanaHa OTBIPBIN, eIiMi3Jeri
KKTb imgeriniH TapandyblH TOKTaTy MakcartbiHAa bareic KaszakcTaH OOJBICBIHIAFBI
AUTB-uadpeKInIcH OOWBIHINIA SIMHISMUAONOTHSUIBIK skarmaiaeiH 2010-2020 KBIITFBI
CTaTUCTUKAIBIK MajimMertep anbiHbil AUTB KYKTBIpFaHAapABIH KBIHBICTBIK THICTLIIT
OOMBIHIIIA PETPOCIICKTUBTI, KJIACTEPIiK Tayjaay kacaiuipl. Tammgayna notmxkeci AUTB
JKYKTBIPFAH/IAp €H KOIl )KOHE JKbIJI CaliblH CaHbl OCIN KEJII'eH JKOHE COJ KACTaFbl OIiM-
JKITIMHIH JKOFapbl ICHIeii KepceTimin, epiep apacsiaga 30-39 jxac apaiabIFbIHIAFE a1aM-
nmap Oabikanmapl. Kasakcran ecebine coiikec, AUTB-un(pexknuscoHbIH OepinyiHiH HETi3ri
xonaapsl, eHipiepinge AUTB-Men emip cypeTiH agaMaapAbIH caHbl rpadUKaNbIK TypAe
KapacThIPbUIIBI.

KonmanpicTarbl HWHTEIEKTYANAbl JKYHeTepAl KOJJaHy MaHBI3IBl OOJFaHABIKTAH
aJBIHFaH MOJIMETTEp/li Tajjam, OoJpKay Kyheci KYPBUIBII, KaKbIHIBIK IIapachl PEeTiHIe
EBkinoBo apakambIKThIiFbiH (EBKIHIOBO paccToOsiHKME) MaijaliaHa OTBIPHII, KIACTEPIIK
TaJJIay/IbIH HePAPXHUSIIBIK POCIMIHIH KOMETIHIH KaXKESTTLIITT aHBIKTAJIIbI.

barrpic-Kazakcran oomeickingarel AU TB-uHbeKkmusIcs O0WBIHITA STTHASMHOIOTHSITBIK
xaraaiaba 10 xpurasik kezenae (2010-2020 xok.) AWTB GolibiHIIA CRIPKATTaHYIIBUTBIKKA
xypriziiren Tangay AUTB syKThIpFaHAapAbIH KYPT ©CYiH JKOHE ChIPKATTAHYIIBUIBIKTHIH
TYPaKTHI YPAICIH aHBIKTayFa MYMKIHJIK Oep/i;

Kitactepitik JiKTey anropuTMi 0OBEKTUIep apachIHIAFEI iITKI OAMTAaHBICTH AHBIKTAIBI
xoHe AUTB anu1eMrOI0THSICBIHBIH, MaTeMaTHKAaJIBIK MOJICTiHIH AYPBICTHIFBIH KOPCETTI;

Data mining kemerimeH enyey barpic-Kazakcran oombiceiHnarel AU TB-ua(eKImsicht
OOMbBIHIIIA CHIPKATTAHYIBUIBIKTBIH TYPAKThI 6CY1H KOPCETTI;

Knacrepney >koHe anblHFaH KJacTepiep/iH CHUIAThl OJIapiblH *KHBIHTBIFbIHAH barbic
Kazakcran oOmbiceiaaarsl AUTB-nH(bekuusacbiMer KypecTe HaKThl aHTHPETPOBUPYCTHIK
IperaparTap/bl )KOHE TEPaIeBTIK cXeMaiap/abl MOJIEINb/CY, OHTAMIAHBIPY KOHE TaHJay
OolibIHIIIA apHAWBI AEPEKTEP/i KaJbIITACTBIPYFa MYMKIHAIK Oepeti.
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TEXHOJIOI'USA UHTEJUIEKTYAJIBHOT'O AHAJIN3A
B ITIPOTrHO3UPOBAHMH SMTUIAEMHUOJIOT TUECKOM CUTYAIIUU
O BUY-UHO®EKIIAHU B 3ATTAJTHO-KA3AXCTAHCKOM OBJIACTH

Paccmompenvt ocnosnvle HanpagieHus pazeumus Mamemamuyeckozo Mooeiuposanus KOHmpons
u  pacnpocmpauenus eupyca ummyHoOoeuyuma uenoseka (BUY-ungpexyuu), ounamuueckas u
cmpykmypnas kiaccugurayuy snudemuiecko2o npoyecca. M3z obnacmnoeo yenmpa no npoguiakmuxe
u 6opvoe co CIIH/] Vnpaerenus 30pasooxpanenuss akumama 3anaono-Kazaxcmawnckoii obracmu
635mbl cmamucmuyeckue oannvle no 3anaono-Kasaxcmanckou oboracmu 3a nepuoo 2010-2020 200wl
¢ Onucanuem pacnpocmpanerus. BUPYca 6 3a8UCUMOCTU OM UMEIOWUXCS OAHHBIX U 3a0ay 6 Mupe U no
Pecnyonuxe Kazaxcman, nposeden pempochekmugHulil, kKiacmephviil ananuz BUY-unguyuposanivix.

Hana xapaxmepucmuka epagura 3a601e6aeMOCMU, BbISIGIEH PUCK, NPOBEPEHbI CIMAMUCIIUYECKUE
nPoecHO3bL 3a001e6aAeMOCH.

B nayunvix u npakmuueckux uccie008aHusX pacnpoCmpaHeHHOCmb Kpumepues u HaOmo0eHul 3a
onudemuert paccmampugandacs co cmopoHsl UHGoOpMayuonnbIx mexnonocuil. Ilpusedenvt npumepel ¢ uc-
NONb306AHUEM CUCTNEMb] NPOSHOZUPOBAHUS U CYUWECTNEYIOWUX UHMENIEKMYATbHbIX CUCTEeM MameMamu-
yeckou mooenu. OOHUM U3 8AJICHBIX HANPABTEHUIL AGIACMCA NPOSHOUPOBAHIE NOCICOCEUL INUOEeMUL
BUY, uzyuenue umMmMyHON02U4eCKol OUHAMUKU 6HYMPU OOHO20 OP2aHU3MA, Npoonema npoeHo3upOSaHus
Pazeumus SNUOeMueckoll cumyayuy Ha ypoeHe HaceleHUs.

Hns obpabomxu BUY-unguyuposannvix u ananuza cumyayuu no 803pacmubim 0COOEHHOCIAM ObLIU
UCNONb306aHbl Memoovl kaaccupuxayuu Data Mining.

Ilpoenos 3abonesaemocmu 3anaono-Kaszaxcmawnckoii obnacmu no eospacmuoil epynne BHY-
unguyuposannvix 3a 10-nemnuti nepuod nNPoBoOUIOCh ¢ NOMOWDbIO NAKEMd NPUKIAOHBIX NPOSPAMM
Statistica.

Kniwoueevie cnosa: pempocnexmugnulil ananus, KiacmepHulili ananus, esKauooso paccmosnue, Data
Mining, Statistica advanced.
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THE TECHNOLOGY OF INTELLIGENT ANALYSIS IN PREDICTING
THE EPIDEMIOLOGICAL SITUATION OF HIV INFECTION IN
THE WEST KAZAKHSTAN REGION

The article uses the main directions of development of mathematical modeling of control and spread
of human immunodeficiency virus (HIV infection), dynamic and structural classification of the epidemic
process. Statistical data on the West Kazakhstan region for the period 2010-2020 were taken from the
regional center for the prevention and control of AIDS of the health department of the Akimat of the West
Kazakhstan region, with a description of the spread of the virus, depending on the available data and tasks
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in the world and in the Republic of Kazakhstan, a retrospective, cluster analysis of HIV-infected people
was carried out.

The characteristics of the morbidity schedule are given, the risk is identified, statistical forecasts of
morbidity are checked.

In scientific and practical studies, the prevalence of criteria and observations of the epidemic was
considered from the information technology side. Examples are given using a forecasting system and exist-
ing intelligent mathematical model systems. One of the important directions is the prediction of the conse-
quences of the HIV epidemic, the study of immunological dynamics within one organism, the problem of
predicting the development of the epidemic situation at the population level.

Data Mining classification methods were used to process HIV-infected people and analyze the situa-
tion by age characteristics.

The prognosis of the morbidity of the West Kazakhstan region by the age group of HIV-infected people
over a 10-year period was carried out using the Statistica application software package.

Key words: retrospective analysis, cluster analysis, Euclidean distance, Data Mining, Statistica ad-
vanced.
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SIGNS OF STABILITY OF AQUATIC ECOSYSTEMS
IN MATHEMATICAL MODELS

To date, various data on water resources have been accumulated, but hydrobiological and
hydrochemical indicators remain available to assess the current state of aquatic ecosystems, which can
be the basis for assessing the environmental situation within the water body. Systematization of multi-
vear and diverse data on the lakes and rivers of the country, the use of mathematical tools for assessing
and forecasting the state of the aquatic ecosystem is impossible without the use of information and
communication technologies. Quality mathematical modeling of aquatic ecosystems and the development
of information and analytical system for the study of aquatic ecosystems is an urgent task, including
databases of various-quality data on the water body and its ecosystem, data management and processing
tools, as well as a set of mathematical models for the functioning of the water body ecosystem.

Research is based on information technology, statistical data processing, and mathematical modeling.
Mathematical models are based on systems of differential equations, solutions are sought with the help
of own computing programs and software suites (Maple, Matlab, Mathematics, etc.). When possible,
modeling includes analytical studies of the properties of solutions, primarily this concerns stationary or
spatially homogeneous solutions, as well as asymptotic properties of solutions. The lower trophic levels
of the water body ecosystem are studied, as this determines the functioning of aquatic ecosystems. The
species composition of phytoplankton is an indicator of the ecological state of the water body. Based on the
quantitative characteristics of phytoplankton, the bioproductivity of the aquatic ecosystem is calculated.
The physical and chemical characteristics of water allow drawing conclusions about the pollution of the
water body and the composition of mineral nutrition for phytoplankton.

Key words: mathematical modeling, information-analytical system, aquatic ecosystem, database,
phytoplankton

Introduction. At present, all aquatic ecosystems are subject to varying degrees of
anthropogenic stress due to global processes taking place on the planet. The analysis of the
effects of such an influence is difficult but important for the development and change of the
natural system. Using mathematical models is reasonable to carry out such an analysis.

The first exciting scientific results in mathematical ecology were obtained in the twen-
ties and thirties of the last century: it should not go unmentioned the works of A.V. Kos-
titsyn [1], related to hydrobiology, and as of the second half of the twentieth century - the
works of S.E. Jorgensen, M. Strashcraba [2], considering the issues of mathematical model-
ing of freshwater ecosystems, V.V. Menshutkin [3] — considering the issues of simulation
modeling of aquatic ecosystems, the works of the scientific school of the academician L.I.
Vorovich [4], devoted to the mathematical modeling of ecological and economic systems,
etc. In general, the considered works developed conceptual approaches to the mathematical
description of the processes of life of aquatic organisms and aquatic ecosystems commu-
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nities (descriptive models), qualitative models (clarifying the dynamic mechanism of the
studied process and making it possible to reproduce the observed dynamic effects in the be-
havior of the system); simulation models of specific complex systems, taking into account
all available information about the object (and allowing to predict the behavior of systems
or solve the optimization problems of their operation) [5].

Modeling is one of the most important methods of scientific cognition, using which a
model (conditional image) of the research object is built. Its essence is that the relationship
of the studied phenomena and factors is presented in the form of specific mathematical
equations. The process of building a mathematical model includes the following typical
stages [6]:

— formulation of the modeling objectives;

— qualitative analysis of the ecosystem based on these objectives;

— formulation of laws and plausible hypotheses regarding the structure of the ecosystem,
the mechanisms of its behavior in general or individual parts (when self-organized, coputer
"finds" these laws);

— identification of the model (determination of its parameters);

— verification of the model (verification of its functionality and assessment of the degree
of appropriateness to a real ecosystem);

— study of the model (analysis of the stability of its solutions, sensitivity to changes in
parameters, etc.) and experiment with it.

Many processes in water bodies have not yet been studied in sufficient detail. The
processes of study continue, followed by and together with meaningful cognition there
comes information support and formal analysis in the form of data processing, mathematical
modeling.

The development of mathematical methods of environmental forecasting is necessary
both for the optimization of environmental management and for the serious scientific
substantiation of programs in the field of environmental quality management and nature
protection. Mathematical models of aquatic ecosystems allow us to describe non-equilibrium
dynamic processes in hydrobiocenoses under various external influences, such as changes in
water temperature, surface illumination, water or biogenic load, meteorological conditions.
The building of such models requires a large amount of information about the parameters
of geophysical, geochemical, biological, and other natural processes, the comprehension of
which is impossible without the involvement of modern information technologies [7, 8].

Materials and methods of the study. The use of the tools for mathematical modeling
of surface water quality is explained by the need to assess the quality of surface water.

Dynamic models of biological systems adapted to aquatic plant microorganism
communities were systematized and analyzed. Such qualitative analytical models of the
dynamics of aquatic ecosystems describe the mechanisms of functioning of ecosystems:
changes in the state of the aquatic environment due to physicochemical transformations, the
dynamics of the living component of the ecosystem (biological community).

The body. Outcomes. When studying aquatic ecosystems, problems arise in the
complexity and diversity of the processes studied. These difficulties are compounded by
the inaccuracy of available data and the lack of information at all. Nevertheless, modeling
under such conditions is possible and even necessary. Without models, the quantitative
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characteristics of processes cannot be assessed more or less satisfactorily. And the fact is
that the data obtained while different field surveys are often not well consistent with time,
space, measurement methods, etc. For answers to questions about the functioning of a large
aquatic ecosystem, one can not do without mathematical modeling [9].

Multiple coherent models, rather than one, can be used to improve the modeling of
aquatic ecosystems. Start with some idealized, closed models, then move to open ones,
possibly more appropriate to real objects. Let us describe one implementation of such an
approach [10].

First, we build so-called closed ecosystem models. Closedness is understood as a closed
state of a model, quantity. It relates only to the modeled characteristics and is conditional in
nature, in contrast to the closedness or isolation of the ecosystem itself [11].

Having considered the properties and modified the closed models, it is necessary to
move to quantitatively open models. The solution of open models is calculated using the
properties of closed model solutions, such a transition is possible. The open model becomes
appropriate. However, it is necessary to build a set of models interconnected for the selected
ecological system. In short, they must be coherent.

Let the state of the ecosystem at time ¢ be described by an n-dimensional vector x(?),
the components of which are the essence of the biomass or mass of the isolated blocks of
the ecosystem. We build the model on the basis of a self-sustained system of differential
equations of the approach, formula (1) [10, p. 1401]:

oX

—=f(x,a

5= Txa) (1)
Parameters of vector a, the content of which is unknown or inaccurately determined.
Let us write another model describing the same ecological system, expression (2):

oy
2 —qg(y,b
prialt (y,b) ()
where y — is a vector of biomass, b — unknown parameters.

The studied object is the same and the vectors x, y have the following relationship:

h(x,y,c)=0 )

¢ — unknown or inaccurately known set of parameters [12].

Shall the parameters, structures, and solution be coherent, it can be determined that the
models are coherent. In the works of Doctor of Physics and Mathematics, Professor A.I.
Abakumoyv, these concepts are formalized: first, he calculated the complete derivative g—h

t
across the solutions of the systems of equations (1) and (2) and found the parameters a, b, ¢
from the condition of the proximity of this derivative to zero, expression (4) [12, p.1403]:

oh(x,y,c) F(xa)+ oh(x,y,c)
X ' oy

5 g(y,b)H%inf 4)

(a,b,c)
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Where |||| denotes the norm in the space of measurable square-integrated functions.

Condition (4) means coherence of velocities, phase variables, not the x, y variables them-
selves, as recorded in condition (3). At the same time, we make the models coherent not
only in solutions of ordinary differential equations but also in some set of changes in the
variables x, y. So, formally, the coherence of the models is determined by condition (4) to
select the parameters a, b, c. However, the choice of a set of variable parameters is informal,
to a large extent, it is determined by the content characteristics of the models [12, p.16].

Discussion. Within the framework of a multi-model approach to the study of natural
biosystems, closed and open models, models with and without regard to the internal
state of organisms, are considered. In closed models there is a continuum set of positive
equilibrium solutions, in open models there is a finite set of isolated non-negative
equilibrium solutions. In models without taking into account the intracellular content of the
substance, it is possible to prove the stability of equilibrium solutions, including using the
signs of structural stability (sign-stability). In models with regard to intracellular nutrient
content, this can be done with some limitations, although on the basis of computational
experiments there remains an idea of the correctness of the stability properties for this
group of models as a whole.

Signs of stability of aquatic ecosystems in mathematical models have been identified: the
properties of sustainability of solutions are model signs of stability of aquatic ecosystems.

Conclusion. In conclusion, it should be noted that in order to study aquatic ecosystems
and communities of water organisms in detail, it is necessary to use a set of mathematical
models for the same object. This determines the effectiveness of using the information at
our disposal. Data on aquatic ecosystems are collected from a variety of sources and all of
these data can be collected and applied in a set of coherent models.

The stability properties of solutions are model signs of stability of aquatic ecosystems.
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MATEMATHKAJBIK MOJEJBAEPIE CY
YKOKYMNEJEPIHIH TYPAKTBLIBIFBI BEJTLJIEPI

Kasipei  yageimma cy pecypcmapvl  mypanvl  mypai  0epekmep  JCUHAKMAAAH, O0e2eHMeH
cy 9Kodcylienepiniy  azbiMOagvl  HcaOaublH  6a2andy ywiH Koaicemimoi napamempiep  00nvin
2UOPOOUOTOCUATBIK JICoHe 2UOPOXUMUAILIK KOpcemKiumep 601uin maodwvliadsl, 01ap CYKOUMAaniapul
iwinoe2l SKONO2UATBIK Hca0auobl baganay yulin He2iz 6oaa anaovl. Enimizoiy kendepi men e3endepi ny-
Panvl Kon JAculIObIK Jcane ap mypii oepekmepoi Jcylieney, aknapammoulk-KOMMYHUKAYUATBIK MEXHOL0-
2UANAPObl NANOANAHOAU, CY IKOHCYUECIHIY Hea20atiblH 6azanay dHcane 6ouxcay yulin Mamemamuraibly
annapammapowl Konoany mymkin emec. Cy dKodiCylienepin canaivl MamemMamukanbly MoOerboey JHcone
cy oKoxcylienepin 3epmmeyoiy aKnapammulk-aHATUMUKANGLIK JICYUecin 0amblmy ¢y KOUuMacvl MeH
OMbBIHY IKOJICYUECT Mypanvl apmypai canaivl Maaimemmep 0a3acvl, oepekmepoi backapy dicane onoey
KYpanoapuln, cOHOQU-aK Cy IKONICYUECIHIY JICYMbIC amKAPYbIHbIY MAMeMamuKanislk MoO0enbOepitiy
KeuleHin KaMmumuli o3exmi macene oonvin mabwinadwvl. Cy dKodicylienepin cananivl MamemMamuKaibli Mo-
0envoey HcaHe Cy IKOXHCYlenepin 3epmmey iy aknapammblK-aHATUMUKALbIK HCYUeCiH 0aMbIny €y KOUMAChl
Mel OHbIH IKOJACYUECT Mypaivl pmypai canaivl Maaimemmep 6a3acvii, depekmepoi backapy scane oHoey
KYPANOapuvlH, COHOAU-AK CY IKOHCYUECTHIH HCYMbIC ICMeYiHiy MameMamuKaniblk MoOelbOepiniy KeueHiH
KAMMUMbIH 03eKmi Macene 601bin madwvliaobl.

3epmmeynep axnapammulx mMexHONO2UANAPEA, OepeKkmepoi CMAMUCMUKAILIK oHoeyee JicaHe
Mamemamukaivik mooenvoeyee Heeizoenzen. Mamemamuxanvik mooenvoep oupepenyuanovik meyoeyiep
Jcytiecine Hezizoeneen, wewimoepi dxcexe ecenmey 6a20apiamaiapvl MeH KOMNbIOMEPLIK naKemmepiniy
(Maple, Matlab, Mathematics sicone m.0.) komezimer uewtineoi.

Mywmkindizcinute, mooenvoepie wewinoep Kacuemmepine aHaIUMUKAIbIK 3epmmeynep rHcypeisined,
eH anobiMeH OYIl CmayuoHapIblK Hemece KeHicmikmezi Oipmexkmi wiewimoepee, COHOail-ak ueuimndepoiy
acumMnmomukanvly Kacuemmepine xamuvicmol. Cy KOUMANapoibly SKOICYUECiHiY MOMEH2] mPoPUKanblK
Oeneetlnepi 3epmmenedi, cebedi OYi Cy IKONCYUENEPIHIY HCYMBICOIH AHBIKMAUObl. DumonianKmoHHblIH
MYPIK KYpambl €y KOUMACHIHbIY IKONOLUANBIK, AHCALOAbIHBIY UHOUKAMOPbL O0NbIN MAdbLIAObL.

DumoniaHKmMOHHbIY CAHObLK CURAMMAMALAPbL He2I3IHOE CY IKONCYUECIHIY OUONOSUSTIbIK OHIMOLLIZ
ecenmenedi. CyObly QUIUKA-XUMUATBIK CUNATNIMAMATAPLL C)Y KOUMAAAPOLIH TACMAHYbl MEH (UmMOniaH-
KIMOH YUIH MUHEPANIObL MAMAKMAHY KYPAMbL NYPAIbl KOPLIMBIHObL HCACAY2A MYMKIHOIK Gepeo.
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Tyiiin coe30ep: mamemamukanblk Mooenvoey, aKnapammolk-aHalumuKaibly Jcylie, Cy IKoACyleci,
Odepekmep Kopbl.
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'Kasaxcruil aepomexnuyeckuti ynusepcumem um. C. Cetighynnuna,
Hyp-Cyaman, Kazaxcman

’Espasutickuil Hayuonanshulil yrusepcumem um. JI. H. ['ymunesa,
Hyp-Cyaman, Kazaxcman

HPU3HAKHU CTABUJIBHOCTHU BOJAHBIX 9KOCUCTEM
B MATEMATUYECKUX MOJIEJIAX

Ha cecoonsiunuil denv HAKONJIEHbL PA3IuuHble OAHHBIE 0 BOOHBIX PECcypcax, OOHAKO OOCHYNHbIMU
napamempamu 07 OYeHKU MeKYWe20 COCMOSIHUI 6OOHbIX IKOCUCTEM OCIMAIOMCs 2UOPOOUOTO2UHeCKUE
U 2UOpoOXUMUYECKUe NOKA3AMeNl, KOmopblie MO2yn Oblib 0CHOBOU Olisl OYEHKU IKONO2UYECKOU CUmya-
yuu euympu 6oooema. Cucmemamusayusi MHO2OAEMHUX U PA3HOOOPA3HBIX OAHHbIX 00 03epax U peKax
cmpanul, NPUMEHeHUe MAMeMamu4eckux annapamos OJis OYEeHKU U NPOSHOZUPOBAHUSL COCMOAHUL BOOHOU
9KOCUCTNEMBL HEBOIMOIICHO O€e3 UCHONb308AHUS UHPOPMAYUOHHO-KOMMYHUKAYUOHHBIX mexHonocuil. Ka-
yecmeennoe Mamemamuideckoe MoOeiuposanue 600HbIX sKocucmem u paspadbomra Hnpopmayuonno-
AHATUMUYECKA CUCTNEMA UCCLe008AHUST BOOHBIX IKOCUCEM SGIACMCS AKMYAIbHOU 3a0adell, 6KI04aio-
wetl 6a3bl PA3HOKAYECMEEHHBIX OAHHBIX 0 6000EME U e20 IKOCUCTeMe, CPeOCMEa YNPAaGLeHus. OAHHbIMU
U Ux 0O6paboOmKU, a MAKICe KOMIIEKC MAMEMAMUECKUX MoOenell PYHKYUOHUPOSAHUSL IKOCUCTEMbL B0~
ooema.

B ocnogy uccnedosanuii nonodxicervl UHGOPMAYUOHHBIE MEXHOIOUL, CIMAMUCTIUYECKAs 00pabomKka
OaHHbIX U Mamemamuyeckoe moodenuposanue. Mamemamuyueckue Mooenu OCHO8AHbL HA CUCEMAX Ough-
hepenyuanvHbix ypagHeHuil, peueHis Uymcs ¢ NOMOWbIO COOCMBEEHHBIX GLIYUCTUMETbHBIX NPOSPAMM U
BBIYUCTIUMENLHBIX KOMRbIomepHbIX nakemos (Maple, Matlab, Mathematics u m.o.). Ilo éozmodicnocmu 6
MOOESIX NPOBOOSIMCSL AHATUMUYECKUE UCCTEO08AHUsL CEOTICE PEeUleHUll, 8 NePEYIo 0Yepedb Mo Kacaem-
¢ CMAYUOHAPHBIX UL OOHOPOOHBIX O NPOCMPAHCNEY PEUEeHUL, d MAKHCE ACUMNIMOMUYECKUX CEOUCNE
pewenuil. Hccnedyomes HudicHue mpoguueckue yposHu IKOCUCIEMbl 6000eMA, MAK KAK IMUM ONpeoeisi-
emest (PYHKYUoHUposanie 800HbIX IKocucmem. Buoosoil cocmas umoniankmona aeiaemecs uHOUKamo-
POM IKONOSUYECKO20 COCMOSIHUS 6000eMa. Ha 0cHO8e KoMuuecmeenHbIX Xapakmepucmuk Qumoniankmo-
Ha paccuumvleaemcst OUOnPOOYKmMuEHOCHb 600HOU dKocucmembl. DUUKO-XUMULECKUE XAPAKMEPUCTIUKUL
6000l NO3BOIAION COENANMb BbIBOOBL O 3ACPSAZHEHUU B000EMA U COCNABE MUHEPATIbHO20 NUMAHUS 05 (Pu-
MONNAHKIMOHA.

Kniouesvle cnosa: mamemamuyeckoe MoOenuposanue, UHOOPMayuoHHO-aHATUMUYECKAs CUCEMA,
600Has DKOCUCmeMd, 6a3a OAHHLIX, YUMONIAHKIMOHN.
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MOHMTOPUHI COCTOSSHUS HH)KEHEPHBIX KOMMYHUKALIIAIA
BECIIMJIOTHBIMMU JIETATEJIBHBIMUA AIIITAPATAMHU

B cmamve paccmompenvi akmyanvHbie 80npochl HEOOXOOUMOCMU UCHONb3068AHUA OECNUIOMHbIX
nemamensvhvlx annapamos (BIIJIA) ona pewenus undicenepno-eeo0e3uueckux 3a0ai npu 6e0eHuu 20cy-
0apcmeenHo20 2padocmpoumenbHo2o kaoacmpa. Kpome mozo, MOHUMOpUH2 A6712€MCsl 8AICHOL COCMAB-
HOUl Yacmulo Meponpusmuil no 06ecneyenuio ycmouyueocmu u 0e30nacHoll IKCHAYAmayuil UHICEHEePHbIX
00beKMO8 8 PA3HBIX KIUMAMUYECKUX yciosusx. Ilpedcmasienst pe3ynomamsvt npumeHeHus 6ecnuiomHsix
aemamensvhvlx annapamog (BIIJIA npu uccieoosanuu, MoHumopunze u yyeme Ha03eMHbIX UHICEHEPHbIX
KOMMYHUKAYUTL OJiA NPUHAMUA YIPABIEHYECKUX PelteHUll N0 NPOBe0eHUI0 MEPONPUAMUL, HANPABTIEHHbIX
HA yMeHblUleHUe He2AmMUBHO20 8030elCEUs MEeXHO2EHHO20 U NPUPOOHO20 Xapakmepd.

Knroueswie cnosa: opmoghomonnan, unsicenepvle KOMMYHUKAYUU, MASUCIPATbHbLE MPYOONPOEOObL,
MOHUmMOpUH2, 6eCnuIomHble 1emamenvHvle annapamslt.

TexHONOrHYeCKUH pOCT, MHHOBAIMU, MOACPHU3ALMS ¥ ITM(POBU3ALMSI TOPOACKUX H pe-
THOHAJIBHBIX PECYPCOB M UX CUCTEMBI — OCHOBA YCIEIIHOTO COLMAIbHO-3KOHOMHYECKOTO
Pa3BUTHS, KOHKYPEHTOCTIOCOOHOCTH U COTPYIHHYECTBA KPYIHBIX TOPOAOB U PETHOHOB.

B [ocnanuu napony Kazaxcrana ot 1 cenrsops 2020 roga «KazaxcraH B HOBOM
peanbHOCTH: BpeMs JedcTBHi» [71aBoil rocymapcTBa oTMedeHa HEOOXOAMMOCTH LH(}-
POBHU3ALIMK 3€MENBbHBIX OTHOIIEHWH U MEpPECTPOCHMs MOAXOJOB K TEPPUTOPHUAIBLHOMY
U MpOCTpaHCTBEHHOMY pa3BuTuio ctpansl [1]. Ha VIII cve3ge HaunonanbHoi manars
npeanpuHuMareneil «Arameken» 28 centaopst 2021 roga [lpesumeHT ykazanm Ha Bax-
HOCTh MPOJOKCHUS aKTUBHOTO BHEAPEHUs HU(DPOBBIX PEIICHHA M MOAYCPKHYJ, YTO
oru¢ppoBka nHGOpMaIHK 00 HHKCHEPHBIX KOMMYHHUKAIUAX, 36MEJIBHBIX y4acTKaxX, TeHe-
paJbHBIX IUIAHAX 3aCTPONKH, JTOCTYITHBIX MOIIHOCTSX SIBJISIFOTCS KITFOUEBBIMU (paKTOpaMU
MpOU3BOACTBA [2, 3].

B cootBerctBuM ¢ 3akoHOM «O0 apXHTEKTYPHOMW, TPaJOCTPOUTEIBHON U CTPOUTEID-
HO1 niesitenibHoCTH B PecnyOnuke KazaxctaH» rocynapCTBeHHBIN IpaloCTPOUTEIbHBIN Ka-
JIaCTP CONEP’KUT CBEIECHMS O MPEAbIAYIIEM U COBPEMEHHOM COCTOSIHMM TEPPUTOPHIL, 3Aa-
HUH U COOPYKCHHI, MaJIBIX APXUTEKTYPHBIX (JOPM U FIIEMEHTOB 0JIaroyCTpOrCTBa, a TAKIKE
0 IPalOCTPOUTEIHLHOM TUIAHUPOBAHUU U 3aCTPOUKHU TEPPUTOPUM U HACENEHHBIX MYHKTOB,
JaHHBIE O MPUHAIECKHOCTH TEPPUTOPHHA U OOBEKTOB K COOTBETCTBYIOIINM (YHKIIHOHAIb-
HBIM 30HaM, MX HAcCTOSIIEM M NEPCHEKTUBHOM Ha3HAYEHUH, SKOJIOTMUYECKON, HHKEHEPHO-
re0JIOTHYECKOM, THIPOTre0JIOTNYECKOM, TEOTEXHUUECKON U CEMCMUYECKOW CUTyalusX, UH-
JKEHepHOU o0ecrieueHHOCTH [4].

* E-mail xoppecrnonupyromero apropa: eti.enu@mail.ru
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Takum 00pa3om, TpaloCTPOUTENBHBIN KagacTp MpeACTaBIseT cOOOH OOMMPHBIN Kiia-
CTep JIaHHBIX, TaK WJIM MHAYE CBSA3aHHBIX C MPOCTPAHCTBEHHO-TEPPUTOPUAIBLHOM MPUBSI3-
kot k MectHOCTH [5]. IIpu BcecTOpoHHEM pacCMOTPEHUH BO3MOKHBIX ITyTeH MOTydeHus
CBEIICHHH JUIS aKTyajau3auuu 0a3 JaHHBIX TPaJloCTPOUTENBHOTO KajacTpa 0co0oe BHUMA-
HUE yenseTcss MeToaM a’po(OoTOChEMKH Kak Hanboliee MporpecCHBHOMY METOAY IMpe-
CTaBJeHUs1 PaKTUIECKOTO COCTOSHUS T€X WM MHBIX TEPPUTOPHUHL.

Pesynbratom 00padotku cHuMkoB BITJIA sBisttorest oprodoromnansl. Oprodoromian
—3T0 (pororpaduyeckuii riIaH MECTHOCTH HA TOUHOM T'€0Ie3NYECKON OCHOBE, ITOJTyYCHHBIN
B mporecce 00paboTku a’dpoOTOCHUMKOB C YCTPAaHEHHEM HCKKEHHH B CIIELUAU3UPO-
BaHHBIX KOMITBIOTEPHBIX ITpOrpaMMax.

Lesibt0 MOHUTOPUHTA TPYOOIIPOBOIOB HHKEHEPHBIX KOMMYHUKAIIUH SIBIISICTCS BU3Yallb-
HOE 1 TPUOOPHOE ONpe/ieieHHe TOTCHIUAFHO OMACHBIX YYacTKOB MarHCTPabHbBIX TPy0Oo-
MIPOBOIOB, OOHAPYKEHHE HAPYIICHUH KaKk Ha CAMOM OOBEKTE, TaK M B OXPAHHBIX 30HAX 00b-
€KTOB MH)KCHEPHBIX KOMMYHHKALUH, ONpe/e/ieHHe BIUSHUS BBISBICHHBIX (PakTOpPOB st
MIPUHATHS YIPABICHYECKUX PEIICHUI MO MPOBEJCHUIO MEPONPUSATHH, HAalpaBIeHHbIX Ha
YMEHBIIICHHE HETaTUBHOTO BO3JICHCTBUS TEXHOTCHHOTO U IPUPOTHOTO Xapakrepa [6].

TeppuTopus NpOKIaIKU HHKEHEPHBIX KOMMYHUKAIMH SIBIIETCS JUHAMUYHO pa3BUBa-
IOLICHCS] CUCTEMOM € TIOCTOSIHHO MEHSIFOIIUMHUCS 1 OOHOBJISIFOIIUMHUCS XapaKTePUCTUKAMH.
OnHa 13 0cOOCHHOCTEH TAaHHOHM CHCTEMBI — CIIOKHAsI CeTh MH)KEHEPHBIX KOMMYHUKAIIHH,
MeperuIeTarIuXCst MeXIy co0oil. CienoBaTreinbHO, TOCTOSHHBIN yUeT U MOHUTOPHHT 00b-
€KTOB HACTOSIIEH CHCTEMBI U aKTyaIu3alysl JaHHBIX SBISIETCS BaXKHBIM KOMIIOHEHTOM Be-
JIEHUsI TOCYAapCTBEHHOTO IPaJJOCTPOUTEIBHOIO KaJlacTpa.

BezonacHoe (QyHKIMOHMPOBaHHE WH)KEHEPHBIX KOMMYHHUKAIMH PpErIaMEHTHPOBAaHO
3aKOHOJATEIbHBIMU U HOPMaTHBHBIMU aKTaMH, ONPEICISIONIMMU B TOM YHCIIe HEOOXOIH-
MOCTb KOHTPOJISI TPOCTPAHCTBEHHOTO MOJIOKEHHS JINHEHHBIX 0OBEKTOB.

MOHHTOPHHT COCTOSIHUS TPYOONPOBOJOB MO OpTO(HOTOIIAHAM B OCHOBHOM TPOU3BO-
JUTCS JUTsl HAJ3€MHOW 4acTH MHXKEHEPHBIX CeTel M MOYKET OCYLIECTBIISATHCS 10 CIIEAYIO-
LM HalpaBIeHUAM:

OIpe/ieNIeHNe OMAaCHBIX MPOLECCOB HK30TCHHOTO XapaKkTepa: pa3BUTHE OBPAroB, 0aIoK
Y IPOMOMH, 3PO3HOHHBIE 30HbI, pa3BUTHE OMNOI3HEH, OCBINEH U JpyTHe;

BBISIBIICHHE OOBOIHEHHBIX U 3a00JI0YEHHBIX TEPPUTOPHI B OXpAaHHBIX 30HAX WH)KEHEp-
HBIX CETeH;

oOHapy)keHHe HECOOTBETCTBUH HOPMATHUBHBIM IIPABOBBIM aKTaM;

BBISIBIICHHE TEXHOTCHHBIX 00BEKTOB U MPOLECCOB B 30HAX OTBOJA U OXPaHHBIX 30HAX
WHXEHEPHBIX CeTeil: CTPOUTENHCTBO, YUACTKH TEXHOTEHHO-BCKPBITHIX I'PYHTOB, CBAJIKH,
BKJTIOUYAs] HEJIETUTUMHBIE 00bEKThI (HECaHKIIMOHUPOBAaHHBIE BPE3KN);

muddepeHmanus TUMOB PACTUTENBHOCTH BIOJb TPACC KOMMYHHUKAIMU: JpeBecHas,
KyCTapHHUKOBasl U TPaBsSHas paCTUTEIbHOCTD;

KOOpAMHAIIMS TEMIIOB pEMOHTa TPYOOIPOBOIOB, MHBIX PaboT M0 MOAAEPKaHUIO OXPaH-
HOM 30HBI B HA/IJIEKAIIEM COCTOSTHUM.

B Hacrosimieli crarbe ucciieoBaHbl OpTOGOTOIIAHbI 3aCTPOSHHON TEPPUTOPUHU TOPO-
noB Ycrb-Kamenoropek u Ke3buiopna. CbeMka IpOU3BOAMIACE OSCITUIIOTHBIM JICTATEIIb-
HBIM arnmaparoM camojetHoro tuna Delair UX 11, XxapakTepiucTHKH KOTOPOTO COOTBETCTBY-
0T LIEJISIM U 3a]1a4aM BBITTOJHSIEMBIX paOoT.
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Ha puc. 1 npencrasieHa crpoutenbHas MIOMAAKa ¢ TEXHOT€HHO-BCKPBITBIM TPYHTOM
JUTSL TIPOKJIAJIKK TPYOOIPOBOIOB MOA3EMHOM JTMBHEBOW KaHaiM3auuu guameTpoM 500 M
13 MaTepraa oJIMBUHWIXJIOPU, OIMYAIOIUMCS HaIE)KHOCTBIO IIPHU BBICOKUX HArpy3Kax
W 3HAYUTENBHBIX Tepenangax Temieparyp. Ha oprodorominane MoxXHO HaOMIOAATh KOJIHYE-
CTBO TPYyOONPOBOJOB, MOJATOTOBICHHBIE JIOKK U KOJOIIbI JTMBHEBBIX KaHAIW3AMOHHBIX
CeTEeM.

Pucynox 1 — Y4acTOK 3aCTPOEHHON TeppUTOpHH ropoaa YcTe-Kamenoropck
CO CTpOsLIEHCS MOA3EMHON JIMBHEBOW KaHaIU3aLUER
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[Ipumep BbIsIBICHHSI OOBOJHEHHBIX TEPPUTOPHI B OXPAHHBIX 30HAX MHKCHEPHBIX Ce-
Tel mpencTarieH Ha puc. 2. OXpaHHas 30Ha TEIUIOBBIX CETEH — 3TO 3eMENIbHBIC YUaCTKH,
OTBEJICHHBIC B LIEJIsIX 00ECIICUeHUS] COXPAHHOCTH TEILJIOBBIX CETEH, CO3/IaHUsI HOPMAIIbHBIX
YCIIOBHI 3KCIUTyaTallly, MPEIOTBPAIICHUSI UX TTOBPSKICHUH, a TaK)Ke HECYACTHBIX CIIy-
4aeB CPeIu HACEJICHMsI, OKA3aBIIETOCS B OXpaHHOU 30HE 3TuX cered. [lpu muamerpe 600
MM Ha3eMHOTo TpyOOonpoBoja TermaocHaOKeHHsT OXpaHHasi 30Ha YCTaHABIMBACTCS B BUJC
y4acTKa 3eMJI BJIOJIb TPAcChl, HA PacCMaTpUBAEMOM y4yacTKe HaOIIOIAaeTCsl TEXHOTCHHOE
MOJITOTUICHUE TEPPUTOPUH OTBOA BIOJb MIEPEX0JIa HAJ[3EMHOU MPOKIIAIKHU B IMOJI3EMHYIO B
00e cTopoHbI Ha paccrosiHuu 25 M [7, 8].

[Ipu ucciie0BaHUM KapThl BHICOT JIAHHOTO y4YacTKa ONPE/ICIICHO CEBEPHOE HalpaBiie-
HHUE CTOKa B CTOPOHY OeToHHOTrO orpaxjeHus (puc. 2). [logroruienue yka3aHHOTO y4act-
Ka CBUJICTEIILCTBYET O HEYJABIICHCS MOMBITKE PErYJIUPOBAHUS BOAHOTO CTOKA C IIOMOIIbIO
apbIKOB, YTO TOBOPUT O HAPYIICHUU MPHUPOJHOTO JUHAMUYECKOTO PABHOBECHS B BOJIHOM
OaJlaHCE TePPUTOPHUH IIPU U3MEHEHUH YCIIOBUH MTOBEPXHOCTHOTO CTOKA.

Pucynox 2 — Y4acTok 3aCTpOEHHOW TEppUTOpHM Tropoaa YcTb-KaMeHOropck ¢ MoATOMIEHUEM
OXpaHHOH 30HBI TETUIOTPACCHI BAOIB IIEPEeX0ia HaJ3eMHON TPOKIIAAKH B MOA3EMHYIO
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[TomMuMO MOATOTIIEHUSI HA pacCMaTpUBaeMON TEPPUTOPHH HAOIIOOACTCSl aKTUBU3ALINS
CKJIOHOBBIX TIPOIIECCOB TEXHOT€HHOTO XapakTepa (pHc. 2), Tak Kak CTPOUTENILCTBO JOPOT
(B T.4. XKEJe3HBIX JIOPOT) U WHBIX MHKCHEPHBIX COOPYKCHUH BBI3BIBACT (hOPMUPOBAHUE
ocblnel. CiaeyeT OTMETUTb, YTO BbIJEJICHHAS 30HA CKJIOHOB HE 3aKpeIUleHa IPEBECHON U
TPaBSHON PACTUTEIBHOCTBIO.

HpI/I HUCCICIJOBAHHUHN BBICOKOTOYHBIX OpTO(bOTOHHaHOB BO3MOXCH MOHUTOPHUHT U YUET
THUIIOB PACTUTEIbHBIX COOOIIECTB BAOJb TPACC KOMMYHUKAMK. Tak, Ha puc. 3 BbIAEICHBI 3
OCHOBHBIX fIpyCa PaCTUTEJIbHBIX COOOLIECTB HA yYacTKE, OXBATHIBAIOLIEM OXPAaHHYIO 30HY
HaJ36MHONM MarucTpajibHOM TermioTpacchl. JpeBecHbI sipyCc MpeACTaBi€H JIMCTBEHHBIM
JIPEBOCTOEM, TOTJa KaK TEPPUTOPHs OTBOJA TEIJIOTPACCHI MPEACTaBieHa 0ojiee MOJIOIBIM
MOAPOCTOM MJIH MoAsieckoM (puc. 3 u puc. 4).

Pucynox 3 — Y4actok 3acTpO€HHOH TeppuTopuu ropona Yerb-Kamenoropck
C BBIJICJICHHEM SIPYCOB PACTUTEIBHBIX COOOIIECTB BAOIb TEMIOTPACCHI

Pucynok 4 — BeICOTHBIE OTMETKH SIPYCOB PACTUTEIBHBIX COOOIECTB HAa YKa3aHHOM y4acTke (puc. 3)
3aCTPOCHHOI TeppuTOpuy ropoaa Ycrb-KameHoropek
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[To kapTe BBICOT yyacTKa OpTO(OTOIIIaHA ONpPEACTeHbl BBICOTHBIE OTMETKH JIpEeBEC-
HOTO U TPaBSHOTO SIPYyCOB, a TAK)Ke OTMETKH NojpocTa. Hanbonpmas pazHuia B BEICOTax
MEXKJly IPeBOCTOEM U MOAPOCTOM COCTABUIIA OKOJIO 22 M, HAUMEHBIIAs — OKOJIO 5 M; UTO
TOBOPHUT O TOM, YTO BTOPOM SIpyC INEHCTBUTENBHO SIBISIETCS MMOJPOCTOM, OCKOJIBKY MOJ-
pPOCT CIOCOOCH CTaTh ITIaBHBIM SIPYCOM JIPEBOCTOs, TOTAA KakK MOJJIECOK o0pa3yeT nape-
BECHBIN moJor [9].

Ha HmxeykazaHHBIX cxeMax BbIsBI€HbI HecooTBeTcTBUSA I[IpaBunam Ne 331 ot 28
centa0ps 2017 rona (nanee - [IpaBuna) ycTaHOBIGHHSI OXPAaHHBIX 30H O0BEKTOB Te-
MJIOBBIX CETEl M 0COOBIX YCIOBUH HMCIOJIB30BaHUS 3€MEJIBHBIX YYacTKOB, pacrojo-
KEHHBIX B IrpaHunax takux 30H. CornacHo [lpunoxenuto 1 [IpaBui, pacctosHue mo
ropusonTtanu onop u JIDII Beicokoro Hanpsikenus (Oonee 1 1o 20 kB) ot Hag3zemHOI
MPOKIANKHA TEIUIOTPACC MOJKHO COCTaBIAThH 3 MmeTpa. OgHako Ha puc. 5 u puc. 6
JIaHHOC HOPMAaTHUBHOE pacCcTOsiHUE He coOmtofeHo u cocrasiser 0,5 m u 2,1 M cooT-
BETCTBEHHO.

Pucynok 5 — Y4acTok 3aCTpOEHHON T€ppUTOpUH ropoaa YcTb-KameHoropck u HapyuieHue HopMma-
TUBHOTO pacctosiaus JISIT BEICOKOTO HANPSHKEHMS OT HA/I3EMHOM TETIIIOTPacChl
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Pucynox 6 — Y4acTok 3acTpOeHHOH Tepputopun ropona Kei3siiopaa u HapylleHHe HOPMaTUBHOTO
paccrostanst JIDIT BEICOKOTO HaNpspKEHUS OT HAJ3€MHON TETUIOTPACCHI

Pucynox 7 — Y4acToK 3aCTpOEHHOW TeppuTOopuM ropoja Kei3puiopaa ¢ HapylIEeHUEM PacCTOSHUS
3eMJITHOTO TOJIOTHA XKEJIE€3HOM JOPOTH OT HaI36MHOM TETIOTPacChl
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[Ipu uccnenoBaHUU TEPPUTOPUH KEIEIHOMOPOKHOTO TPAHCIIOPTa OOHAPYKEHO HECO-
oteerctBue [IpaBunam (Ilpunoxenuto 1), rae paccTosHre IO TOPU3OHTAIN 3€MIISTHOTO T10-
JIOTHA XEJIEe3HBIX JOPOT OT HA/I36MHOM TEIUIOTPACcChl JODKHO ObITh HE MeHee 3 MeTpoB. Ha
pHC. 7 3TO HOPMATUBHOE PACCTOSIHUE HE YUUTHIBAJIOCH.

Takum 00pazomM, IpUMEHEHHE OPTOPOTOIUIAHOB MPU UCCIEJOBAHIH, MOHUTOPUHTE H
yueTe HaJJ3eMHBIX HHKEHEPHBIX KOMMYHHKALIUH AJIs1 PEIIeHNs] HHKEHEPHO-TE0Ae3HYECKIX
3a]a4 BO MHOTOM YTIPOILAET U MOBBIIIAET 3()(HEKTUBHOCTH IPOBOAUMBIX paboT; UCTIONB30-
BaHHE OPTO(POTOILUIAHOB JaeT BO3MOKHOCTH KOMIUIEKCHO M3YYHTh COCTOSHHE JIMHEHHOTO
00beKTa, BKITIOUasi KOHTPOJIb Pa3BUTHS SK30T€HHBIX M MHBIX MTPOLIECCOB M HECOOTBETCTBUI
HOPMAaTHBHBIM ITPaBOBBIM akTaM [9].

OOBEKTUBHOE MPEACTABICHHE O TEKYIEM TEXHHYECKOM COCTOSHUM OOBEKTOB U Tep-
PUTOPUH JAaCT BO3MOKHOCTH MECTHBIM HCIHOJHUTEIBHBIM OpraHaM W IMOTEHIHATbHBIM
HMHBECTOpaM NPUHUMAaTh ONTUMAaJbHbBIE yIIpaBleHYecKue peleHnsd. Vcnoap3oBaHue OpTo-
(OTOITAaHOB CTAHET €JMHBIM JAOCTOBEPHBIM HCTOYHHMKOM JaHHBIX O COCTOSIHUM HH(pa-
CTPYKTYPBI, & TaKkKe MOBBICUT d()(PEKTUBHOCTD TNIAHUPOBAHHS U 3aCTPOMKH TEPPUTOPHH,
peanu3aniy HHBECTUIIMOHHBIX MPOEKTOB.
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MUJIOTCHI3 YIIY ATITAPATTAPLIMEH MHKEHEPTIK
KOMMYHUKALUASLIA PABIH KAH-KYWIH MOHUTOPUHT LUIEY

Maxanaoa memnexemmix Kana Kypoliblcbl KAOACMPuIH JCYPei3y Ke3iHoe UHICEHePTiK-2e00e3UsnblK
MiHOemmepOi wewy yuwlin nuromcwls yuty annapammapuii (I1¥A) xondamy xasxcemminiciniy o3exmi
Macenenepi Kapacmuipvinean. byodan Oacka momumopume op mypai KAUMammulx ca20auiapoa
UHIICEHePIIK 00beKmiNepOiy MYPaKmblibiebl MeH KAYinciz nauoaianbliybli KAMmMamacsl3 emy HCoHIHoe2l
ic-uwapanapoviy Maysl30bl Kypamoac benici 6onvin maowiiadwl. TexnoeeHdi dicone madueu cunammagel
mepic acepoi azaumyea OALIMMANRAH IC-UAPANApObl HCYPeizy OOUbIHUA OACKAPYUBLILIK WeuimMoepoi
KAObLIOAY YWMIH JHCePYCi UHICEHEPNIK KOMMYHUKAYUANAPBIH 3epmmey, MOHUMOPUH2LIEY JiCoHe ecenke
any Kezinoe nunromculs yuty annapammapuin (I1¥A4) konoany nomuoicenepi YColHbLIZAH.

Tyiiin co3dep: opmogomodicocnap, uUHICEHEPIK KOMMYHUKAYUALAD, MASUCTIPATLOLIK KYObipiap,
MOHUMOPUHRINEY, NUIOMCHI3 YUYy annapammapbl.
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Nur-Sultan, Kazakhstan
’L.N. Gumilyov Eurasian National University, Nur-Sultan, Kazakhstan

MONITORING OF THE STATE OF ENGINEERING COMMUNICATIONS BY
UNMANNED AERIAL VEHICLES

The article deals with topical issues of the need to use unmanned aerial vehicles (UAVs) to solve
engineering and geodetic tasks in the conduct of the state urban cadastre. In addition, monitoring is an
important component of measures to ensure the sustainability and safe operation of engineering facilities
in different climatic conditions. The results of the use of unmanned aerial vehicles (UAVs) in the study,
monitoring and accounting of aboveground engineering communications for making management decisions
on measures aimed at reducing the negative impact of man-made and natural nature are presented.

Key words: orthophotoplane, engineering communications, trunk pipelines, monitoring, unmanned
aerial vehicles.
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AJIb®A-BOJIIIEKTEPAIH bIJIBIPAYBIH KOHE N30TOIITAPABIH
BOJIIHYIH KOMIIBIOTEPIIK MOJAEJIBAEY MEH CUIIATTAY

Maxkanaoa anvgha-benuekmepoiy blObIPAYbIH HCIHE USOMONMAPObIH OONIHYIH KOMIbIOMEPIIK MO-
Oenvoey epexutenikmepi Kapacmoipwinean. Oy 3apsaomanzan anbga-oenuexmepmen 3ammvly HCYKa nid-
CMUHACHIH COKKbLNACA, OHOA 0N1ap A0PONApOaH JHCAKbIH KAUbIKMbIKMA 6Ny Ke3iHoe amom A0pOCbIHAH
Kepi umepinin, my3y Cbl3blKmbl JCONOAH ayblmKU 6acmaiiovl, minmi A0po0an Kammel Kepi umepinin Jcone
anvgha-benuexmep Ke3ine Kapail K032anda Omulpbln, YuLy daguimvin e32epme anaosl. Kasipei 3amanen
Komnviomepnix mamemamuxa dxcyiieci Mathcad kemezimen ocvl dcazoaiinap KOMNbIOMeEpuiK Mooenb-
OeHeeH JicaHe anba-benulekmep MmpaeKmopusilapbiHbly epagukmepi canrvinean. Anvga-denuexmep
KO32AIbICbIHbIY MPACKMOPUACLIH CURAMMAiimvii Oupgepenyuandvix, meyoeynepoi OablHOay HcoHe
Bulstoer ¢yynkyuscol apkviist onapovl weuly ycviuviizan. Mooenvoey bonuexkmepoiy 601#camobl MiHe3-
KYAKbIH MAMauia pacmauovl-o1apobiy 0ip 6exici 0po 6onmagan dcaz0aiioa 6onamull onapovly mysy
CbI3bIKMbL YULYBIHAH AYbIMKYObL, A/l Kelbip bonulekmep KO32abic 6ablmblH KApama-Kapcoied e32epntyoi
oacman kewtipedi. Pu3uUKANLIK KOHOLIPELIHGIY 2P MYPli OPbIHOAPLIHOA OPHAMBINRAH OOIUEeKmepoil
oamyukmepi 3ammap MeH MAmepuandap KypollblCbiHbIH AMOM MeOPUACLIHbIY PACMAybl OOIbIN Ma-
OvLIamull  MpaAeKMOpUusaHblY 0CblHOAl o032epicmepin  Oeneinen omuvipadvl. Hzomonmapovl 001y0in
CNEKMPOCKONUANBIK J0ICiH CUNAMMAY2A apHANAH KONOAHOANbl 6a20apiama KYpblLibin, HCAH-)ICAKMbL
MAanKbllaH2an. Opune, cunammanean mooenboep adconommi 0an den aiimyea boamauovl. Mevicanvl,
bonuexmep 10poea 0an bazelmmaica, OHOA eneyii Kamenikmep myblHoayvl MymKin. Ecep 6onuexmepdiy
AHCHLNIOAMObIbL YIIKeH 00ca, oHOa Oonuiekmep sAO0POHLIY Kepl umepy KYWwiH dcene anaovl, Hamudiceoe
bomuexmep onapza cigedi. Mynoail CiHipy dcagoainapvl KYpulieaH Mooenboepoe ecenke alblHOAAH.
Aoponvix usukanviy maysizobl ecenmepiniy 6ipi usomonmapowvl 6oy 6onvin mabdwviiadsl. Hzomonmap-
Obl 6671Y0IH CREKMPOCKONUSLIBIK 20ICIH CUNAMMAyea apHalean Koioanbansl bagoapiama Kypwli2at. byn
20iC Yuibln Wbl2amblH HCIHe MACHUMMIK OPICMIY dCePIHEH AYbIMKUMbIH UOHOAPObIY MPAEKMOPUACHIHBIY
epexuienikmepine nezizoenzeH. MoHOapObiy KO32abiColH CUNAmmaimsit Oug@epenyuandvii meyoeyiep
arcytieci kenmipineen. Inekmp 3apaovl bap bonuekmepoiy OipKanbinmul MacHum epicinde Koszany eceodi
Mathcad opmacwvinoa wewineeH.

Tyiiin ce3dep: anva-6onuexmep, u30monmap, UOHOAP, MACHUM OPICI, KOMIBIOMEPTIK MOOENbOEY,
Mathcad, xondanbaner 6azoapiama.

Kipicne. Kasipri xe3ne KonmanOansl OarmapiaMaiapisl Kypy, KOJJaHy jKoHE Tapary
Heri3ri MacenenepAiy Oipi Oombin oTkip. KeifiHri ke3ae KongaHOambl OaraapiiaManibiK Ke-
nIeHaep Kypyaa OarapiaaManay TiiaepiMeH 0ip Katapaa KOMIBIOTEPIIiK MaTeMaTHuKa sKyHeci
KeHiHeH Konganbputyna. Typii cananapaarsl KyObUIBIC CHITaTTaMalIapbIH TOJIBIKKAH/bI JKOHE
JKaH-)KaKThl OHJICY 3aMaHayld KOMITBIOTEPIIIK TEXHOIOTHUSIIAp MEH MOJEIBACY 9ICTEPiHCI3
MYMKiH emec. COHABIKTaH KOMIIBIOTEPIIIK MaTeMaTHKa >KYMeCiH KOJJAHBII MOJeKyJa-
Jlap MEH aTOMJBIK KYOBIIBICTapIbl KOMIBIOTEPIIK MOJENBICY JKOHE OJap/Abl OHJEY YIIiH
KonganOanbl OarnapiaManap Kypy ©3eKTi Mocesenepain 0ipi 0obIn TaObUIaabL.

* E-mail xoppecrnonupyroIero aBropa: sevam@mail.ru
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Makanaia MoJeKyaanap MeH aTOMIBIK KYObUIBICTAp/bl CHIATTaHTBIH KeWOip ©3eKTi
Mocenenepal menry yumin Mathcad KoMmmbloTepsik MaTeMaTHKa OpTachblHIA ajifaml per
KOJIaiIbl KoNIanOasb! OarjapiamManap Kypbsutrad. by 6araapnamanapia KepHEeKUTiK YIIiH
KOMITBIOTEPIIIK rpadrika KeHIHeH KoJianbutrad. Kypbutran KosijanOasl OaFqapiaManapibl
WH)KEHEPITiK, FIIBIMU-TEXHUKAJIBIK eCenTeyliepae KeHIHEH KoNJanyFa 0omabl.

Enni ipremi MmarblHachblH acwklpa Oaranay KUBIH O6JIIIEKTep OJIEMiHEH MbIcall
KapacteipaiiblK [1-3]. Bi3 anbga-0emnmeKTepin *KyKa anTblH (oibra KOMETiMeH BIIbIpaTy
Typasbl ce3 Ko3raiiMbi3. Kazip 013 MaTepusHBbIH OH 3apsyIiTajfaH sJIpPOChl Oap aroMjap-
JaH TYpaThIHBIH OileMi3, OHBIH aifHanacklHAa opOWTanap OOWBIHIIA Tepic 3apsATairaH
ANEKTPOHJAp KO3Fanalbl. Auaiiia, 3aTThIH aTOM KYPBUIBICHI Typalibl THIIOTE3a alThUIFaH
Ke3Jie, Oip MaHbBI3/IbI CAT - AaTOMAAP/BIH SAPOCH 0ap OOYBIHBIH SKCIIEPUMEHTAIIBI TAJICI
xetreal. Con yakpITTa KypJeii SKCIEPUMEHTTEP/IIH HOTHKECIHAC OYJI MIBIHABIK TiKeJIeh
eMec, JkaHaMa TYpJAe KepceTe anbIHAbl (TiKeNed Adien MoJeKyjalap MEH aToMIapibl
OakplIayFa OHE CYpeTKe TYCipyre MYMKIHIIK OepreH aJIeKTPOHIABI MUKPOCKOITAPIBIH
KeMeriMeH KeHiHipek anbiHasl). FamsiMaap, erep oH 3apsaranraH anbha-OesexTepMeH
3aTThIH JKYKa TUIACTUHACHIH COKKbIIaca, OHJIa oJlap sApoJap/iaH KaKbIH KAIIbIKTBIKTa OTY
KEe31HJIe aTOM SIPOCHIHAH Kepl UTEPIIIl, TY3Y CBI3BIKTHI JKOJAaH aybITKYbl KEpEK JIeN Oiia-
nbl. COHBIMEH Katap, ecenteyliep KeiOip Oesnekrep TIiNTi sSApoAaH KaTThl Kepl UTepilim
XKoHE anb(ha-0eIeKTep Ko3iHe Kapail Ko3raiia OTHIPHII, YIIIy OaFbIThIH ©3repTe alaThbIHbIH
kepcerTi. Kasipri 3aMaHfbl KOMIIBIOTEPIIIK MaTeMaTuka xxyieci Mathcad [4-14] kemerimMeH
013 ochI Karnaiibl MojieTbIe anaMbl3. Asbda-0eiekTep KO3FalbICHIHBIH TPACKTOPHS-
CBIH cHUMaTTaiThiH opmynanap l-cyperte kenripinres. F JlopeHn KymiHiH Kypaybuiapsl
YILIiH (popMyJiaiap aHATUTUKAJIBIK TYPJIC aJIbIHFaH (aTOM SAPOCHIHAH alb(a-0eIIeKTepIiH
Kepi UTepiny Kyi).

1-cypem — Anbda-0esexTep bIIBIPAYBIH MOJIEIIBICYTE
KaXXeTTi opmynanap
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2-cypem — Anbha-0enmeKrep bIABIpaybIH MOJIENbACYTe KaKeTTl quddepeHnnanapK
TeHJeyIep Kyieci

2-cyperte anbda-OemiIekTep KO3FAIBICHIHBIH TPASKTOPHSICHIH — CHUTATTalThIH
muddepeHInanIbK TeHaeyIepai aaibiHnay skoHe Mathcad-teiH Bulstoer ¢yHKIusice
apKBIIBl OJIApAbI SNy YCHIHBUFaH. SIIpO OpTachlHAH OpTYPIi KAIIBIKTHIKTAFbI alb(ha-
Oemmekrep/i "icke KOCYIbIH" OipHeIle HyCKalapblHA apHAJIFaH MIENIM Z MaTPHUIIAChIH/IA
cakTanaibl.

Iuicrep mMeH Mmarepuajgap. Colikec MIeKapajblK MIapTTapbl O0ap eKiHmi perTi
Kall quddepeHanabpK TeHaeylep kyiecin menry ymriH Mathcad oprackiHBIH caHIBIK
9fici, al aNmbIHFaH HOTHXKeNep/i rpadukanbiK Typae OeifHeney VIIiH OHBIH Tpa(UKalIbIK
MYMKIHAIKTepi KOJIAaHBLI/IBL.

Hortmikesep ™meH odapabpl  TaJkbLIay. Aunbda-OenmexTep KO3FaJIbIChIHBIH
TPACKTO-PUSCHIH CUTIATTAUTBIH COHKEC IIeKapalblK MIapTTapbl Oap eKiHIN peTTi kal
muddepeHInanIblK TeHASYIep KYHeciHiH memiMi 3-cyperTe rpaduKaiblk Typae Oeii-
HelleHTeH. Mogenpaey OemnmexTepAid OonkamIbl MiHEe3-KYJIKBIH Tamaiia pacTaiiibl-
onap/eIH Oip Oediri sapo OoaMaraH KaFaaiia O0IaThIH OJIAP/IBIH TY3Y ChI3BIKTHI YIITYbIHAH
ayBITKY/IBI, aJl KeHOip OeJImmeKkTep KO3FaibIC OaFbITBIH Kapama-KapchlFa e3repTyai OacTtaH
kerripeni. OU3UKaNbIK KOHABIPFBIHBIH O TYPJIi OPBIHIAPBIH/Ia OPHATHUIFAH OOJIIIEKTEP IiH
JIATYUKTEPI 3aTTap MEH MarepHalijiap KYPbUIBICHIHBIH aTOM TEOPHSICHIHBIH PACcTayhbl OOJIBIIT
Ta0BLIATHIH TPACKTOPUSHBIH OCBIHIAN ©3repicTepiH Oenriier oThIpaIbl.

OpHHEe, CUIATTallFaH MOJENbh a0CONIOTTI JoN Jen aiTyra Ooimaiiael. Mbicaibl,
OemimekTep AIpoFa Moy OarbITTajca, OHJA eNeyili KaTelikTep TyblHaaybl MyMKiH. Erep
OemImeKkTep/IiH KbUIIAMIBIFBl YIKEH OoJica, OHJa OeIIIEKTep SIIPOHBIH Kepi HTepy
KYIIIH XeHEe ajaJlbl, HOTIKe/Ie OeJIIeKTep onapra cineni. MyHnai CiHipy argainapbia
CHIIATTAJIFAaH MOJIEJIb €CENKE alIMaMIbl.
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3-cypem — Anba-OemekTep bIIBIPAYBIHBIH TPASKTOPUSIIAPHI

Anponblk Quzukana Oipael »MexTp 3apsabl Oap, Oipak Maccachl SpTYpHi aroMaap
M30TONTAp JAeN aTtanajabl. SApoJibIK (U3UKAHBIH MaHBI3ABl €ceNnTepiHiH Oipi M30TOMTAp-
bl Oeny Oonbinm TaObutaabl. Mogenbpaeynae M30TONTapAbl OeIydiH CHEKTPOCKOMHMSIIBIK
oziciH makmanmaHambl3. Bysl ozic yIIBIN IIBIFATBIH JKOHE MAarHUTTIK ©PICTiH ocepiHeH
AyBITKUTBIH MOHAAPBIH TPACKTOPHSCHIHBIH €PEKIICTIKTEPI MEH MOHAAPBIH KO3FaIbIChIH
CUMATTaUTBIH A PepeHINaNIBIK TEHACYNIEp KYHECIH MIeNnyre Heri3aeareH. DIeKTp 3a-

4-cypem — MarHuT epiciHzeri AIIeKTp 3apsubl Oap Oemmiekrep
KO3FaJIBICBIHBIH TPACKTOPHUSIIAPEI
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psinbl Oap OemmekTepiH OipKalbIThl MarHUT OpiciHie Ko3ramy eceOi ocbiHgai. CoHbI-
MeH, q 3apsAThl s)koHe M Maccanbl Oenmek H kepreymiri 6ap MarHuUT epici acep eTeTiH
00JIBICKA 0t OYPBIIIBIMEH YIIIBII IIBIKCHIH. 4-CypeT ap TYpJli Maccachl 6ap exi OeieK YIiH
TpaeKTOPHUSIIAP/IbIH KYPBUIYBIH KepceTeidl. bemmiekrepin Ko3raibichl JIOpeHI| KyliliHiH
ocepiHeH 0ojaibl. 4-CyperTe KOpiHil TypraHaan, oemmiekrep X oci OOWbIMEH KeHICTIKTIK
CIUpasbiHA COMKEC TPAeKTOPpHs OOMBIHIIA KO3Faa sl. HerypibiM OeliekrepiiH 6acTarkbl
JKBUIIAMJIBIFBI JKOFaphl 00JIca, CIIMpallb JHaMeTPi COFYPIIbIM JKOFaphl 0oaabl. by Mbicain
KEHICTIKTET1 Kyp/IeJli KO3FaJILICThI BU3yaIH3allusiay Typajbl )KaKChl TYCIHIK Oepelt.

Anbda-0emnmiekTep KO3FaIbIChIHBIH TPACKTOPHUSICHIH CUIIATTaWThIH AU (epeHIHaIbIK
TeHeyNepal naiibiaaay xoHe Bulstoer ¢yHKIMSICHI apKbUIbl ONapAbl Iy YChIHBIIFAH.
SnponbIK U3MKaHBIH MaHBI3IbI €CenTepiHiH 0ipi M30TONTApABl OOy OONBIN TAOBLIAIbI.
W3otonTapapl OeiymiH CHEKTPOCKOIUSUIBIK OJICIH CHUIIATTayFa apHaliFaH KOJIAaHOaJbI
OarnmapiaMa KYpBUIBIN, JKaH-)KaKThl TaJKbUIAHFaH. ByJ oNiC YIIBIN IIBIFATBIH JKOHE
MarHUTTIK OPICTIH 9CepiHEH aybITKUTHIH HOHJAP/ABIH TPACKTOPHUSCHIHBIH epeKIIeTIKTepiHe
HerizgenreH. VoHapablH KO3FaJbICBIH CHUNATTAWTHIH And(depeHIHnaInblK TeHaeyIep
JKYHecl KenTipiireH. DneKkTp 3apsabl Oap OenmmexrepiiH OipKajibIITHl MarHUT OpiciHiae
Kosrairy ece0i Mathcad opraceinia merniiares.

KopswiThinabl. Mogenbaey OemiekrepiiH OoJpKamIbl MiHE3-KYJIKBIH — Tamarla
pacTaiiipi-onap/bIH Oip Oetiri sipo OoMaraH xar/aiia 00JaThiH OJapIbIH TY3Y CBI3BIKTHI
YIIIyBIHAH ayBITKY/bI, aJl Kei0ip OeIeKkTep KO3Faibic OarbIThIH KapaMa-KapchlFa e3repTyi
Oactan xemripeai. PU3MKaIBIK KOHIBIPFBIHBIH 9P TYPJi OpBIHAAPBIHAA OpHATHUIFaH
OeJIIeKTepiH AaTYMKTEPi 3aTTap MEH Marepuangap KYPbUIBICHIHBIH aTOM TEOPUSCHIHBIH
pacraybl OOJBIN TaOBUIATHIH TPACKTOPUSHBIH OCBIHIAM ©3repicTepiH OeNTijien OTHIPaIbI.
OpuHe, KYpbUIFaH MOJIeIb aOCOJIIOTTI JI9J e aiTyra OosiMaiiibl. MpIicaibl, OelieKTep
AOpoFa A97 OarbITTajca, OHJA eNleyli KaTeJiKTep TyblHAaybl MyMKiH. Erep Oenmiexrepain
JKBUIIAMJIBIFBI YIIKEH OoJica, OHAa OenmeKTep sIPOHBIH Kepl UTepy KYLIIH YXSHEe aylajbl,
HOTIDKE/Ie OeJeKkrep oyiapra ciHemi. MyHaai CiHIpY JKaFaaijapblH KYPbUIFAH MOJIEIH
€CerKe aJIMaiIbl. DIIEKTP 3apsiibl 0ap O6JIIeKTeP/IiH O1pKAJIBINTEH MATHUT OPICIHIE KO3FaTy
ece0i mrenriyired. HerypibiM OesiekTep 1iH 0acTanKbl KbUIIAM/IBIFbI )KOFAphI 00JICa, CITU-
paJib TUaMeTpi COFYPIIbIM KOFaphl 00Jaibl. By MbIcan KeHICTIKTEr! Kyp/ei KO3FaabICThI
BU3yaJM3alUsIIay Typabl )KaKchl TYCIHIK Oepe/i.

OJEBHET

1 I'ynne X., Todounuk f1. KomnbrorepHoe MogennpoBanut B pusuke. Yacts 1. — M.:Mup, 1990.
— 349 c. ISBN: 5-03-001593-0

2 Jletnad A.A., SIBopcknii .M. Kypc ¢puzuku: yaedHOe mocodue [uist BTy30B. — 8-¢ u31I., — M.:
Wznarensckuii ueHTp «Axagemusi», 2008. — 720 c¢. ISBN: 978-5-7695-6478-9

3 Tpodumosa T.U. Kypc ¢usuku: yaedbnoe nocodbue amst By3zos. — U3, 11-e. — M.: U3narens-
ckuil neHTp «Akagemusi», 2006. — 560 c. ISBN: 5-7695-2629-7

4 JlpsixonoB B. Komnbrotepnast Maremaruka. Teopus u npaktuka. — M: Topsayast nunus — Tene-
koM, 2001.— 115¢. ISBN:5-89251-065-4

5 Hecht Eugene. (2017). Optics. Pearson Education, Inc.ISBN: 978-0133977226

6 Paxutua B.U. PykoBozicTBO 110 MeToaM BRIYHCICHAH U ipriiokeHwst Mathcad. — M.: @u3mar-
mut, 2005.-264 c¢. ISBN 5-9221-0636-8



64 Becmnux Hayuonanvhoti unsceneprou akademuu Pecnyonruxu Kazaxcman. 2022, Ne 3 (85)

7 Maxapos E. Nnxenepusie pacuersl B Mathcad 15. Yue6nsiii kypc. — CII0. : [Turep, 2011. —
448 c. ISBN: 978-5-459-00357-4

8 Brent Maxfield. (2006). Engineering with Mathcad: Using Mathcad to Create and Organize
your Engineering Calculations. Butterworth-Heinemann. ISBN: 9780080466941

9 Oxop3uH, B. A. Komnberoreproe monenuposanue B cucreme Mathcad / B.A. Oxop3uH. — M.
®unancel u craructuka, 2006. — 144 ¢. ISBN 5-279-03037-6.

10 Philip Pritchard. (2008). Mathcad: A Tool for Engineering Problem Solving. McGraw-Hill
Companies,Incorporated. ISBN: 9780073191850

11 Oxop3uH, B. A. IlpuknanHas maremaruka B cucteme Mathcad / B.A. Oxop3un. — M.: Jlanb,
2008. — 352c. ISBN: 978-5-8114-0814-6

12 Maxfield B. (2009). Essential Mathcad for Engineering, Science, and Math ISE. ISBN:
9780123748461

13 Maxfield B. (2013). Essential Ptc(r) MathCAD Prime(r) 3.0: A Guide for New and Current
Users. Academic Press. ISBN: 9780124104105

14 David Randolph, Martin II. (2020). Engineering Calculations with Creo Parametric and PTC
Mathcad Prime. Independently published . ISBN: 979-8649196673

REFERENCES

1 Gould H., Tobochnik Ya. Computer modeling in physics. Part 1. -M.: Mir, 1990.-349 p. ISBN:
5-03-001593-0

2 Detlaff A.A., Yavorsky B.M. Course of physics: textbook for higher educational institutions. -
8th ed., - M .: Publishing Center "Academy", 2008. - 720 p. ISBN: 978-5-7695-6478-9

3 Trofimova T.I. Course of physics: textbook for universities. — Ed. 11th. - M.: Publishing Center
"Academy", 2006. - 560 p. ISBN: 5-7695-2629-7

4 Dyakonov V. Computer Mathematics. Theory and practice. -M: Hotline - Telecom, 2001.-
115s. ISBN:5-89251-065-4

5 Hecht Eugene. (2017). Optics. Pearson Education, Inc. ISBN: 978-0133977226

6 Rakitin V.I. Guide to Calculation Methods and Mathcad Applications. —M.: Fizmatlit, 2005.-
264 p. ISBN 5-9221-0636-8

7 Makarov E. Engineering calculations in Mathcad 15. Training course. - St. Petersburg. : Peter,
2011. - 448 p. ISBN: 978-5-459-00357-4

8 Brent Maxfield (2006). Engineering with Mathcad: Using Mathcad to Create and Organize
your Engineering Calculations. Butterworth-Heinemann. ISBN: 9780080466941

9 Okhorzin, V.A. Computer modeling in the Mathcad system / V.A. Okhorzin. - M.: Finance and
statistics, 2006. - 144 p. ISBN 5-279-03037-6.

10 Philip Pritchard. (2008). Mathcad: A Tool for Engineering Problem Solving. McGraw Hill
Companies, Incorporated. ISBN: 9780073191850

11 Okhorzin, V.A. Applied mathematics in the Mathcad system / V.A. Okhorzin. - M.: Lan, 2008.
-352¢. ISBN: 978-5-8114-0814-6

12 Maxfield B. (2009). Essential Mathcad for Engineering, Science, and Math ISE. ISBN:
9780123748461

13 Maxfield B. (2013). Essential Ptc(r) MathCAD Prime(r) 3.0: A Guide for New and Current
Users. Academic Press. ISBN: 9780124104105

14 David Randolph, Martin II. (2020). Engineering Calculations with Creo Parametric and PTC
Mathcad Prime. Independently published. ISBN: 979-8649196673



Huvicanos E. A. ocane m.o. Anvgha-6onumexmepoin vloblpayblt JcaHe u30monmapovly ... 65

E. A. HBICAHOB, C. /1. KYPAKBAEBA, A. X. MAXATOBA,
A. E. KOIKABEKOBA, A. A. MYCABEKOB

FOoicno-Kasaxcmanckuit ynusepcumem um. M.Ayszosa, Ilvimxenm, Kazaxcman

KOMIIBIOTEPHOE MOAEJIUPOBAHUE U OIIMCAHHUE PACITAJA
AJIb®A-HACTHUIL U PABAEJEHUSA N30TOIIOB

B cmamwe paccmompenvl ocobennocmu KoMnvblomepHo2o MoOenuposanus pacnaoa atbpa-vacmuy
u pasdenenus uzomonos. Kozoa nonoscumenvro 3apsicentvie anbgha-vacmuysl y0apsamcs 0 MmoHKyIO
NAACIMUHKY Mamepuu, mozod OHu npu OAU3KOM PACCMOSHUY K A0pAM OMMAIKUGaiomcs om s0pa amoma,
OMKIOHAACH 8 OBUICCHUU OM NPAMOU JUHUL, U MO2YM 0ddice USMEHUmMyb Hanpasienue noiema, CulbHO
OMMAAKUBASICL OM A0PA U 08USAACL K UCTIOUHUKY ATb@a-uacmuy. dmu cayuau MoOeiuposanvl u no-
cmpoenvl 2pagury mpaekmopuil arbpa-4acmuy ¢ NOMOWBIO COBPEMEHHOU KOMNLIOMEPHOU Mamemamu-
yeckou cucmemvl Mathcad. Ilpednaeaemcs cocmasums oudepenyuanvhvle ypagHeHusl, ONUCLIEAIOuIe
MPAeKmMopuio O8UNCEHUS Abha-4acmuybl, U pewums ux ¢ nomouvio Qynxyuu Bulstoer cpeovt Mathcad.
Moodenupoganue npexkpacrno noomesepacoaenm npeocKazanHoe nogedeHue Yacmuy — HeKomopwle U3 Hux
OMKIOHAIOMCA OM C80e20 TUHEUHO20 Noiema 8 Omcymcemeue a0pa, a HeKomopwle 4acmuybl MeHAom
Hanpaeienue O8UNCEHUs 8 NPOMUBONOLOICHOM HANPAGIeHUU. [Jamuuky uacmuy, YyCmaHosieHuvle 8 pas-
HBIX 4acmsax Qusuiecko2o yCmpoucmead, 00HApyICcUsaron maxue usMeHeHus mpaekmopuu, Ymo ;6asAemcs
NnOOMEEPIHCOCHUEM AMOMHOU MeopUU CMpOoeHUsl seujecms u mamepuanos. Pazpabomana u noopo6no o6-
Cyacoena NpuUKIAOHAs NPOPAMMA 01 ONUCAHUSL CHEKMPOCKONUYECKO20 Memooa pazdeneHis u3omonos.
Koneuno, onucannvie mooenu ne modicem cuumams abconiomno mounvimu. Hanpumep, eciu uacmuyot Ha-
yenenvl MOUHO HA A0PO, MO2YM BOZHUKHYMb 3HAUUMENbHbIe ouwubKku. Eciu ckopocms yacmuy evicoxa, mo
yacmuybl MO2ym npeoooaens CUuLy OMmMAaiKuganus s0pd, 8 pe3yibmame 4e2o Yacmuybl no2LoWaiomcs
umu. Taxue ycnogus no2nowenus ne yuumuléaomes 6 paspabomannvix mooensax. OOHa us 6adcHvix 3a0a
A0epHoll pusuku s81semcst pasoenenue uzomonos. Pazpabomana npuxiaduas npocpamma os onucanus
CNEeKMPOCKONUYECKO20 Memood pazoeneHus u30monog. dmom memoo OCHO8AH HA XAPAKMEPUCHUKAX
MPAeKmopuy UOHO8, KOMOPble USTYYAIOM U KOIeONIOmcs nod delicmeuem machumuo2o nois. Ipugedena
cucmema OuGpeperyuanbHblx YpagHeHull, ONUCLLBAWA OBUICEHUE UOHOS. 300aia O OBUNCEHUU dTleK-
MPUYECKU 3APANCCHHBIX YACTUY 8 0OHOPOOHOM MASHUMHOM nofe peuiena ¢ cpeoe Mathcad.

Kniouesvie cnosa: anvpa-uacmuysl, u30monsl, UOHLL, MACHUMHOE NOJIe, KOMAbIOIMEPHOE MOOENUpPO-
eanue, Mathcad, npuxnaonas npoepamma.

E. A. NYSANOV, S. D. KURAKBAYEVA, A. KH. MAKHATOVA,
A. E. KOZHABEKOVA, A. A. MUSABEKOV

M. Auezov South Kazakhstan University, Shymkent, Kazakhstan

COMPUTER SIMULATION AND DESCRIPTION
OF ALPHA PARTICLE DECAY AND ISOTOPE SEPARATION

The computer simulation features of the alpha particle decay and isotope separationare discussed in
presented paper. When positively charged alpha particles hit a thin plate of matter, then at a close distance
to the nuclei they are repelled from the nucleus of an atom, deviating from a straight line in motion, and
can even change the rectilinear motion, strongly repulsing from the nucleus and moving towards the
source of alpha particles. These cases are simulated and graphs of the trajectories of alpha particles
are plottedusing modern computer mathematical system Mathcad.It is proposed to compose differential



66 Becmnux Hayuonanvhoti unsceneprou akademuu Pecnyonruxu Kazaxcman. 2022, Ne 3 (85)

equations describing the trajectory of the alpha particle and solve them by using the Bulstoer function in
the Mathcad. The simulations perfectly confirm the predicted behavior of particles - some of them deviate
from their linear motion in the absence of a nucleus, and some of the particles change direction in the
opposite one. Particle sensors installed in different parts of the physical device detect such changes in
the trajectory, which is a confirmation of the atomic theory of the structure of matter and materials. An
application program for describing the spectroscopic method of isotope separation has been developed
and discussed in detail. Of course, the described models cannot be considered absolutely accurate. For
example, if the particles are aimed exactly at the nucleus, significant errors can occur. If the particle
speed is high, then the particles can overcome the repulsive force of the nucleus, causing the particles
to be absorbed by them. Such absorption conditions are not taken into account in the developed models.
One of the important tasks of nuclear physics is the separation of isotopes. An application program has
been developed to describe the spectroscopic method of isotope separation. This method is based on the
characteristics of the trajectory of ions that radiate and oscillate under an impact of a magnetic field.
A system of differential equations describing the motion of ions is given. The problem of the motion of
electrically charged particles in a uniform magnetic field is solved in the Mathcad.

Key words: alpha particles, isotopes, ions, magnetic field, computer simulation, Mathcad, applied
program.
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DEVELOPMENT OF A PROGRAM FOR THE INTEGRATION
OF SOCIO-ECONOMIC INDICATORS WITH SPATIAL DATA TO ANALYZE
THE STANDARD OF LIVING OF THE POPULATION OF KAZAKHSTAN

Up-to-date and reliable information is vital for assessing the socio-economic status of the population
and effective decision-making. With the help of a spatial information base, social security and living
standards data can be integrated to formulate strategic development plans and improve decision-making.
This article presents the work on the integration of information about the standard of living and social
security of the inhabitants of Kazakhstan with the display of data on the map. GIS tools were used for
integration, as the latest technological advances in this field allow the manipulation of large amounts of
geographic data and the creation of a spatial environment with socio-economic data. This work includes
collecting unstructured data from the Bureau of National Statistics, reformatting the data into a structured
database as an attribute-value pair, calculating important living standards indicators such as the real
income index, the depth and severity of poverty and the social inequality index, and monitoring the results
on the web map to compare regions based on the results obtained. It is also important to note the operation
performed for the gridding of table attributes, since it was implemented automatically using the GIS tool.
The results of the work are presented for three important indicators of the standard of living and displayed
on a map using a heat map to visually show the changes in the indices for each region of Kazakhstan.

Key words: socio-economic information, living standards indicators, spatial data, GIS, map
visualization, data extraction.

Introduction. Economics professionals and governments need powerful tools to help
them analyze, display and disseminate results, and make informed decisions about where to
create new jobs or improve the quality of life in a given region [1]. Today, GIS technologies
(such as ArcGIS Pro, QGIS, Google Earth Engine) are powerful and efficient in realizing
these functions, helping economic professionals to support and control the change and
growth of people’s social life. A GIS facilitates the study of geographic distribution (single
columns of an attribute table focusing on trends), geographic variation (single columns of
an attribute table focusing on fluctuations), and geographic relationships (pairs of columns
in an attribute table) [2].

Statistics are generally mathematical calculations such as mean, squared error,
variance, correlation, and other mathematical statistics that support the scientific collection,
organization, analysis, and interpretation of sample data to draw conclusions about their
original population. Spatial statistical and econometric methods are broadly classified into
three sub-domains based on the characteristics of spatial data: spatial point structures, geo-
statistics, and attributes associated with discrete spatial units, mainly polygons [3].

* E-mail xoppecmonnupyromero aBropa: asselyaospan@gmail.com
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The procedure for integrating socio-economic data and spatial reference of heterogeneous
data is shown in Figure 1. This model was presented by the International Cartographic
Association in its work “Cartography beyond the ordinary world” [4]. Using this model
for statistical data associated with geographic features, one can obtain a spatial factor atlas
about the main socio-economic indicators and convert the statistics into spatial data. Thus,
the quantitative distribution in the cells of the spatial grid and integration with natural sta-
tistics data will be implemented.

Figure 1 — Diagram of a model for integrating socio-economic data with spatial data

Based on this scheme, our tasks of integrating indicators of the level of social life of the
people of Kazakhstan with a GIS-based spatial database with data visualization on a web
map for a better understanding of the situation and comparison of results were completed.

Related work. Recent technological advances in GIS make it possible to manipulate
large amounts of geographic data and create spatial environments with socioeconomic data.
The creators of ArcGIS [5] have introduced a separate package called “GIS for Economic
Development”, where the thematic map has a table of contents that allows the reader to
add layers of information to the base map. For example, a sociologist can use a base map
of a particular country, and add datasets from the Bureau of Statistics to add layers of data
to a map that shows the standard of living, age, and employment status of residents, thus
combining multiple datasets in an infinite number of ways.

Recognizingthesynergies (fromtheintegration of GIS and spatial statistics/econometrics),
spatial data scientists have proposed and made efforts to integrate the technical fields of the
two disciplines [6]. Recent developments have resulted in greater availability of spatial
statistics and econometrics tools on various platforms, including commercial GIS software
(e.g. ArcGIS), statistical and mathematical software (e.g. Python), stand-alone packages
and libraries in popular programming environments Spatial statistical and econometric
methods are broadly classified into three sub-domains based on the characteristics of spatial
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data: structures, geo-statistics and attributes associated with discrete spatial units, mainly
polygons [7]. Fischer, M.M., Getis, A. provide an extensive overview of spatial statistics
and econometrics tools [8].

Griffith D.A. points out that one of the goals of spatial statistics is to provide
a better understanding of how geographic landscapes function, some of which are
economies of space [9]. It poses the following challenges for spatial econometricians, as
suggested by contemporary spatial statistical work: (1) formulate efficient and efficient
implementations of spatial autoregression for massive georeferenced datasets; (2)
determining the usefulness of the main eigenvector of the geographic weights matrix for
empirical analysis; (3) transformation of georeferenced data generation mechanisms in
terms of mixed parametric models including spatial filters based on eigenvectors; and
(4) improving our understanding of the terms spatially structured random effect (SSRE)
and spatially unstructured random effect (SURE) that can appear in spatial statistical/
econometric model specifications.

Introducing the term “spatial econometrics”, Paelinck, J. emphasizes the need to account
for geographic dependence in spatial models, eliminate asymmetries in spatial relationships,
recognize the importance of covariates located elsewhere, and include topological variables
that explicitly span space. in the model specification [10].

Spatial statisticians often deal with observational data and therefore conduct correlation
studies. Paclinck J. points out that one of the goals of spatial econometrics is to better
understand how spatial economics works [10]. He discusses specification and multiple modes
in the context of spatiotemporal representations. He concludes that partial difference equation
models appear to be a suitable analysis tool for large sets of small spatial units. In conclusion,
especially applied spatial statistics/econometrics has been made possible by the existence of
GIS and other computer software packages. Let’s take a look at the work done in this area.

In[11], the authors applied GIS to integrate social, economic and environmental factors
to assess land vulnerability to degradation in the Pir Panjal Himalayas, Kashmir, India. In
this work, a GIS tool was used to obtain information about irrigated lands and vegetation
areas, as well as lands where degradation is high. The data obtained were compared with
population density, age of residents, and economically important enterprises.

The authors of [12] present a GIS method for modeling ecosystem services by mapping
socio-economic scenarios. As a result, the authors developed scenarios with the involvement
of local stakeholders and experts to determine how major land cover classes might change
under the influence of different sets of factors, formalized spatial rules such as agriculture
can only occur on certain soil types, and created a future land cover map. cover, which can
then be used to model ecosystem services.

The work [13] provides an analysis of the human resources of Kazakhstan based on GIS.
Demographic, social, economic and environmental indicators were used to calculate human
resources. Here, the results of the calculation of human resources are displayed on a map of
Kazakhstan, where cities are identified as a “talent magnet”, industrial areas and peripheral
regions with the lowest rates, and an analysis of the reasons for such results is also made.

Based on the above works, it can be concluded that the integration of socio-economic
data with GIS is an effective method and gives a positive result in the course of analysis
and research.
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If we turn to the implementation of our program, then different methods and tools were used
here. For example, for our work, all tabular data are taken from the Bureau of National Statistics
[14] and they are in the form of unstructured data. To solve this problem, the article [15] provides
a CRL (Cells Rule Language) method that extracts data from arbitrary semi-structured tables
(in text formats, spreadsheets and web tables) and transforms them into a structured form from
which they can be loaded to the database using standard ETL tools (Extract, Transform, Load).
A formal language of rules for the analysis and interpretation of tables, called CRL (Cells Rule
Language), has been proposed. The execution of such rules allows you to restore the semantics
of the table, which was originally absent, but necessary for extracting and transforming tabular
information. The complete implementation algorithm is given in [16].

As soon as our tables are brought into a structured database, and are ready for
manipulation for calculation, an economic model will be built to assess the standard of
living of the population of Kazakhstan. In [13], four indicators are used to calculate human
resources, and the results are successful, therefore, a similar model will be used for our
economic model, only indicators for the standard of living of the population.

Materials and methods. To accomplish our tasks, the following steps will be performed:

1. Collection of data from the Bureau of National Statistics.

2. Converting unstructured tabular data to structured databases using SQL.

3. Selection of living standards indicators based on the UN guidelines for measuring
poverty: the index of real money incomes of the population, the severity of poverty, the
depth of poverty and the inequality index (Gini coefficient)).

4. Construction of an economic model for effective analysis of the standard of living of
the population.

5. Performing coordinate referencing of all regions of Kazakhstan and visualizing the
results on a web map for comparison and analysis.

The definition of the term poverty is described in the guidelines on measuring poverty
by the United Nations Economic Commission for Europe [17]. This guide notes the concept
of inequality, which is measured by the Gini coefficient, as well as the monetary approach to
poverty, including in terms of income and consumption spending, most commonly used to
measure poverty in monetary terms. It is now widely recognized that the concept of poverty
goes beyond the material conditions of people’s lives and is also expressed in ill health, job
insecurity, social exclusion, malnutrition, and personal insecurity.

Based on UN information, for the study of the living standards of Kazakhstan, indicators
such as the index of real money incomes of the population, the severity of poverty, the depth
of poverty and the inequality index (Gini coefficient) from the Bureau of National Statistics
of Kazakhstan (1) were selected.

The depth of poverty index shows how far people have fallen below the poverty line
(depth of poverty) as a percentage of the poverty line. The depth of poverty index can be
expressed as follows (formula 1):

_ 1 <nG
Ehiv Y (M

where the poverty gap (G,) is equal to the poverty line minus actual (equivalent) income or
expenditure for those living in poverty and zero for those who are not.
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The following formula (2) also calculates the poverty depth coefficient (P1), which
characterizes the average distance of the poor from the poverty line:

1en O [@-x [

EO ML= pall=h @)

where z is the average subsistence minimum for one member of the household; xi is the
indicator of the per capita income index of person i covered by the survey; n is the total
surveyed population.

The poverty severity coefficient (P2), which characterizes the degree of inequality
among the poor, is calculated using formula (3):

len O @-x% [
F’l—ﬁzi:lglaXEz—,O% (3)

The difference between the poverty depth ratio and the poverty severity ratio is that the
latter is calculated more heavily by households that are severely underfunded.

The Gini coefficient (Income Concentration Index) is a statistic for assessing economic
equality. It was invented by the economist Gini Corrado [17]. It shows the even distribution
of income or wealth among the members of society. The coefficient is measured using a
graphical method - the Lorentz curve. To get the Gini coefficient, you need to: a) calculate
the area of the figure (T), which is formed by the line of absolute equality and the Lorentz
curve; b) calculate the area of triangle OFE; c) divide the area T by the area OFE: Gini
coefficient =T / OFE.

As a result, we get a number from 0 to 1. If incomes are evenly distributed, then the
indicator will be 0, if everything belongs to one person, then - 1. In general, the lower the
Gini coefficient, the better, the less economic inequality in the country.

After receiving the results of the above indicators of the standard of living, it is
necessary to perform a spatial reference to the regions of Kazakhstan. To perform this task,
the ArcGIS tool will be used, since there is a tool that automatically determines vector X,
y coordinates from the names of areas, without adding extra attributes to the tables. For
the best understanding and analysis of the results, a heat map will be applied, which will
highlight the regions in comparison with each other.

Results and discussion. Based on the above calculations, results were obtained
from 2001 to 2021 for the regions of Kazakhstan. To visualize and compare the results,
the data will be displayed on a map using a heat map, where the colors change from the
minimum to the maximum value. The convenience of using a web map is that the user
himself can choose the colors he needs, thus making it easier to read the results on the
map.

Using formulas (1), (2) and (3), we have obtained indicators of the depth and severity of
poverty from 2001 to 2021. (Table 1) life of the population over the past 10 years.
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Table 1 — Indicators of the depth and severity of poverty in the regions
of Kazakhstan from 2001 to 2021.

In this Table 1, the regions marked in orange and green have the highest depth of poverty
and the lowest. In Mangistau and North Kazakhstan regions, the depth of poverty is higher
than in other cities, which indicates an unsatisfactory standard of living in these regions.
Below are graphs for a better comparison of results over the past 10 years. (Figure 2, 3)

Figure 2 — Indicators of the depth of poverty of the regions
of Kazakhstan from 2011 to 2021
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Figure 3 — Poverty severity rates of the regions
of Kazakhstan from 2011 to 2021

The depth and severity of poverty indicators for 2021 were displayed on a web map
using a regional and heat map, where the color changes depending on the value of the
coefficient. (Figure 4). Here we can see that two layers are used. The first layer displays
tabular data for the depth of poverty, and colors from light blue to dark blue. The second
layer is a heat map for poverty severity, in red and green circles.

Figure 4 — Displaying data of depth and severity of poverty for regions
of Kazakhstan for 2021 on the web map

Table 2 shows the performance of the Gini coefficient from 2001 to 2021, as mentioned
above, the lower the Gini index and close to zero, the more equal the region is and vice versa.
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Table 2 — Indicators of the Gini coefficient for the last 20 years in all regions of Kazakhstan.

Here you can see that social inequality for 2021 is more pronounced in the largest city
of Kazakhstan - Almaty, where the incomes of the population are very different from each
other. Also, the North Kazakhstan region showed the best results for 2015 and 2021, which
indicates that the incomes of the population are close to each other. The developed countries
of the world practice economic models that help bring the Gini coefficient closer to 0 [16].
In Figure 5, one can observe the declining dynamics for all regions, here the conclusion is
that the country has improved its social condition over the past 20 years. On the one hand, it
is necessary to take into account both devaluation and other categories that mainly describe
economic development and the standard of living of the population. However, these tasks
are outside the scope of our work.

Figure 5 — Graph of Gini coefficient indicators from 2001 to 2021 for the regions of Kazakhstan
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Below the data display of the Gini coefficient is shown in Figure 6, where a heat map
is used, which highlights areas by their values: red - maximum, yellow - average, green -
minimum. There is also a sheet map displaying tabular data for 20 years of the geoobject to
which the coordinate referencing is performed.

Figure 6 — Heatmap of Kazakhstan with Gini coefficient indicators for 2021

In the future, the establishment of such tasks as finding the causes of poverty, identifying
the stability of variability is to be set. For example, a significant number of employed
population on life indices, between such indicators of labor/employment and acute poverty,
a direct or inverse correlation, and whether there is a relationship between fast working
youth and the level of income in the region. That is, it requires a thorough analysis of all
indicators that are relevant to the socio-economic life of the population. All these works will
be carried out in anticipation of our research.

Conclusion. Our main goal in this work was to integrate socio-economic indicators
with the map for better monitoring and comparison of results. To accomplish these tasks,
a collection of unstructured tabular data was made, consisting of indicators describing
the socio-economic condition of the population. Since there are many indicators, it was
important to choose the most important 3-4 indicators. Moreover, the choice was made in
favor of such indicators as the severity of poverty, the depth of poverty and the inequality
index (Gini coefficient). Mean income measures were used to calculate the Gini coefficient.
All calculations were made in ArcGIS Analytics, it is important to properly prepare the
incoming data.

After receiving the results, the regions were coordinated to the map, where the program
automatically recognized the vector coordinates of all regions of Kazakhstan. Here it should
be taken into account that today the ArcGIS program recognizes names only in English.

Since, now we are interested in automatically displaying attribute values on a map, only a
vector map was used, where raster data is not specified. In addition, for the best understanding,
a heat map layer has been added where the color changes depending on the value.

Based on the results obtained, we can say that all our tasks that we set at the beginning
have been completed, there are also new tasks that, based on this work, we will continue in
the future.
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KA3AKCTAH XAJIKBIHBIH OMIP CYPY JEHTI'EATH

TAJIAY YIHIH 9JIEYMETTIK-9KOHOMMUMKAJIBIK

KOPCETKIIUTEPII KEHICTIKTIK JEPEKTEPMEH
NHTEI'PAIUAJIAY BATTAPIAMACBIH 93IPJIEY

Xanvikmoiy aneymemmik-3KOHOMUKATBIK HCALOAUbIH OALANAY HcaHe MUIMOI ulewimoep Kadolioay yulin
63eKkmi Jcone ceHimoi aknapam Kasxcem. Kewicmikmix aknapammolk 0a3aHblly KOMeSiMeH dleyMemmiK
KaMCbI30AHObIPY MeH OMID CYpY Oeneelii mypaivl 0epekmepoi CImpame2usiivlk OaMY JHCOCRAPILAPbIH d3Ipiey
JICoHe wlewimM Kaowlioay npoyecin xcaxcapmy yulin 6ipikmipyee 6onadwvl. bByn makanrada Kasaxcman
MYPELIHOAPBIHBIY, OMID CYPY OeHeelli MeH dieyMemmiK KamMmamacsl3 emizyi mypaisl aknapammsl Kap-
maoa Kepceme Omulpbln UHMeZPaYUAIAy OolbIHWAa dcymbicmap yevinviazan. Mnmeepayus ywin TAXK
KYpanoapuvl KoNOaHblI0bl, OUMKEH OCbl CANAOAdbl COHEbL MEXHOL0UANBIK HCCMICIIKmep 2e02papdusibli
Oepekmepoiy YiaKeH KoIeMiH 6AcKapyea JcoHe neyMemmiK-3KOHOMUKAIbIK 0ePEeKmepMeH KeHICMIKMIK
opma Kypyea MyMKiHOIK 6epedi. Byn scymvic ¥ammolx cmamucmuka 010poCoiHa KYpulibiMOaHOAeaH
depekmepoi HCUHAYObl, OepeKmepoi ampudymvl-maHi HcyObl pemiHoe KYpulibIMOAI2AH O0epeKKopad
Kaima gopmammayovl, HaAKmMvl Mabblc UHOEKCI, KeOelnikmiy mepeHdici MeH ayblpiblebl JHCIHE
aneymemmix meyciz0ik UHOEKCI CUSKMbL OMIP CYPY OeHeeliHil MAaHbl30bl KOpCemKiumepin ecenmeyoi
Kammuovl. Humepnemmezi namuodicenepli OAKbLIAY, AIbIHEAH HIMUdICENEp He2i3inoe aumakmapobl
canvicmoipyza apuanzan kapma. Conoau-ax, xecme ampudymmapulibly MOPLIH KYpYy YuliH JHcacaneam
onepayuanvl aman ony Kepek, oumieni on agmomammel mypoe IAXK xypanvinviy xemezimen gucysece
aceipuLnovl. JKymvic Hamuoicenepi omip cypy 0eneelliniy Yl Maybi30bl KOPCemKiuti OOUbIHUA YCLIHbIIZAH
arcone Kasaxcemarnnviy apoip 6HIpi GOUbIHULIA KOPCEMKIUMEPOIY 632eP2eHIH KOPHEKT KOpCemy YUliH MLy
KapmacwiHvly KoMe2iMeH Kapmaoa KopCcemineeH.

Tyitin co30ep: aneymemmik-3KOHOMUKANBIK aknapam, emip cypy OeHeeliniy Koepcemxiumepi,
Keyicmikmix oepexmep, IAJK, kapmoepadusnvix gusyanusayus, oepekmepoi uwvi2apy.
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PABPABOTKA ITPOI'PAMMbI UHTEI'PAIIUU COLIUAJIBHO-
3KOHOMUWYECKHNX MMOKA3ATEJIEH C MTPOCTPAHCTBEHHBIMUA
JAHHBIMMU JIJIS1 AHAJIM3A YPOBHS )KU3HU HACEJIEHUSA KASAXCTAHA

Axmyanvras u 0ocmosepnasn ungpopmayus HeodXoouma 015 OYeHKU COYUATbHO-IKOHOMUYECKO20 NO-
JIOdHCeHUsl HaceneHus U npuHamus dQgexmusHulx peuwenuti. C nomousbio npoCcmpaHcmeeHHol uHpopma-
YUOHHOU DA3bL OAHHbIE O COYUATLHOM 00eCneYeHul U YPOGHe JHCUHU MOSYI Oblb UHMeZPUPOo8ansl Ois
paspabomru cmpame2uyeckux niaHo8 pa3guimus U YIyuule s npoyecca nputamus pewenuil. B oannoi
cmamve npedcmasienvl pabomuvl no uHmezpayuy uHopmayuy 0o yposHe JiCU3HU U COYUATLHOU oDe-
cneyennocmu oicumeneti Kazaxcmana ¢ omobpasicenuem dannvix na xapme. [[na unmezpayuu ucnoio-
s06anucy uncmpymenmul I UC, nockonvky nociednue mexnono2uyeckue 00CMudiCeHUs 8 dmoti 0oracmu
N038ONAIOM MAHUNYIUPOBAMb DOTLUUMU 00beMaMU 2e02paduyeckux OaHHbIX U c030a6amy NPOCMpan-
CMBEHHYI0 cpedy ¢ COYUATLHO-IKOHOMULECKUMU OAHHbIMU. Dma paboma ekaouaem & cebs cOop HecmpyK-
Mypuposannvix 0anHwvix uz bropo nayuonanenoti cmamucmuxu, nepegpopmamuposanue OaHHbIX 8 CMpPYK-
Mypuposannyio 6azy OaHHLIX 8 ude napvl ampudym-3Havenue, pacuen GadliCHbIX NoKa3ameneil ypoeHs
DICUBHU, MAKUX KAK UHOEKC PeaibHO20 00X00d, 2YOUHA U Cepbe3HOCHb OEOHOCMU U UHOEKC COYUATILHO20
HepageHcmea, omceiedcusanie pe3ynomamos ¢ Mnmepueme, xapma 015 cpasHeHus pecuoHo8 Ha 0CHO8e
nonyyennvix pesyibmamos. Taxowce 8axcno ommemums onepayuio, 6blNOTHEHHYIO Ol NOCMPOEHUs cem-
Ku ampubymog mabnuybvl, max Kax oHa ObLIa peanu306and AgMoMamuyecKu ¢ NOMOUWbIO UHCIPYMEHmd
THC. Pesynomamul pabomul npedcmasienvl N0 mpem GANCHIM NOKA3AMENIM YPOGHS JCUSHU U OMOOPa-
JICeHbl HA Kapme ¢ NOMOWbIO MeNna080U Kapmul, 4modbl HA2AAOHO NOKA3AMb U3MEHeHe noKazamenetl no
Kasxcoomy peauony Kasaxcmana.

Knioueswie cnosa: coyuansHo-3K0HoMuyeckas UHGopmMayis, nOKA3amenu ypoeHs JCU3HU, NPOCMPAH-
cmeennvie oannvie, I UC, kapmoepaguueckas suzyanuzayus, u3eiedeHue OaHHbIX.
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AJITEBPAMMECKHUE METOJbI 'EHEPALIUN
OIITUMAJIBHBIX S-BJIOKOB

B pabome svinonnen 0630p ancebpauueckux memooos cenepayuu Kpunmoepaguueckux S-610x06. B
OaHHoU pabome paccmompeHvl Memoosl eenepayuu S-010K08, OCHOBAHHbIE HA NPUMEHEHUU NOTUHOMU-
ATIbHBIX NPeodPaz08aHuUll (TUHEHbIX, K8AOPAMUUHBIX, KYOUUECKUX), OPOOHO-TUHENIHbIX NPeodpa306anull
U Opyaux CneyuanbHblx 61008 aneebpaudeckux npeoopasosanuil. Taxce npusedeH psio npumepos eHe-
payuu S-610K08 ¢ NOMOWbIO K8A3USPYNn u Opy2ux areebpauyeckux cmpykmyp. Paccmompennoie memoosi
eeHepayuu S-O10K08 NO38ONAIM NOIYYUMb HOBble S-O10KU, 0bnadaruue HeodXOOUMbIMU KpUNmozpa-
uneckumu ceoticmeamu, MAKUMY dice UL 0adice ayyuie, yem y S-010Kd, NOCIMPOEHHO20 OISl ANCOPUMMA
Rijndael.

Knroueswie cnosa: unpopmayuonnas 6ezonachocms, Kpunmoepagus, Kpunmozpagpuueckue aneo-
pummvl, S-6710KuU, aneedbpauyeckue mMemoos.

Beenenue. OHO 13 BaXKHBIX U CIOXKHBIX 3a]1a4 B COBPEMEHHON Kpunrorpaduu sipisi-
eTCsl HaxoXkIeHHe d(PPEKTUBHBIX METOOB TeHEPAIMU KPUIITOrPaPHISCKUX ONTUMAIBHBIX
S-6110KOB, OIpEACTAIOIUX YCTORYNBOCTD KPUIITOrPAPHUECKUX AITOPUTMOB K Pa3IMIHBIM
KPUNTOAHAIMTHYECKUM aTakaM. B nmaHHOH pabore paccmarpuBaercs aireOpandecKuit
MOAXOJI K pEeIIeHHIO ATOMH 3aaauu. [Ipu anredpandeckux MeTogax S-OJOKH IPOEKTUPYIOTCS
B COOTBETCTBHUHM C HEKOTOPBHIMH JIOKa3aHHBIMH MaTe€MaTHUYECKUMH COOTHOIICHHSIMH MU
npuHimnamu. KiaccuyeckuM anredpanuecKuM METOJOM TeHepaluu S-OJO0KOB SIBISIETCS
METOJI, C TIOMOIIBI0 KOTOPOro ObLIT MOCTpoeH S-0mok jyis anroputma Rijndael [1] (moGe-
mutenb KoHKypea AES). CymecTtByeT psii MOIU(HKALUI TaKOr0 METOAa, OCHOBaHHBIC Ha
BapbUPOBAHUHU BHIOOpa OMPEACICHHOIO HEMPHUBOIMMOIO MHOTOWICHA, MO MOIYIIO KOTO-
poro ompezenseTcs yMHO)KeHUe B osie GF(2%), BpiOOpa mepBoro npeoOpa3oBaHus U3 ab-
TEepHATUBHBIX MpeoOpa3oBaHuii B pabore Hubepra [2], BeiOOpa onpeneneHHON MaTpUIbl
ad¢uHHOTO Mpeodpa3oBaHMs M BHIOOpA OMpPEACICHHOW CABUIOBOWM KOHCTaHTHI. B pabo-
te [3] npencraBieH 0030p meronoB reHepanuu Rijndael S-01okoB u ux mMogudukarmii,
a TarKke OOOOIIEHHBIM anreOpanyecKhii METOol KOHCTpyupoBaHusi 8-OMTHBIX Rijndael
S-6nokoB. B manHO# pabore maetcs 0030p Apyrux anreOpandeckux METOIOB I'eHEpalluH
S-6110KOB, CYIIECTBEHHO OTIAMYAIOIIUXCS OT BBIIIEYKa3aHHBIX. PaccMaTpuBaroTCs METOMBI
reHepanuu S-OJIOKOB, OCHOBAaHHbIC Ha MPUMEHEHHH MOJMHOMHAJIBHBIX MPeoOpa3oBaHHM
(TMHEHHBIX, KBaJPAaTUYHbIX, KyOMUECKUX), IPOOHO-THMHEHHBIX MTPeoOpa3oBaHUl U APYTHX
CIeNUaNbHBIX BUJOB anreOpandeckux mpeoOpazoBanuii. Takke MPUBOAUTCS Psi IpUMeE-
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POB TreHepaluu S-OIOKOB ¢ MOMOLIbIO KBa3UIPYII M JPYTHX alreOpanuecKux CTPYKTYp,
SIUTMIITHYECKUX KPUBBIX, TEOpUH TpadoB. PaccMarpuBaeMbie METO/BI TeHEpay S-0JI0KOB
MO3BOJISIOT OJTYYHUTh HOBBIE S-0110KH, 00118 1at0111e He0OOXOIUMBIMH KPHUIITOTpapuye CKUMH
CBOWCTBaMH, TAKHUMH K€ WU JaXe JIydlle, YeM y S-0JI0Ka, IIOCTPOCHHOTO ISl aJlTOpPUTMa
Rijndael.

Auaredpaundeckne MeToabl. Kak n3BecTHO, 7151 CHMMETPUYHOTO OJIOYHOTO alrOpUTMa
mmdposanus Rijndael S-011ok KOHCTpyHpyeTcsi Ha OCHOBE BBIOOpA OTIPENIEIIEHHOTO HEeTIPH-
BOJAMMOT0 MHOTOYICHA, TI0 MOIYJIK KOTOPOTO ONpeieiseTcs yMHOKeHue B none GF(2%),
BbIOOpa IEPBOTo NMPeoOpa3zoBaHusl U3 ABTEPHATHBHBIX IPeoOpa3zoBanuii u3 padotsl Hubep-
ra, BbIOOpa onpeseeHHoNH MaTpuibl ad(UHHOTO peoOpa3oBaHus U BEIOOpa Ompe/eieH-
HOW CIBUTOBOM KOHCTAaHTBI. AHAJIOTHYHBIM 00Pa30M MOXKHO IOCTPOHTH ApyrHe S-ONOKH,
Bapbupys HAOOPBI BEIOMPAEMBIX KOMIIOHEHTOB, HCIIOJIb3YEMbIX B KOHCTPYKIMH HArogo0ue
Rijndael S-6ioka. Takum oOpazom, ObLT co3aaH psij MoauduKalmii moctpoeHus Rijndael-
mo/Io0HBIX S-0J10KOB. A B pabote [3] ObLI mpeacTaBiieH 000OINECHHBIA alreOpandecKuit
MeToJl KoHCcTpyrpoBaHus 8-0uTHBIX Rijndael S-610koB. OfHaKo CylIecTBYeT psil JPyTHX
anreOpandecKux METOJO0B reHepaluy S-0JI0KOB, CYIIECTBEHHO OTIUYAIOMINXCS OT METOI0B
noctpoenust Rijndael S-65okoB 1 ux MonupuKauii.

CyniecTBYIOT METO/IbI FeHEpaK S-0JI0OKOB, OCHOBaHHBIC HA IPUMEHEHUH TTOJIMHO-
MHUAJIBHBIX TPe00pa3oBaHni (JIMHEHHBIX, KBaAPAaTHYHBIX, KyOUUECKHX ).

Hanpumep, B pabote [4] npeanaraercs anreOpandecKuii METo MOTyueHHs TUHA-
MHUYECKUX S-OJIOKOB C MCTIONBb30BaHNEM JTMHEHHOTO MOJTMHOMHATBHOTO TIPE00pa3oBaHus 1
MepecTaHoBKU. MeTo/] COCTOHT U3 CICAYIOUIMX OCHOBHBIX JTAIOB.

1. Ipumensiercs npeodpaszoBanue F : GF(2") — GF(2"), onpenensiemoe (hopMyIioi
F(x)=(ax + by mod 2"+ 1), tne a, b, x € GF(2"), a # 0.

2. K pesynbrary epBoro starna npuMeHseTcsl MOAYJsIpHast MyJIbTUIUIMKAaTUBHAsI MHBEP-
cus o Moayio mod (2" + 1).

3. Jlanee K MoMy4YeHHOMY Pe3yJbTaTy MPUMEHSETCs TIepeCTaHOBKa.

B pabore [5] npemiaraercs eiie ouH anreOpandecKuii MeTo | OJIYYSHUs TUHAMUYC-
CKUX S-OJIOKOB C HCIIOJIb30BaHUEM TOJIMHOMHAIBHOTO KBAJPAaTHYHOIO MpeoOpa3oBaHus,
nuHamMuueckoro ad@uHHOTO Npeodpa3oBaHMs W MEPECTAHOBOUHOW TEXHHMKH CO3JAHHS
OKOHYATENLHOTO S-010Ka. MeTo/] COCTOUT M3 CIEAYIONINX OCHOBHBIX ATAIIOB.

1. IlpumensieTcst kBagparnaHoe mnpeodpazosanue F : GF(2") — GF(2"), onpenensemoe
dopmymnoit F(x) = (a’x + b) mod2", tae a, b, x € GF(2"), a # 0.

2. K pesynbrary nepBoro srara npuMeHsieTcsl MOAyJsipHas MYJIbTUIUIMKATUBHAS HHBEP-
cus o moayio mod (2" + 1).

3. Jlanee npumMensiercs AuHamuyeckoe adhuHHOE Mpeodpa3oBaHue.

4. Jlanee K IOJIy4€HHOMY pe3yJIbTaTy MPUMEHsIETCS JMHAMHYECKAsl IePEeCTaHOBKA.

B pabote [6] S-01ok F': GF(2") = GF(2") onpenensiercs GopMyiioi KyOrnueckoro npeoo-
paszoBanust F(x)=(a’x+b)mod (2" + 1),taea, b,x € GF(2"), a #0. Tak, Hanpumep, 8-OUTHBII
%3X +100)(mod 257), x #135

) ) 8 8 F(x) =
S-onok F : GF(2%) — GF(2®) onpenensieTcs Kak (x)= 31,x=135

Ipu x = 135 F(x) ¢ GF(2%), moatoMy /sl COXpaHeHUsI OMCKTUBHOCTH JIJIsl THX 3HAYCHUIT
x 3Hauenue F(x) noonpenensiercs kak 31 mpu x = 135.
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CyIlecTBYIOT METO/IBI TeHEpaluu S-OJI0KOB, OCHOBAaHHBIC HA MPUMEHEHHH JIPOOHO-
JMHEHHBIX NPeo0pa3oBaHUil U IPYTUX CIEUUATBHBIX BUAAX anreOpandeckux mpeobdpaso-
BaHUM.

Hampumep, B padote [7] S-6mok F : GF(2%) — GF(2%) onpenensercss Kak KOMITO3H-
mst F=gof naByx mpeobOpasoBanmii. IlepBoe mnpeoOpasoBaHHe ONpenenseTcs: Kak
gx) = X0

cx+d
TUHEWHBIM TIpeoOpa3oBaHreM (M3BECTHOE Kak peodpazoBanne MEOmyca), onpenesroniee
JeCTBHE IPOEKTUBHOM 0011e# uHeitHoM rpymbl PGL(2, GF(2%)) Ha GF(2%). C nomorsio
9TOTO IEHCTBHS MOXHO TOCTPOUTH 16776960 S-0mokoB. S-0110K CTPOUTCS MTyTEM BBIYHC-
nenust g(x) w1t GUKCHPOBaHHBIX 3HAYEHUH a, b, ¢, d € GF(2%) miast Kaxmoro sneMeHTa
x € GF(2®) ¢ mpoBepkoii ycnoBuit ad — be # 0 u cx + d # 0. Uucna, nmojy4eHHbIE B Pe3yib-
Tare BHIYUCICHHUS g(x) 3aTeM MpeobpasyroTcs B ABOMUYHYIO (GOPMY H MPEACTABISIOTCS Kak
CTETIeHb W, TJIe W — KOpEHb IIPUMUTHBHOTO HETPUBOAMMOTO MHOTOUWIeHA. HenmpuBoaumbIit
MHOTOYJIEH, [0 MOJYJIF0 KOTOPOTO OnpezesseTcs yMHoxeHue B nose GF(2%), Beioupaercst
n3 criicka 30 HEMPHUBOAMMBIX MHOTOUJIEHOB creneHn & [8]. Bropoe nmpeobpa3oBanue f sB-
JIAETCsI IEPECTAHOBKOM OTPEIETIEHHOIO THIIA U3 CUMMETPUYECKOW IPyMIbl S, ITO Tpe-
00pa3oBaHNe TO3BONIAET U3MEHHUTD TIOJIOKEHUE SIIEMEHTOB, a TAK)KE Pa3pPYIIUTh CTPYKTYPY
nonst [anmya. B Tabnmmanoi hopme 3Ta TiepecTaHOBKa CIIEMYIOMIAst:

,tnea, b,c,d € GF(2%) uad— bc # 0. Ito mpeodpa3oBaHue SIBIIETCS TPOOHO-

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
0 212 | 16 44 114 | 149 | 42 176 | 240 | 76 160 | 96 189 | 207 | 251 | &4 214
112|229 | 228 |230 |196 |8 201 | 191 | 159 |106 | 125 | 110 | 164 | 117 |33 249

—_

2 213 | 155 | 248 | 167 | 56 116 | 69 38 177 | 206 | 192 |58 70 172 | 87 204
3 217 | 168 | 123 | 145 | 238 |77 127 | 173 | 63 99 80 62 246 | 133 | 137 |85
4 244 | 129 |78 83 161 |9 209 | 183 |25 59 12 188 | 90 73 171 | 113
5 35 236 | 130 | 163 | 158 | 242 | 187 | 134 |57 18 100 | 225 |92 142 | 13 150
6 200 |24 170 |5 237 |36 148 | 147 | 140 | 72 71 154 | 165 | 174 | 184 |21
7 239 |75 97 151 | 152 | 128 | 256 | 215 |[231 |51 136 | 105 | 232 |6l 226 | 107
8 26 88 182 | 68 198 | 143 | 4 233 | 54 43 46 120 | 22 220 | 52 60
9 19 181 | 29 11 30 245 | 175 | 89 104 | 178 |79 45 2 103 | 241 | 193
10 47 202 |6 223 | 221 | 243 |3 40 115 | 95 14 93 64 32 144 | 81
11 190 | 162 | 141 | 180 | 101 | 119 | 124 |28 254 | 210 |7 253 | 109 | 224 |37 186

—_
[\

250 | 74 1 194 | 205 | 131 | 10 219 | 146 | 135 |23 132 | 98 126 | 66 203
41 121 | 195 | 252 | 185 | 255 | 208 | 122 |222 |227 |53 20 86 234 | 102 | 211
49 39 138 | 48 65 139 | 199 |91 179 | 67 235 | 15 216 | 157 | 247 | 34
50 108 | 153 | 169 | 197 | 156 | 111 |27 118 | 82 218 | 31 17 55 166 | 94

—_
w2

—
~

—_
W

Takum obpazom, F(a) = f(g(a)) nas modoro a € GF(28).
Tak, manpumep, B padote [9] S-6mokx F : GF(2%) — GF(2%) cTpouTcsi ¢ TIOMOIIBIO

ax+b
JpoOHO-IUHENHHOro peobpazosanus J(X) = < d

c=9 e GF(2% d =5 € GF(2®) u nepecTaHOBKH, 3371aBAEMOM CIICYIOIICH TaOIHIIeH.

,tne a=35 e GF(2%) b=15 e GF(2%)
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0 1 2 3 4 5 6 7 8 9 10 (11 |12 [13 |14 |15
0 212 [139 |143 |19 |31 |230 [50 [172 [191 [39 [174 [86 |[184 |156 |224 |109
1 209 | 185 | 176 | 171 |61 |23 |60 |128 [220 |18 [252 |85 |81 |186 |237 |22
2 98 | 204 |9 102 | 182 |46 | 126 |54 | 119 |248 | 107 | 233 |4 |47 |197 |190
3 131 |17 |232 |254 |6 65 201 [243 [ 132 [150 [30 |16 |26 |3 137 | 69
4 63 |92 |111 |7 112 |68 |236 [21 |40 |78 |250 |[104 |219 [89 |0 161
5 113 | 120 | 148 | 251 |66 |169 |[175 |12 [216 [145 |10 |165 [214 [181 [179 | 189
6 64 | 166 |15 |207 |75 |117 |247 |215 |14 |79 |44 |52 |33 |108 |228 |8
7 125 |1 115 |70 | 173 | 123 [ 100 |13 [211 [133 [155 |67 |56 |57 |223 |5
8 127 (35 |103 [29 |2 141 | 180 | 142 | 183 |87 |217 | 195 |151 | 196 |213 | 125
9 135 | 110 {205 203 229 |97 | 129 |27 | 194 | 114 |208 |249 |76 |59 |177 |42
10 |93 |37 |225 |82 |147 |168 |88 [222 | 124 [239 |11 |48 [136 |20 | 178 |28
11 122 |210 [245 | 158 [235 |241 |91 |55 |118 |72 |41 |43 |188 | 130 [200 |53
12 (32 |94 |246 [202 |80 | 164 | 116 [221 [193 [ 101 | 198 | 121 [146 |162 |74 |34
13 [152 | 255 [ 140 | 159 | 167 |62 |73 | 106 |24 | 160 |163 | 138 [51 | 105 |71 |99
14 | 226 |58 |84 |192 |238 |234 | 170 | 154 |244 | 242 [ 206 |49 |240 [ 199 |90 | 231
15 [157 |96 |77 |253 [218 |83 |134 | 149 |187 |45 |[227 | 144 [153 |95 |36 |38
Amnamornyno B padore [10] S-6mok F : GF(2%) — GF(28) ctpoutcs ¢ MOMOIIBIO IPOOHO-
VX247
JIMHEHHOTO Ipe0o0pa3oBaHus F(x)= +d v tnea=29 € GF(2%) b=15 € GF(2%)

Edo, x = 47

c=8 € GF(2% d=15 e GF(2%). Ilpu x = 47 3namenarensb obpamaercs B 0, TO3TOMY IS CO-
XpaHeHns1 OMEKTUBHOCTH JIISE 9TTO 3HAYEHUs X 3HadeHne F(x) moonpenensercs kak 149. He-
MPUBOIUMBII MHOTOUICH, TI0 MOJIYJII0 KOTOPOTO ONpeelisieTcs yMHOKeHue B niosie GF(2%),
mx)=x8+x0+x°+x*+ 1.
B apyroii pabore [11] S-610k F : GF(2%) — GF(2%) cTponTcst ¢ MOMOIIBIO APOOHO-
ax+hb
nuHelHOrO mpeobpasosanus F(X) = g e a = 45 € GF(2% b =10 € GF(2%
c=2¢e GF(2% d=9 e GF(2%).
B pabote [12] S-6nok F : GF(2") — GF(2") cTpouTcsi ¢ OMOILBIO TaK Ha3bIBAEMOTO
1 n
1po6HO-KyOHUeckoro npeodpasosanms F(X) = m mod(2" +1) | e a, B,x € GF(2"), a,

B He paBHo 0 ogHOBpEeMeHHO, 0x3 + b # 0. Tak, Hanpumep, 8-O0uTHbI S-010k F : GF(2%) —

= 31 mod(2® +1),x 2176, x # 184
X* +15
— GF(2*) onpenensercs kak F (X) = [J 0,x=176 JAdpu x=176
1 _
O] 106,x =184
1]

1

mmod(? +1) [GF(2) ,ampu x =184 95 x> + 15 =0, mo3ToMy JJIsl COXpaHEHHS
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OMEKTHBHOCTH TS DTHX 3HAYCHUI x 3HaueHue F(x) moompenensercs kak 0 mpu x = 176 u
106 mpu x = 184.
B [13] S-6m0k F : GF(2%) — GF(2%) onpenensiercs o Gpopmye:

AXX® o
- -1
F(x) AXX®B,ecnnx¢A x B 7

01 (B miecTHaALATEPUYHOM MPEACTABICHHUHM), eclii X = A~ x 3

10001101 [
%1000110 S
(011000117
O

110001

A=
€ ™ MMm011000 ]

O
%1101100D

(0011011001

BOOllOllE

Ymuokenne B mojie GF(2%) BBIMOMHSIETCS TI0 MOYITIO HEMPHBOAUMOTO MHOTOUJIEHA /m(X) =
=x8+xt+ X3+ xl.

CymiecTBYIOT METOABI TeHEPaLUK S-0JI0KOB, OCHOBAaHHbIC HA MPUMEHEHUHU KBa3UTPYIIIT
U IpyTUX anreOpandeckux CTPYKTyp.

Hanpumep, B padote [14] npeanaraercst METO/] MOCTPOCHUS KpUNITOrpaduiyecku CToi-
KHX 4-OUTOBBIX S-OJIOKOB C MCIIOJIb30BaHUEM KBa3urpymi nopsijka 4. L{enb pabotsl — npe-
JIOCTABUTh UTEPATHBHBIH MHCTPYMEHT JUIsl TPOCKTUPOBAHUS KPUNTOIPAPUUECKH CTOHKUX
S-6nokoB (B [14] o603HauaeMbIX Kak Q-S-0J0KH, MOCKOJIBKY WX MOCTPOSHHUE OCYIECTBIIS-
eTCsI KBa3UrpynmnamMmu) Juis Oyaymmx pa3paboToK B CUMMETPUYHONW HU3KOpecypcHou (Jier-
KOBECHOM) KpHUnTorpapuu. DTOT METOJI MO3BOJISIET paboTaTh B OCHOBHOM C HECKOJIBKHUMHU
PasHBIMH CTOWKUMHU S-0JIOKaMH, IOBTOPHO HCIIOJB3Ys TOJIILKO OJTHY allapaTHyIO CXeMy U
MPOCTO U3MEHSSI HECKOJIBKO MapaMeTpoB. MeToJl COCTOUT M3 CJIeTyIOIINX OCHOBHBIX IlIa-
roB. COOTBETCTBYIOIIME ONPEICIICHUS] MOXKHO HalTH B [14].

Iar 1. Ber6upaercs onHa HelWHEHAs KBa3UrpyIma nopsjka 4.

[Iar 2. 3amgaeTcst KOMUYECTBO PAYHIIOB.

Mar 3. 3aparorcs nuaepbl. OOBIYHO MX KOJIMYECTBO COBIAAAET C KOJHMUYECTBOM PayH-
JIOB.

[ar 4. ['eHepupyrOTCs BCE BO3MOXKHBIC BXOJIHBIC 4-OUTOBBIC OJIOKH B JICKCHKOTpaduye-
CKOM Topsifike (MX obIee KomuuecTBo 24 = 16).

Mar 5. J{nst ka)10ro BXOAHOTO OJIOKA BBIMOIHSIOTCS CIICTYIOIIUE [IarH:

Hlar 5.1. K BXomHOMY OJIOKY ITPUMEHSIETCS e-IPpeo0pa3oBaHue ¢ IuaepoM £ .

IHar 5.2. M3MmeHseTcss TMOJYyYEeHHBIH BBbIIIE pE3yJbTal W CHOBAa IpPHUMEHSETCS
e-ipeo0pa30BaHuUE C yKe APYTUM Juaepom /.

IHar 5.3. OTu maru NOBTOPSIIOTCS CTOJIBKO Pa3, CKOJIBKO €CTh KOJIMYECTBO PayHI0B.

Iar 5.4. Coxpansiercsi 4-OUTHBIN pe3yJbTaT MOCIICIHETO payHIa.

a=FE, B=3F (B mIecTHaALIATEPUYHOM MTPECTABICHUH).
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[lar 6. B koHIle 00BENUHSIOTCS BCE COXPAHEHHBIE PE3YJbTaThl, TCHEPHUPYS IMEpecTa-
HOBKY mopsiaka 16 wmu 4-0utHeiid Q-S-010K.

Jlanee BBIMOTHSIETCS MPOBEPKA ONTUMAJIBHOCTH MIOIY4YEHHOTO S-01oKa.

B pabore [15] npemnaraetrcst METOI IOCTPOCHUS 8-OUTOBBIX S-0JI0KOB, OCHOBaHHBIN Ha
NPUMEHEHUH JeHCTBUS IPOEKTUBHON CHelnuaabHOM auHeitnoi rpymmnsl PSL(2,Z ) na npo-
extuBHOM uuuu PL(GF(7)) Han konednsiM mosieM GF(7). MeTo COCTOUT U3 CIIETYFONTHX
OCHOBHBIX IIIaroB.

[Iar 1. BeimonHsercs paeiicTBHE MPOEKTUBHOW CIENUANbHON JIMHEHHON TIpYMIIbI
PSL(2,Z) = <Xa y:xt=y®= 1> Ha mnpoektuBHoi smHMH PL(GF (7)) =GF(7) U =
={0,1,2,3,4,5,6,} nax koneunsiM nosiem GF(7). B pesyasrare mosydaercs rpynia nepe-
cranoBok G, mopoxaaeMas X = (000)(16)(23)(45) uy=(0-1)(246)(3)(5) .

Ilar 2. Pucyercsi auarpaMMa CMEKHBIX KIIACCOB, MCHOJIb3Yysl HEPECTaHOBKH X 1 Y
. JlmarpaMMa CMEXHBIX KJIACCOB — ATO TpaUUeCcKuil Crocod MpeaCcTaBIeHHs ITepecTaHo-
BOYHOI'O JCHCTBUS KOHEUHO MOPOXKACHHOM rpynnbl. Ha pucynke 1 mokazana guarpamma
CMEXKHBIX KJIaCCOB, MONYYEHHAs Ul TPYIbI mepecTanoBok G. [Tockonbky X u Y uMeroT
HOPANOK 2 U 3 COOTBETCTBEHHO, MOPOKAAIOIMI X 0603HaYaeTcs pedpoM, a MOPOXKIAr0-
muii Y m306paxkaeTcs TPEYTroabHUKOM. BepHIMHBI TPEYTOIEHUKA MEPECTABICHBI TIPOTHB
YaCOBOM CTPENKH, & PUKCHPOBAHHbBIE TOYKH Y O0OO3HAYEHBI KUPHBIMH TOUKAMH Ha JHa-
rpaMMe CMEKHBIX KJIaCCOB.

L]
w

3 @ »

Pucynox 1 — Jluarpamma CMEKHBIX KJIACCOB JJIsl TPYTIIBI IEPECTaHOBOK G.

[Iar 3. Ctpoutcs MaTpuiia CMEKHOCTH M U3 [uarpaMMbl CMEXHBIX KIIACCOB Ui -
crus PSL(2,Z ) na PL(GF(7)). MaTpuiia CMeXHOCTH OpHEHTHpoBaHHOrO rpada G = (V,
E), tne V' — MHOXECTBO BEpIIUH, a £ — MHOXECTBO pebep, uMeeT 3HaueHue 1 Ha cBoeii (i,
J)-Hi IO3ULMK, €CIIM CYIECTBYET PeOPO U3 v, B Vi TAC V), V,y ey V, = MIPOU3BOJIEHBIN CITUCOK
BEpIIMH OpueHTUpOBaHHOTO Tpada. T.e. anemeHTsr M = (ml.j) MaTPHIbI CMEKHOCTH OPHEH-
TUPOBAHHOTO Trpada OMPEACISIOTCS CISAYONIIM 00pa3oM:
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m = L ecm (v, v) —pebpo G

’ B IIPOTHBHOM CITy4dae

B amarpamme cMeXHBIX KJIACCOB Ha pUCYHKe | BepImHbI momeueHsl kak 0, 1, 2, 3, 4,
5, 6 u co. U3 pucyHka BUIHO, UTO CYIIECTBYeT pedbpo oT 0 10 1, mosToOMy B MaTpuiia CMEx-
HOCTH JIEMEHT, pacroJIOKEHHBIN Ha repecedyeHuu 1-if crpoku u §-ro ctondua, paseH 1,
a BCe OCTaJIbHBIE 3JeMEHTHI 1-if cTpoku paBHbI 0. ToyHO Tak *ke BO 2-if CTpOKe MaTpHIIbI
CMEKHOCTH 1-i1 ¥ 7-i1 371eMeHTHI paBHBI 1, MOTOMY 4TO cymiecTByeT pedpo ot 1 10 0 u ot
1 no 6. Bce ocTaibHBIC JIEMEHTHI B 3TOM CTPOKE PaBHBI HYJII0. TakuM ke 00pa3oMm, 3arioJi-
HSISl OCTaBIIMECS IEMEHTHI B MaTpHIIE, B pe3ylbraTe (OPMUPYETCs CIEAYIONAs MaTpHLa

CMEXHOCTH M: [00000001[
%0000010 E
r00011000r

_ tdo110000;

[00000110[

@ooonoo%

[01100000L

EH.OOOOOO E

Iar 4. K snementam nons GF(2°) npumenstorcs npeodpaszopanus 7,, onpesesseMbie
canemyrommm obpaszom: T, (t,) = Mt + Z e roazse) » DA€ £, € GF(2°) B 8-Gurnoii aBony-

Hoit popme, n =0, 1,2, ..., 255, k=1, 2, ..., 8, [, — 8 pasnuuHbIX MHOKECTB IIEIbIX YUCEI
I=1{1,2,3,..,128},1,= {2,4,6, .., 128}, 1, = {4,8,12, ..., 128}, 1, = {8, 16, 24, ..., 128},
I,=1{16,32,48, ..., 128}, 1, = {32,64,96, ..., 128}, . = {64, 128}, [, = {128} a M — marpu-
1, MOCTPOEHHas Ha NpeblIyem mare. Hanpumep, nna k=7 T(t) = Mt +1t smod 256 T
1, agmod 256 AHATIOTHIHO, JULS k=8T(t)=Mt +t 128(mod 256)- B PE3Y/IBTATE IPUMCHCHHSI
npeobpasosanuii 7T, ..., T, NOTy4aloTCs 8 pasiuuHbIX 8-OUTOBBIX S-OIIOKOB.

CymecTByeT MHOXECTBO €IIe JPyTUX anreOpandeckuXx METOJ0B TeHepalyuu
MOJICTAHOBOK, Hamnpumep, [16], [17]. Ux Bce 00beAMHSET TO, YTO OHHM OBUIH TOJIYYCHBI
B pe3ylbTaTe MHOTOYMCIICHHBIX HCCIICIOBaHUM, HalpaBICHHBIX HA MOWUCK Haumbojee
3QPEKTUBHBIX METOJIOB MOCTPOCHHSI ONTUMANBHBIX S-O0M0KOB. PaccMOTpeHHBIE METOIBI
reHepamuu S-0JI0KOB MO3BOJISIOT MOJYYUTh HOBBIC S-010KH, 00J1a/1at01ue HeOOXOMMBIMU
KpUNTOrpadMuecKUMH CBOWCTBAMHU, TaKUMHU >K€ WIM Jaxe Jydlle, 4eM y S-Onoka,
MOCTPOCHHOTO JiIst anroputMa Rijndael.

3akuouenne. B ganHol paboTe paccMOTpeH psij anredpandecKrux METOIOB TeHepa-
K Kpunrorpapuueckux S-0mokoB. Knaccuueckum anreOpamyecKuM METOJIOM T'eHepa-
U S-OJI0KOB sIBJISIETCS MeToJ] KoHcTpyupoBaHus Rijndael S-Grmokos. CyiecTByromiue
MoAr(UKAIIK ATOTO METO/Ia OCHOBAHBI HA BAPHHPOBAHUH BBIOOPA ONPEEICHHOTO HETIPH-
BOJIMMOT0 MHOTOUIEHA, 110 MOAYJII0 KOTOPOTO ONpeAeiseTcs yMHOKeHue B noie GF(2%),
BBIOOpa MepBoTo Mpeodpa3oBaHms U3 ATBTEPHATUBHBIX IpeoOpazoBanuii B padore Hubepra,
BBIOOpa omnpeeeHHON MaTpuiibl adpUHHOTO MPeodpa3oBaHus U BHIOOpA OMpe/eIeHHON
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CABUTOBOH KOHCTaHTHI. B pe3ynbrare MHOTOYMCICHHBIX UCCIIEA0BAHUH, HAPABICHHBIX
Ha MOUCK Haubojee dPPEKTUBHBIX METOAOB MOCTPOCHHUS ONTUMAIIBHBIX S-0JIOKOB, OBLIT
MOCTPOEH Pl APYTHX aireOpandyecKux METOAOB TeHepauuu S-O0JO0KOB, CyIIECTBEHHO
OTIIMYAIOIINXCA OT MeTona KoHcTpyupoBanus Rijndael S-OGnmokoB. B nmanHol paGore
pPaccMOTpPEHBI METObI TeHepaH S-0JO0KOB, OCHOBaHHBIC HAa NMPUMEHEHUU MOJIMHOMHU-
aJNbHBIX NMPe00pa3oBaHMi (JMHEHHBIX, KBaIPATHYHBIX, KyOUUEeCKUX ), APOOHO-TMHEHHBIX
npeoOpa30oBaHUi U APYTUX CIICIHUAIBLHBIX BUJOB aaredpandeckux npeoopasoBanuii. Tak-
KEe TPUBEACH PsAJ MPUMEPOB T'eHEpannuu S-OJIOKOB C TIOMOIIbIO KBa3UTPYII U APYTHX
anredbpanuecKkux CTPYKTyp. PaccMoTpeHHBIE METOIbl TeHepaluu S-OJOKOB MO3BOJISIOT
MOJIYYMTh HOBBIE S-0JIOKHM, 0O0Jajaroniue HEOOXOJUMBIMH KPUITOrpahuueCKUMU
CBOWMCTBAaMU, TAKUMHU K€ WU JIaXKe JIydlie, 4eM y S-0J10Ka, IMOCTPOSHHOTO [ aITOPUTMA
Rijndael.

Bbaarogapuoctu. Pabora BeinonneHa npu ¢puHancosoit nognepxke KH MOH PK, No
AP09258274
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ALGEBRAIC METHODS FOR GENERATING OPTIMAL S-BLOCKS

The paper presents a review of algebraic methods for generating cryptographic S-boxes. In this paper,
we consider methods for generating S-boxes based on the use of polynomial transformations (linear,
quadratic, cubic), fractional linear transformations, and other special types of algebraic transformations.
A number of examples of generating S-boxes using quasigroups and other algebraic structures are also
given. The considered methods for generating S-boxes make it possible to obtain new S-boxes that have
the necessary cryptographic properties that are the same or even better than those of the S-box built for
the Rijndael algorithm.

Key words: information security, cryptography, cryptographic algorithms, S-boxes, algebraic methods.
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MHNOBBIHIEHUE BU3YAJIBHOI'O KAYECTBA PASMBITBIX
UP®POBBIX U30OBPAKEHUI

Lenv ycmparnenus pazmvimus u3006padceHus 3aKa04aemcs 8 60CCMAHOBIEHUL YemKo20 u30opadice-
HUSL ¢ HeOOXOOUMOU CIPYKMYPOU Kpaeg u 4emkuMu Oemaniamu U3 6X00H020 Pasmblino2o Uso0patceHus..
Ophexm pasmvimus uz0bpadicenus 603HUKAEM NO PASHLIM NPULUHAM, HANPUMED, 08UdICEHUeM Ul Po-
KYCHbIM PACCIMOAHUEM, OPOXCAHUEM KAMepbl, 08udiceHuem obvekma unu pacgoxkycuposkoil. Tax kax na
npaxkmuke napamempbl pasmolimus HeU38eCmHbl UL U3BECTNHbL TULUb NPUOTUSUMETLHO 1O XAPAKMeEpPY 6U-
OUMBIX UCKAJICCHULL, 8 OAHHOM UCCIE008AHUU PACCMAMPUBAIOMCS MEMOObl YCMPAHEHUs. PASMbIMUL U30-
bpadicenus ecienyio. B cmamve ucciedyiomes nogeliuue aieopummbl Cieno2o yYCmpaHenus pasmulimus,
paspabomannvie 3a nociednue namo nem: SVRNN, SRN, RCGAN, Gao et al., DMPHN, DeblurGAN,
MBMEF, MSCNN, DeblurGAN-v2, EDPN, RCAN, MSRN, GFN, SelfDeblur. 3a0aueii ucciedosanus nensi-
emcsl 8blOOp Haubonee PPekmusHo20 Memooa ycmpaneHs pasmblmocmu Os. OanbHeuue20 npumMeHe-
HUA npu paspabomxe NPOSPaAMMHbIX obecneweHuli Osl YIyYleHUs GU3YaTbHbIX Kauecms yu@poesix u3o-
opaoicenuil. IKchepumenmvl npoOEMOHCMPUPOBATU, YMO HEOAGHO pa3padomanuble Memoobl CXOOAMCs
bvicmpee, uem 6onee pannue aneopumMsl U cnocodHbl U36/1eKamy Usodpasicenue, bonee co2naco8anHoOe C
CYOBeKMUGHBIM MHEHUEM IKCHepmog. JIyuuum mMemooom 60CCMAn0BNEHUs PA3MbIINGIX U300padICceHull Ha
ce200HsuwHUl Oendb aesnsiemcsi DeblurGAN-v2, EDPN u DBGAN(+).

Knrwouegwie cnosa: xawecmeo usodpasicenus, yugposoe uzobpagicenue, pasmvlmus u300pajicenul,
0e32manonHasn oyeHKa, ooveKmusHsle nokasamerl.

BBenenue. YcTpaHeHne pa3MBITOCTH U300paKEHUS SBISICTCS BaKHOU 3amadeii B 00-
JIACTU KOMIIBIOTEPHOTO 3peHUS 1 00pabOoTKH N300pakeHui. 3a1aya yCTpaHSHUS Pa3MBITHS,
HaTpaBJIeHHAs Ha BOCCTAHOBJIEHHWE PE3KOCTH M300pakeHWH, TPUBJIEKIIa UCCIeoBaTeNei
JUTS yIOBJIETBOPEHUS TOTPEOHOCTEH paCTYIINX MTOJIb30BATEIeH PYIHBIX KaMep M MOIePK-
KM Pa3IAYHBIX 3a]1ad KOMIIBIOTEPHOTO 3pEHUS, TaKUX Kak OOHapyKeHHe OOBEKTOB M Cer-
MeHTanus u300pakeHni. M300pakeHne SBIAETCS YETKUM, €CIH MBI MOKEM INPaBUIIBHO
BOCIIPUHUMATH (POPMY BCeX ero 00bekToB. Hampumep, n3o0paskeHne JIUIA SBISETCS YeT-
KHMM, €CIIH MBI MOJKEM pacro3HaTh TyOBl, 1a3a, HOC U T.1. DOpPMBI COAEPIKALTUXCS B HEM
00BEKTOB PACIIO3HAIOTCS 10 €T0 KpasiM. TakuM 00pa3om, I1elTb yCTPaHEeHUS Pa3MBITHS H30-
OpakeHUs 3aKITFOUAETCS B BOCCTAHOBICHUH YETKOTO N300 pasKeHUS C HEOOXOTUMOM CTPYKTY-
PO KpaeB M YeTKUMHU JETASIMHU U3 BXOIHOTO Pa3MBITOTO N300pakeHHUs. DPPEKT pa3MbITHS
M300pakeHUsT BOSHUKAET IO Pa3HBIM MPHYMHAM, HAPUMED, ABIDKEHHEM W (POKYCHBIM
paccTostHreM, IpoKaHuEM KaMephl, IBHKEHNEM 00beKTa 1l pacokycupoBkoii. [Ipomecc
Pa3MBITHS MOYKHO MaTeMaTHIECKH MOJICITHPOBATh CIEAYIOMUM 00pazom [1-4]:

L,=K*I[+N,

* E-mail xoppecnionnupyromero aBropa:doctorphd eldarova@mail.ru
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rie [, u I — pasmbIThie U pe3kne n300paXkeHust COOTBETCTBEHHO. K — HensBecTHOE (crienoe)
WJIM U3BECTHOE (HECJIenoe) sIpo pa3MbIThs, a N — myM, ¥ — onepaiiusi CBepTKH.

B 3aBUCHMOCTH OT TOTO, YTO M3BECTHO O siApe pa3MbiTus K, 3ajgaun ycTpaHeHus pas-
MBITHSI MO’KHO Pa3eNUTh Ha JIBE KaTETOPUHU: HECJENoe yCTPaHEHHE Pa3MBITUSI M CIIETOe
ycTpaHeHHne pa3MbiTusi. Heciienoe ycTpaHeHre pa3MbITHS OCHOBAHO Ha MPEATOI0KESHUH,
41O Aapo pasMbiThsi K M3BecTHO, TOraa Kak Cienoe yCTpaHeHHE pa3MBITHs OCHOBAHO Ha
MIPEATOI0KEHUH, YTO OHO HE M3BECTHO.

Hecnenoe ycTpanenne pa3MbITHs 4acTo Tpearnoiaraet, 4To 3Gdext pa3mMbITHS SBISCT-
Cs1 OMHOPOIHBIM M MOJIEITUPYET MPOLIECC PA3MBITHS C IOMOIIBIO CBEPTKH € 3aJJaHHBIM (DUITb-
TPOM HUXKHHX 4acTOT. OCHOBHOE BHUMAHUE NIPU HECJIETIOM YaJICHUU Pa3MbITHUS YICISETCS
pa3paboTKe MOAXOASIINX AIPUOPHBIX 3HAYCHHUI SIS YIIOPSIOYCHHS YSTKIX U300PIKSHHIA,
4TOOBI MOAABUTH YBEJIMYCHHUE LITyMa U3MEPEHHsI TpHU 00pallieHun mporecca cBepTku. Hau-
OoJiee M3BECTHBIE METOJbI HECJIEIOrO YCTPAHEHHUS! Pa3MbITHSI OMYyOIMKOBaHBI B padoTax
Chan and Wong, 1998, Cai et al., 2009, Bao et al., 2016, Javaran et al., 2017, Danielyan et
al., 2011; Quan et al., 2014, Zhang et al., 2017; Kruse 5 et al., 2017, Tai et al., 2010, Whyte
etal., 2012.

B 3aBucuMocCTH OT HACTPOHKH S(PPEKTOB Pa3MbITHS CYLIECTBYIOIIUE TIOAXO/bI CIETIOTO
yCTpaHEHHsI Pa3MBITUSI MOXKHO Pa3[elUTh Ha JIBE KaTETOPUU: CJIENOe YCTPaHEHNE Pa3Mbl-
THUS TIPH PABHOMEPHOM JIBIDKEHUH 00BEKTa, TIPU KOTOPOM IPEJIIOIaraeTcs, 4TO pa3MbITHE
CO3JaeTCs MyTEeM CBEPTKU C HEM3BECTHBIM SIIPOM M CIICTIOE YAJIICHHE Pa3MBITHS MIPU He-
PaBHOMEPHOM JBHKECHHUH, TIPH KOTOPOM YUHTHIBAIOTCS CIOKHBIE MTPOCTPAHCTBEHHO M3Me-
Hsttonecs: 3pQPexThl pa3mbiTusi. Crenble METOMIbI YIAJICHUS Pa3MBITHS ITPH PABHOMEPHOM
JIBIDKCHHUH TAK)Ke MPEANOIAraroT, YTO Pa3MbITHE SBJISIETCS] PABHOMEPHBIM, U Pa3MbITHE MO-
JEITUPYIOT C TOMOIIBIO CBEPTKHU C HEM3BECTHBIM SIIPOM pa3MbITHsl. [1o cpaBHEHHMIO C HEce-
IIBIMH, CJICTIBIC METOJIbI OJTHOPOTHOTO YCTPAHSHHS Pa3MbITHSI HANIPABJICHBI Ha TIOCTPOCHUE
sapa pa3MbITH. Kak TONBKO SApo onpeneneHo, n300pakeHne MOKHO BOCCTAHOBHUTD, BbI-
3BaB KaKOW-HUOYIb HECIIENOH METO/I KOPPEKTUPOBKH pa3MbITHsI. MHOTHE CyLIECTBYIOIIHIE
CJICTIbIC METO/Ibl TP PABHOMEPHOM JIBUYKCHUH OLICHUBAIOT SIIPO Pa3MbITHS HA OCHOBE BbI-
OpaHHBIX CHJIIBHBIX KpaeB nzoopaxenus: Cho and Lee, 2009, Sun et al., 2013, Wang et al.,
2018, Schuler et al., 2015, Ren et al., 2016, Pan et al., 2016, Yang and Ji, 2019. CymectByer
PSLI TIOAXO/IOB CIICTIOTO YCTPaHEHUs pa3MbBITHS P HEPABHOMEPHOM JIBIKEHUH: Sun et al.,
2015, Gong et al., 2017, Nah et al., 2017, Xin et al., 2018, Gao et al., 2019, Zhang et al.,
2018, Zhang et al., 2019, Zhang et al., 2019, Kupyn et al., 2018, Liu et al., 2018, Xin et al.,
2018, Quan et al. 2020,

3amaya ycTpaHEeHUs! PasMBITHs CIIETIOr0 M300pa)KeHUsl MIMPOKO PacHpoCTpaHeHa BO
MHOTHX TEXHHUYECKHX OOJACTSAX, TAKMX KaK aCTPOHOMHUYECKHE M300PaKSHHSI, PEHTTEHO-
rpadusi, onTuka, hororpadusi, IPUIOKEHUS OTCICKUBAHMS ABHKSHUI U MHOTHE JpyTHE.
Tak Kak Ha MPAKTHUKE TAPAMETPhI Pa3MBITHSI HEU3BECTHBI FJIH M3BECTHBI JIHIIL TIPUOTH3H-
TEJILHO TI0 XapakTepy BHIUMBIX UCKa)XCHUH, B TaHHOM HCCIIEIOBAHUE PACCMOTPUBAIOTCS
METOJIbl YCTPAaHEHHUs Pa3MBITHsI H300paKeHUs! BCIICYIO WM TaK Ha3bIBAEMbIC METO/IBI CIIe-
OU IEKOHBOJIIOLIUH.

HUccnenopareny pa3padboTaiy MHOKECTBO aITOPUTMOB ¥ METONIOB ISl IOBBILICHHUS Ka-
YEeCTBa Pa3MbIThIX HU(POBBIX M300pakeHni. COOTBETCTBEHHO, MPOBOJAUTCS MHOXECTBO
WCCIIEIOBAHUI W SKCIEPUMEHTHI JJIsl OLIEHKU MPOU3BOJUTEIBHOCTH aJTOPUTMOB yCTpa-
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HEHHSI Pa3MbITUs. AHaIM3upys [5-7] U Apyrue MHOXKECTBO HCCIIEIOBAHUH, CBS3aHHBIX C
JAaHHOW pabOoTON, MOJKHO CZETaTh BBIBOJ, YTO 32 MOCIECIHUE ACCATUICTHS ObLI IOCTUTHYT
3HAUUTEJBHBIN MPOTPECC, O YEM CBUACTEIILCTBYET MOSIBICHUE PsiZia COBPEMEHHBIX METOIOB,
XOpOLIO KOPPETHPYIOMIHX ¢ CyObeKTUBHBIMH OLIEHKaMH KadecTBa M300pakeHnid. OgHaKo
IKCIIEPUMEHTAJIbHBIE PE3YJbTaThl TAKXKe TOKA3bIBAIOT, YTO HEKOTOPhIE METOABI HE I03BO-
JISIFOT OLEHUTH Ka4€CTBO PEATMCTHUHBIX Pa3MBITBIX H300paXEHUH. ITO CBUACTENBCTBYET O
BakHOCTH MeTonoB NR-IQA, cienuduuHbIX A pa3MbITHS.

MeTtoasl U MaTepuaJibl. Mbl OLIEHHUBAaEM alTOPUTMBI CIICTIOT0 YCTPAHEHHUST Pa3MBITHS,
paspaborannbie B nocieanue math JeT: SVRNN (Zhang J. et al.,2018), SRN (Tao X. et
al.,2018), RCGAN (Zhang H. et al.,2019), Gao et al.,( Gao H. et al.,2019), DMPHN (Kupyn
0. et al.,2018), DeblurGAN (Gong D. et al.,2017 ), MBMF (Nah S., Hyun Kim T., Mu
Lee K.,2017), MSCNN (Kupyn O. et al.,2019), DeblurGAN-v2 (Xu R. et al.,2021), EDPN
(Zhang Y. et al.,2018), RCAN (LiJ. et al.,2018), MSRN (Zhang X. et al.,2018), GFN (Ren
D. et al.,2020), SelfDeblur (Zhang K. et al.,2020). 3agaya uccienoBanusi — BLIOpaTh Hau-
Oonee 3(h(heKTUBHBIM METO/ YCTPaHEHUs Pa3MBITHsI U JAIbHEHIEro MpUMEHEHUsS! TIpU
pa3paboTKe MPOrpaMMHBIX 00€CTIEUEHHH /17T TOBBILICHHUS BU3yaIbHBIX KaueCTB U(PPOBBIX
n300paxkeHuil. MBI OLIEHWIN 3TH METOABI C UCTIOIB30BaHNUEM OOIIETOCTYITHBIX KOJOB.

B kadecTBe maHHBIX [T MPOBEPKH U TECTHPOBAHMS MCIONB3yeTcsl Habop AaHHbIX Lai
[6]. Habop nannbIX Lai cOCTOUT M3 peanbHbIX U CHHTE3UPOBAHHBIX Pa3MBITBIX H300pake-
Huii. PeanbHblii HA0Op naHHBIX coaepkuT 100 peabHBIX Pa3MBITBIX HU300paKEHHI, CHATHIX
B pa3HBIX CIICHapusX. Bce aTH pa3mbIThie H300paeHus KiacCU(QUIUPYIOTCS CO CIEeNyI0-
HIMMHU TIATBIO aTpulyTaMu: HCKycCTBeHHBIE (66), ectecTBeHHble (14), moan/muua (12), Ha-
ceiieHHble (28) u TexcroBbie (17). Y peanbHBIX M300pakeHHI HET YMCTHIX KOMHUH, YTO
JieNlaeT HEBO3MOXKHBIM KOJTMUECTBEHHYIO OLIEHKY MYyTEM CpaBHEHHUs ¢ 3TajqoHoM. CHHTE3H-
POBaHHBIM HA0OP AAHHBIX BKJIFOYAET 25 YETKUX N300paKeHUH, 13 KOTOPBIX CHHTE3UPOBAIIN
100 HeomHopoaHbIX ¥ 100 OMHOPOIHBIX Pa3MBIThIX H300paxeHuid. CUHTE3UPOBAHHBIN Ha-
00p JaHHBIX UMEET BBIIICYTOMSHYTHIE IIATh aTPUOYTOB, U KayKAasi TPyIIa UMEET He MeHee
MSITH U300paKEeHHIH.

Pucynox 1 — Ilpumeps! n300pakeHuit aTpuOyTaMu B peaibHOM Habope JaHHbIX.

Ornenka n3o0pakeHui BoIMoHsAeTCs 1ByMs mertogamu tuna FR u NR (cpaBuenwus c
3TAJIOHOM M Oe3dTanoHHas oleHka). B kagectBe FR MeTona mMCHonb30Baau U CpaBHUIU
m3BectHbie SSIM 1 PSNR [8], mmpoko pekomennoBanusie uccienoarensimu PieAPP [9],
DISTS [10] u nogeiime metoas! 1QT [11] , IQMA [12]. CTouT OTMETUTH, YTO METOMIBI
1QT u IQMA sBnstotcs modeautensimu KoHkypca NTIRE 2021 no ornenke kauectBa HU3o0-
opaxenus (IQA), mpoBoAMMON COBMECTHO ¢ ceMuHapoM «HoBEIE TEHICHITHHN B BOCCTAHOB-
nennu u yraydmenun usoopaxennus» (NTIRE) na xondepenmmmun CVPR 2021 [13]. Lens
3TOTO KOHKYpCa COCTOSIIA B TOM, YTOOBI MMONYYHTh METO]] OLIEHKH KauecTBa M300pakeHHS,
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CIOCOOHBII TOUHEE OIEHUTH CXOJICTBO MEXK]Iy MCIIPABICHHBIMU UCKAXKEHHBIMU U300pasKe-
HUSMU U STAJIOHHBIMHU W300paKEHUSIMU C HAWTY YIS KOPPEsIliued ¢ SKCIIEPTHOM OIEHKOH
MOS. Metoast IQT u IQMA nocturarot orenku SRCC Boimie 0,79 u onenxku PLCC 0,780
Ha 0a3e u3zo0paxxenuit PIPAL, 4To mpeBOCXOAUT caMbie BHICOKHE OIEHKHU CYIIECTBYIOIIMX
anroputMoB (SRCC <0,65 u PLCC<0.68), takue xax LPIPS, VGG, PiecAPP, DISTS, SWD,
FSIM, SSIM, PSNR.

Jis BeIOOpa 0€33TaJIOHHOM OIIEHKU Ka4eCTBa BOCCTAHOBIICHHBIX Pa3MbITBIX U300paxe-
HUH HMCIIOJIL30BAJIA KJIACCUYECKUE U HOBEWIIMe MeTonbl, Takue kak Li et al. [14], BIBLE
[15], SPARISH [16], Javaran T. et al.[17], Zhang S. Q. et al[18], Liu L. et al.[19], NSSIM
[20], koTopEIe OoMee cortacoBaHbl C CyObEKTUBHBIM OLEHKAMH 0 CPaBHEHHIO C JPYTUMH
METOJIaMHU.

Taonuya 1 — Cpasuenue xapakrepuctuk PLCC u SRCC niast pa3snu4HbIX OLIEHOYHBIX Mep
Ha Habope maHHbBIX Lai

Lai's cunreTrka Lai's real Lai's cunreTrka Lai's real
Mepsr Mepst
PLCC SRCC | PLCC | SRCC PLCC | SRCC | PLCC | SRCC
FR meTompr NR mertompl

SSIM 0,5435 0,5336 LI 0.7013 | 0.6024 | 0.3901 | 0.3161
PSNR 0,5102 | 0,4477 BIBLE 0.7943 | 0.6888 | 0.3606 | 0.3165
PieAPP 0.7974 | 0.6074 SPARISH 0.5254 | 0.4448 | 0.2704 | 0.2717
DISTS 0.7873 0.6548 Javaran T. et al. 0.8770 | 0.7685 | 0.4018 | 0.4935
1QT 0.8896 | 0.8011 Zhang S. Q. etal | 0.8104 | 0.6843 | 0.6115 | 0.5352
IQMA 0.8803 0.7009 Zhang S. Q.etal | 0.7912 | 0.7801 | 0.4952 | 0.5001
Liu L. et al. 0.7912 | 0.7801 | 0.4952 | 0.5001
NSSIM 0.7832 | 0.6711 | 0.4941 | 0.4052

Tak kak B Ka4eCcTBE JaHHBIX IS MPOBEPKU U TECTUPOBAHUS UCTIONB3YyETCsl HA0Op JaH-
HbIX Lai, Bce cpaBHMUBaeMbIE MEphl NPOBEPSIEM Ha COIIACOBAHHOCTh C CYOBEKTUBHBIMHU
orieHkamu 1o 6a3e Lai. Pesynbsrarel npoBepku nokaszansl B Tabnuie 1. M3 Tabmuiis 1 nerko
MOHSITh, YTO CPABHUBAEMbIC METPUKH Pa3MbITHS HE OYCHB XOPOIIO PadOTaI0T Ha PeaIbHBIX
pa3MBITBIX H300paxenusx. Muorue 3Hauenus Hiwke 0,5. Merpuku 1QT, Zhang S. Q. et al
naroT ayuiiue pe3yasrarsl ¢ Touk 3peHus PLCC u SRCC. g CUHTETUYECKUX Pa3Mbl-
TBHIX M300paKEHUH OOJBIIMHCTBO OLEHOK JIYYIlle COTNIACYETCS ¢ CyOhEKTHBHBIMH OIICHKA-
MU, UMesl KOpPeISIUOHHbIC 3HaueHus Bhiie 0,7. Takum 00pa3oM, aHaATH3UPYs pE3yIbTaThl,
MIpUBEICHHbBIE B TAONIUIIE 1, IUIsl OLIEHKU METOJIOB YCTPAHEHUS Pa3MbITHS CIIEAYeT BEIOUPATh
onenku IQT u Zhang S. Q. et al .

OO6cyxaenune pe3yJbTaToB IKcHepuMenTa. [IpuMeps! cienoro ycTpaHeHus pas-
MBITHSI, IPUMEHEHHOTO K HEOJHOPOAHOMY HaOOpy naHHbIX Lai, mpuBeACHBI HA pU-
CyHKe 2.
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Pucyuox 2- HpI/IMepBI NPUMCHCHHS pa3HbIX METOA0B 06pa6OTKI/I Ha CHHTCTHUYCCKHX
PA3MBITBIX 1/1306pa>1<eH1/I$1x

Mertonet Ha ocHoBe CNN (MSCNN, MBMF) npenna3zHaueHbl i JUHAMAYECKOTO
yCTpaHeHUs pa3MbITHA CleHbl. OIHAKO 3TH METO/Bl HE MOTYT yCTPAaHUTHb CHIIbHBIE (pas3-
MBITHE M3-32 OTPAaHUYEHHOTO pelenTopHoro nois B ux cersix). Cers MBMF (Gong et al.,
2017) comocraBiseT pa3MbpIToe H300pakeHne C moieM nBmxeHns. MBMF nHeobOxoanmo
00y4aTb Ha HAOOpe TaHHBIX, COCTOSIIEM M3 Pa3MbIThIX H300PaKEHUH M COOTBETCTBYOLINX
noJieit BeKTopoB aBrkeHus. [oHT 1 ap. (2017) mpousBeny pa3MbITHE ITyTeM CHHTE3a TPeX-
MEPHBIX JBMKCHHUH, COCTOSAIIMX U3 MEPEMELICHUI M0 OCSIM X, Y M Z U BPAIICHUS] BOKPYT
OCH Z, KOTOPBIX JIOCTaTOYHO JJIsl UMUTALUH 3PPEKTOB KaMephl, TAKMX KaK MacIITaOHpo-
BaHue. UToOB! pemuTh MpodieMy AMHAMHYECKOTO YCTpaHeHHs pa3MbITHs ciieHbl, MSCNN
HCIIOJIb3YIOT MHOTOMACIITa0HYIO CXEMY U CTPYKTYpPY INIyOOKOH CETH ISl HOKPBITHS 00JIb-
HI0TO peyenmopnozo noist. Kpome Toro, pasMepsl MX ceTel CIUILIKOM BEJIUKH, TaK KaK CeTh
JOJKHA 00padaThIBaTh Pa3HbIe Pa3MBITHS C OAMHAKOBBIM BECOM.

ITo cpaBuenuto ¢ merogamu MSCNN, MBMF, meton SVRNN renepupyet ropasuo 6o-
Jiee YeTKue u300paskeHus ¢ 0ojee 4eTKol cTpyKTypoil u cumBoiaMu. SRN ycrpanser pas-
MmbITHE HapaBHe ¢ MSCNN, Ho ObicTpo peanusyercs (1,87c¢).

Mopnens Gao et al B mermoM gaer ydmue pe3yabrarsl, yem Mofend MSCNN u SRN. A
TaKXe JOBOJIBHO XOPOLIO CIIPABIISIETCS] ¢ HEOMHOPOIHBIMHU U BBICOKOAWHAMUYHBIMHU CIICHA-
MU TI0 CPaBHEHHUIO C APYTHMH, KaK MokazaHo Ha pucyHke 2. DeblurGAN mo o0bekTuBHON
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mkane ycerynaer SRN. A mozgens DeblurGAN-v2 neMoHCTpupyeT siBHO OoJiee BBICOKOE BH-
3yaJlbHO€ Ka4yecTBO 110 cpaBHEHHUIO ¢ SRN, 4TO jenaeT ero JyqiuM ¢ TOUYKH 3peHus Cy0ob-
EKTUBHOW OIEHKM KadeCTBa PE3yIBTHUPYIOMIETO M300pakeHus. Pe3yisraTsl yCTpaHEHHS
pasmertus MmetonamMu MSRN 1 RCAN BH3yallbHO OMHAKOBEI, U OOBEKTUBHBIC TIOKA3aTEIH
meHee paznmnyaabie. EDPN npeBocxoaut metonst RCAN, GFN, MSRN, SRN. DBGAN(+) u
SelfDeblur naet xoporiue pe3yabTaTbl HA JUHAMAYECKUX PA3MBITBIX U300paXKECHUSX, Tpe-
BOCXOJISl IPYT'HE METOJIBI.

Pesynbrarhl ycTpaHeHUs] Pa3MbITHsI peaibHbIX U300paKeHHI M3 HAO0Opa JaHHBIX I10-
Ka3aHbl Ha PUCYHKAX 3 1 4.

B nmemom SVRNN (Zhang et al., 2018) u SRN (Tao et al., 2018) matot Hammydmme pe-
3ynbrathl. SVRNN 0COOEHHO XOPOIIIO BOCCTAaHABINBACT H300paXKEeHHUS, COAepKAIIUE 00b-
€KTBI C BBICOKOH IIPOCTPAHCTBCHHON YaCTOTOM, TAKHUE KaK TeKCT. Cpeii MHOTOMACIIITaA0OHBIX
MeTonoB o0yueHust SRN, kotopsiii numeet obuwmii Bec, npeBocxoaut MSCNN (Nah et al.,
2017), xoTopsIit ux He nMeeT. Metox aaepHoil oneaku MBMF (Gong et al., 2017) e maer
JIOCTATOYHO YETKNX M300paxkeHnid. Hu onH U3 METOIOB HE CMOT BOCCTAHOBHTH OYEHB Pa3-
MBITBIE H300paKeHNs, TIOKa3aHHbIE HA PUCYHKE 3.

Meton SelfDeblur naer ynoBineTBOpHUTEIbHBIC PE3yabTaThl HA PEabHBIX Pa3MBITHIX
M300paKEeHUAX, IPEBOCXOS JIpyrue Metonsl. M3 puc. 3 BUIHO, YTO M300paxeHus, oopa-
Oorannbie MeTooM SelfDeblur, comepxar MeHbIIIE ITYMOB, YeM 00paOOTaHHBIE METOIAMHU
MBMF u DeblurGAN, a Taxke HMEIOT BU3YaIbHO 00JIee PeaTMCTHIHBIC CTPYKTYPHI B TEK-
CTYpy.

[To cparenuto ¢ Mmetogamu MSCNN u SRN meroq DBGAN(+) obecrieunBaeT ydiee
BOCCTaHOBJICHHE Ha PEAIbHBIX Pa3MbIThIX U300pakeHusx. Moxenu Gao et al, DBGAN(+)
u EDPN ycnemHo BoCCTaHaBIMBAIOT y3HaBaeMbl€ JIETANIA TEKCTA, YEM JIpyTHE.

[To cpaBHenuto ¢ apyrumu merogamu, metonbl DBGAN(+), DeblurGAN-v2 EDPN u
Gao et al IMerOT TEHACHIINIO BOCCTAHABIMBAThH OOJiee YETKHE IETalH, KaK MOKa3aHo Ha
pucyHkax 3 u 4, 1 00ecrieyBarOT XOpoIliee BOCCTAHOBIEHUE Ha PEATbHBIX PA3MBITHIX U30-
OpaskeHMSX.

B tabnune 2 nmokas3aHbl 3HAYCHUsSI OICHOK KaK JUIsl pEaibHBIX, TaK U JJIsl CHHTE3UPO-
BaHHBIX HaOOpoB AaHHbIX. Merojbsl DeblurGAN-v2, EDPN u DBGAN(+) umeror 0oiee
BBICOKHE OIICHKH Ha CHHTE3MPOBAHHOM U peajbHOM Habopax JaHHBIX.

Tabnuye 2 — CpenHee 3HaUCHUE OIICHOK [UTS PEalbHBIX U CHHTE3UPOBAHHBIX HA0OPOB JaHHBIX.

Ne Mertozsl time Synthetic Dataset Real Dataset
1QT Zhang S. Q. etal | Zhang S. Q. et al

1 2 3 4 5 6

1 SVRNN 1,20 0,831 25,19 23,69
2 SRN 1,30 0,834 25,26 23,98
3 RCGAN 1,42 0,812 26,28 24,37
4 Gao et al 1,60 0,848 25,98 23,92
5 DMPHN 1,75 0,845 24,20 22,25
6 DeblurGAN 0,85 0,858 26,70 22,17
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OxoHyaHue TaOIHIbI 2

1 2 3 4 5 6

7 | MBMF 135,00 0,725 24,98 22,38
8 | MSCNN 2,88 0,714 24,98 22,96
9 | DeblurGAN-v2 0,06 0,934 28,55 26,23
10 | EDPN 0,22 0,909 29,31 26,31
11 |RCAN 0,10 0,811 25,62 23,15
12 | MSRN 0,04 0,803 25,17 23,65
13 | GFN 0,05 0,786 21,74 19,91
14 | SelfDeblur 124,00 0,792 22,97 20,97
15 | DBGAN(+) 0,75 0,942 27,79 25,53

Pucynok 3 — Pe3ynbrarsl yCTpaHEHHS Pa3MbITHSI Ha PeaIbHOM N300paKeHUN
n3 Habopa naHHbIX Lai, mpunamiexamem arpudyty «EctecTBeHHBIN
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Pucynok 4 — Pe3ynbrarsl yCTpaHeHHs! pa3MbITHSI Ha pealIbHOM N300paKeHUN
n3 Habopa nannex Lai, npuHaanexamme arpudyty « Tekc»

3akauenne. B 310ii riaBe onucaHbl KpyITHOMACIITAOHBIE SKCIIEPUMEHTBI 110 OLIEHKE
Ka4eCcTBa BOCCTAHOBJICHHUS Pa3MbIThIX H300PKEHHI COBPEMEHHBIMU aITOPUTMAaMH KaK Ha
peaNbHBIX, TaK ¥ Ha CHHTE3UPOBAHHBIX HA0Opax JIaHHBIX.

OO0cyxaaeMple METOJBI TOTCHIMATIBHO CIIOCOOHBI BOCCTAHOBUTH M300paKEHHUE B OT-
CYTCTBUU 3HAHUH O (QYHKIMH pa3MbITUs TOYKH. [IpescTaBieHbl pe3ylbTaThl HECKOIBKUX
YUCIICHHBIX KCIIEPUMEHTOB I OObEKTUBHOTO IMTOJITBEPIKACHUS IOCTOMHCTB U HEIOCTAT-
KOB METOJIOB. DKCIIEPUMEHTHI IPOJIEMOHCTPUPOBAIIH, UTO HEJJABHO pa3paboTaHHbIC METOBI
cXofsTCs ObICTpee, ueM 0osiee paHHHE allTOPUTMBI, U CIIOCOOHBI U3BJICKaTh U300paKeHNUE,
0oJee cornmacoBaHHOE C CYObEKTHBHBIM MHEHHUEM 3KCIIEPTOB.

Jly4immum MeTooM BOCCTaHOBJICHHS Pa3MBITHIX M300paKEHHUH HA CETOMHSIIHUHN JICHb
seistercst DeblurGAN-v2, EDPN u DBGAN(+).
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BYJIBIHFBIP CAH/IBIK KECKIHJAEPIIH BU3YAJIbI
CATIACBIH JKAKCAPTY

betineniy  Oynuiyblpaviebln  JHCOIOObIY  MaKcamvl Kipicmipineen Oyaovlp Oelineden  Kaxcemmi
JHCUCK KYPBIILIMbL MeH aHulK Oonuwexmepi 06ap auvlk Oelineni KamnvlHa Kenmipy 001bin mabwiia-
Obl. Betineniy Oyavinevlp acepi apmypii cebenmepmen nauda 601a0bl, MblCATbl, KO32AIbIC HeMmece
POKyCmbIK KAWbIKMbIK, KAMEPAHblY WAKATYbl, HbICAHHbIY KO32ANbICHI Hemece (hOKYCmbly 0OAMAaybl.
Taoicipubede OYIbIHbIPILIK napamempiepi 6eneiciz Hemece KopiHemin OYpmManlanyiapobiy cunaml 60u-
bIHWA eaHa Oencini O0NaHObIKMAaH, Oy 3epmmeyoe KeCKiHHIY OYbIHbIPIbIZbIH MAYeKeN0i mypoe Hoio
20icmepi mangpiianadwvl. Maxanrada coyevl Oec HCvli0aA AHCACAKMANAN OYTbIHLIPILIKMbL JHCOI00bIY el
conevl aneopummoepi zepmmenedi: SVRNN, SRN, RCGAN, Gao ocone m.6., DMPHN, DeblurGAN,
MBMF, MSCNN, DeblurGAN-v2, EDPN, RCAN, MSRN, GFN, SelfDeblur. 3epmmeydiy minoemi
CanowiK Oetinenepdiy 8U3yandbl CAnACbIH HCAKCApMy YWiH 6a20apiamanblk HAcakmamansl a3ipieyoe
KONOAHY YWIH OYAbIHEbIPALIKMbL HCOIOObIH el muiMoi 20icin manoay 6onvin madwvliadwvl. Toocipube
KepcemkeHOel, Hanadan a3ipieneen aoicmep Kellinel aneopummoepee Kapaganoa mesipex opbiHOaid0bl
JICOHE Capanubliapobly CyObeKmusmi niKipine caiikec Kelemin KecKinoi wvlzapyea Kabinemmi. Kazipei
yakbimma Oynvievlp Oetinenepdi KainviHa kenmipyoiy ey owcakcwl 20ici DeblurGAN-v2, EDPN owcone
DBGAN(+) 6orvin mabwLiaow.

Tyitin ce30ep: betine canacwl, caHObIK Oetite, OYIbIHbIP Detinenep, SIMANOHCHI3 6a2anay, 00beKmuemi
Kopcemxiwimep.
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IMPROVING VISUAL QUALITY OF BLURRED DIGITAL IMAGES

The goal of image deblurring is to recover a sharp image with the necessary edge structure and
sharp details from the input blurred image. Blurring occurs due to various reasons, such as motion or
focal length, camera shake, subject movement, or out of focus. Since, in practice, the blur parameters
are unknown or known only approximately by the nature of the visible distortions, this study discusses
methods for eliminating image blur blindly. The article explores the latest blind blur removal algorithms
developed in the last five years: SVRNN, SRN, RCGAN, Gao et al., DMPHN, DeblurGAN, MBME,
MSCNN, DeblurGAN-v2, EDPN, RCAN, MSRN, GFN, SelfDeblur. The task of the study is to choose the
most effective method for removing blur, for further application in the development of sofiware to improve
the visual qualities of digital images. Experiments have shown that the newly developed methods converge
faster than older algorithms and are able to extract an image that is more consistent with the subjective
opinion of experts. DeblurGAN-v2, EDPN and DBGAN(+) are currently the best method for restoring
blurry images.

Key words: image quality, digital image, image blur, -reference assessment, objective metrics.
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AJATITUBHOI'O YIIPABJIEHUS HEYCTOMYHUBBIMU U
JETEPMHUHHUPOBAHHBIMHU XAOTUYECKHUMU INTPOLECCAMUA
C M-BXOJAMMU U N-BBIXOJAMMHU B KJIACCE KATACTPO®
«'MIIEPBOJIMYECKASI OMBUJIUKA»

AxmyanvHotl npooIeMOll 8 YCI08UAX HEONPEOeNeHHOCMU NAPAMeMPO8 00bEKMa YNpaeieHUs U 6Hell-
HUX 6030elicmeutl 01 YNpagaieHus HeyCmouyusblMu U 0emepMuHUpOBaAHHbIMU XA0MUYEeCKUMU Npoyecca-
MU A6151emcs npuMenenue Memooos adanmayuu. IIpu smom d5manonnas Mooens ¢ dtcenaemon OUHaAMUKOU
1 OCHOBHOU KOHMYP YNPAGIEHUs A0ANMUBHOU CUCTNEMb CMPOSINCA 8 Kllacce Kamacmpog «2unepooaute-
CKas OMOUNUKAY», 4 Anepuoouteckas pooacmuas yCmoudugoCcms SMaioHHOU MOOENU C Hcelaemol OUHa-
MUKOU U OCHOBHOU KOHMYD YNPAGIEHU CaMOOP2AHUZVIOWeliCa a0anmueHol CUcmemyvl ¢ NOGbIUEHHBIM
NOMEHYUANIOM POOACMHOU YCMOUYUBOCMU UCCTIE0VemCsl 2PAOUEHMHO-CKOPOCHHbIM MeMOOOM 6eKMOop
@ynryuu Jlanynosa.

Knruesvie cnosa: cunepbonuyeckas omoOunuxa, O0emepMuHUpPOSAHHbIE XAOMUYECKUE NPOYECChl,
2PaOUeHMHO-CKOPOCMHOU Mmoo, poOACMHAsA YCMOUYUBOCMY, adanmuenas cucmema, iemma Mopca,
@yuxyus Jlanynosa.

Beenenune. CHHTE3 OCHOBHOTO KOHTYpa aJalTUBHOW CHCTEMBI YIPABJICHUS MPH H3-
BECTHBIX MapaMeTpax HEyCTOWYHMBBIMU U ICTEPMUHUPOBAHHBIM Xa0THUECKUMH MPOLecca-
M [1,2,3,4] Hepa3pbIBHO CBsI3aH C 00eCIIeYeHNEM YCTOMUNBOCTH, pOOACTHOCTH M KadecTBa
ynpasneHus [5,6]. B ananTuBHBIX cucTeMax YNpaBiIeHHUs] BHEIITHHE BO3ACHCTBHS KOMIICH-
CUPYIOTCS, T.€. CUCTEMa YIpaBICHHUS CTAHOBUTCS MHBAPHAHTHBIM OTHOCHTEJILHO BHEITHUX
Bo31eiicTBUil [2,7,8], a BRIOOP 3TANIOHHOW MOJENN M CHHTE3 OCHOBHOTO KOHTYpa yIpaBJe-
HUS B Kyacce KaracTpo¢ «rumepOonmueckas omOminka» [10] obecnieunBaeT podacTHyIO
YCTOMYHMBOCTH [5,0], a xKenaeMas: JUHAMHUKA TaJOHHONH MOJENH, UCCIECOBaHUE W CHHTE3
BCEX MOACUCTEM aJalTHBHOTO YINPABICHUS, TPAJUEHTHO CKOPOCTHBIM METOIOM BEKTOP

* E-mail xoppecnionnupyromero apropa: akkma@mail.ru
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¢ynkumii Jissmynosa [11] rapanTupyeT anepuoguyecKyto poOacTHYIO0 YCTOHUYUBOCTh CUCTE-
MBI 33JJaHHOTO Ka4eCTBa YIPaBICHHUSI.

3ajaga CMHTE3a OCHOBHOTO KOHTYpa YIPaBJICHUS MPH U3BECTHBIX 3HAUCHUAX Mapame-
TPOB 00BEKTA YIPABJICHUS PEIIACTCS IPATUSHTHO CKOPOCTHBIM METOJIOM BEKTOP-(PYHKIIUU
Jlsmynosa [11].

MeTonbl, OCHOBaHHbIE Ha npuMeHeHun (yHkiwmii JlsmyHosa [7,9,12,13], sBistorcs
OCHOBHBIMHU B ympapieHuu. Ho B HacTosIee BpeMsi 3TH METO/bI CIIY»aT TOJIBKO HHCTPY-
MEHTOM JUIsI TEOpEeTUYECKUX uccuenoBanuii [14,15,16,17,18] u He MOryT JaTh OTBETHI Ha
OCHOBHBIE BOTIPOCKHI MCCIICIOBAHUS U CHHTE3a a/IallITUBHBIX PETYASTOPOB B PEATHHBIX YCIIO-
BHsiX. OCHOBHBIM TPEMSTCTBUEM IMPHU ATOM SBISIOTCS OTCYTCTBHUE YHUBEPCAIHHOIO TOJ-
xofa K nocrpoenuro Gynkuuii Jisimynosa [12,13,19].

U3 reomeTpuueckoi UHTEPIPETALNHA TEOPEMBI 00 ACUMIITOTUYECKON yCTOHYHMBOCTH
[7,12,13] npsimoro metoma A.M. JIsimyHOBa MOKHO HAIVISTHO YOSTUTHCS, YTO JUHAMUKA
n3MeHeHUs (a30BON TPACKTOPUH B (Da30BOM MPOCTPAHCTBE OMPEACIISIOTCS BEKTOPOM CKO-

pocTu oV (x) a TUHAMUKa W3MEHEHUs TpeOyemoin QyHkImi JIsmyHoBa BHaias (a3oBoi
“ox peoy YHKLL y 1L

TpaeKTopuu B (pa30BOM MPOCTPAHCTBE BCIOAY OTNpeNeisieTcs BEeKTOPOM I'pajiieHTa %
X

ot ¢yukimit JIsmyHosa V(x). Ha rpanuiie anepuoandyeckoir podacTHON yCTOHUHBOCTH 3TH

BEKTOPBI UMEIOT OJIMHAKOBbIE 3HAYEHHUS TI0 BEJIMYMHE M MPOTUBOINOJIOKEHHOro 3Haka. Ha

9TOH OCHOBE pacCMaTpUBAaeTCs AUHAMUYECKas CHCTeMa Kak TpaJleHTHBIE CHUCTEMBI, a

¢dynkun JissmyHoBa Kak TOTeHIMAIbHbIE QYHKIUH 13 Teopuu KaracTpod [10] u mo3BossieT

Hamucars:

dt ox.

o _ VK i=1..n;

[IprMeHeHne STHUX COOTHOIICHUH M JIeMMBbI Mopca MO3BOJISIET MOCTPOUTH HEOOXOIH-
My QyHKIHIO JISmyHOBa M peIIUTh 3a/la4l CMHTE3a MPU W3BECTHBIX 3HAYCHUSX Mapame-
TPOB 00BEKTA YIPABICHUSI.

W3 ycnoBuii TpaHUIbl aneprogNUecKoil poOacTHOW yCTOWYMBOCTH ATaIOHHON MOJICIH
C XKeJIaeMOM AMHAMMUKONW U OCHOBHOI'O KOHTYpa CUCTEMBI aJJalITUBHOIO YIIPABICHUS HEY-
CTOMYUBBIMH ITPOLIECCAMU BBIYUCIISIIOTCS KOI(D(UIMEHTHI YCHICHUST O0OPATHOW CBSI3H.

B nacrosiiee BpeMst 00LIENPU3HAHO, YTO pealibHble 00BEKTHI YIIPABICHUS SIBISIOTCS
HEJIMHENHBIMU U IETEPMUHUPOBAHHBIN Xa0C € MOPOXKIEHUEM «CTPAHHOTO aTTPAKTOPa sIB-
JIieTCsl BHYTPEHHUM CBOWCTBOM JIF000H HETMHEWHOM 1eTepMUHUPOBAHHOMN TUHAMHYECKON
cuctemsl [1,2,3,4 |. B nuHeapn30BaHHBIX JUHAMHYECKUX CHCTEMax 3TO MPOSBIAECTCS KaK
notepst pobacTHOM ycTOWYUBOCTH [5,6].

Pesyabratsl u uX o0cy:KIeHne.

HccnenoBanue cucreMbl OCHOBHOTO KOHTYpa ynpasienus. [Tycte MIMO cucrema
YIPABJICHUS [IPEICTABISICTCSA YPABHEHUAMMU:

%z Ax + Bu,
dt

(1.1)
y =Cx,
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rie x(f) € R" — Bektop cocrosiHus cuctembl ynpasnenus; u(f) € R™ — BexTop-pyHKIus
YIPaBIAIONINX BO3IeHCTBHI; yx(f) € R'—BekTOp BBIXOA CHCTEMBI pasMepHocTH [; A € R™—
MarpuIiia 00beKTa YIpaBleHHsI pPa3MEPHOCTH 1 X n; B € R™" — MaTpuIia yrnpaBjieHus pas-
mepHocTd m x n; C € R~ Marpuiia BbIX0a CHCTEMBI YIIPABICHUS pa3MEPHOCTH [ X 7.

[lepBoe ypaBHEHHE CHCTEMBI YIPABICHUs 3aKJII0YAET B ce0e BCIO AMHAMHKY CHCTEMBI,
BTOpOE K€ YpaBHEHHE BBIXO/la MpEACTaBIseT co00N cTaTndyeckoe cooTHouenue. Jis mc-
CJIeJIOBAaHUs TUHAMHUYECKHUX CBOMCTB, KaK MPaBUIIO, pacCCMaTPUBAETCS TOJIBKO IIEpBOE ypaB-
HEHHe.

[Tycts matpurel A u B 3a7aHbl B CICIYIONIEM BUJIC:

(P11 Q12 Q13 - Qpy ”b11 0 0 0 [l
Az1 Gz Qzz ... Qg 0 by, 0 .. O
A=||q1 aszz azz .. Az, B=|]0 0 bss 0
an1 QApz  Qp3 - App 0 0 0 bnn

3aKoH yIipaBieHus 3aJ]aeTcs B BUAE KaTacTpOo(hbl «rHIepoondeckas OMOMINKay (Tpex-
napaMeTpuuecKkne CTPyKTypHO-ycToiunBoe otoopaxkenwne) [10,19,20]:

ui(t) = +XE’ + X?+1 + ki'i+1xixl-+1 - kl-lxl- - kisz_l, i=1,..,n (12)

IlepBoe ypaBuenue cuctemsl (1.1) ¢ yuetom 3axkona yrpasinenus (1.2) B pa3BepHyToit
(dopme 3anuCHIBAETCS B CIEAYIOIEM BUJIE:

dx
— b11x13 + b11x% + byikipxix, — (ag1 + b11k%)x1 +(—ap, + b11k%)x2 + a3x3z + 0+ AipXy

( =
dt
d

l % = by + bppX3 + byokinxi Xy — (g1 + byok3)xy £ (—agp + Dpak3)Xy + ApaXz + -+ AppXy (1 3)
l

axn _ 3 3 1
P an1X1 + An2Xy + an3x3+ et bnnxn—l + bnnxn + bnnkn—l,nxn—lxn - (_an,n—l + bnnkn)xn—l

+ (_ann + bnn k121)xn

Cucrema (3.3) nmeert cranmonapusie cocrosuus [10,19]:
xto=0,x3, =0,x3,=0,..,x}, =0 (1.4)

W npyrue crarmoHapHbBIE COCTOSHUS:

23 _ 4 [T 4 Qi _ 4 1 2, %ii+1
xis =+ ki +b_ii'x(i+1)s = 0, Xis = P (kl +_bii ) (15)
Amnepuonndeckas podacTHas yCTOWIUBOCTE CTAITMOHAPHOTO cocTOsHUS (1.4) crcTeMbl
(1.3) uccnemyeTcst TpagUeHTHO-CKOPOCTHBIM METOIOM BEKTOP-(QYHKIHH JIsTyHOBA.
N3 ypaBuenus coctosuus (1.3) ompenensieM KOMIIOHEHTHI BEKTOPOB TPATUCHTOB OT
BekTop-pyukmu Jlsmyrosa [11]

aV;(x) 1 aij . .. .
I(—d;j = —bux{ = bikiir1XiXie1 + by (kll - b—Z) ¥ mpuj=gi=1.,mj=1..,n
av;(x) 1 ajj . . .
{—dlx' = —byx}, — SbiikiivaxixXien + by (kl2 - b—”) ¥ mpuj=i+Li=1..,mj=1.,n (1.6)
J i
awvix) _

—a

ax, = ijXj, TpHJ F I jFi+l.,nj=1.,n
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U3 (1.6) mo KOMIIOHEHTaM BEKTOPOB IPaAMEHTOB ITOCTPOUM BEKTOP-(PyHKIHIO JIsmyHo-
Ba B CKaJISIpHOU (hopme:

_ 1, 4 1 2, 21y (p1_@u1),2_ 1, 4 1 21 2 _Q2).2_1_ 2
V(x) = —Zb11x1 —;b11k12x1x2 +5b11 (k1 T —anxz —Zb11k12x1x2 +;b11 ki o) X2 T Ms¥E T

e ;al‘n‘x% - %bzzxf - %b22k12x12x2 + %bzz (k% - %) xf = ibzzxéL - %bzzknxzzxz + %bzz (k% - Zﬁ) x5 —
%amx% - %aanrzu - %anle - %anzxzz - %bnnx:;—l - %bnnkn—l,nxrzl—lxn + %bnn (krll - %) Xiog = (1 7)
3 bantt = bk nn-1%3 + 3 b (K2 = 322) 2

[To Buay dynkiuu (1.7) yciaoBus cyiiectBoBanust GyHKIUU JIAmyHOBa, T.€. €€ TOI0KHU-
TeJbHAs ONPEACIEHHOCTh He OoueBUAHA, HO QyHKmms (1.7) B Havane koopAawHAT obOparia-
€TCsl B HYJIb U SIBJISICTCS HEMPEPbIBHO-AH(epeHImpyeMoit PyHKIUEH, T.€. YIOBIECTBOPSIET
yCIIOBHSM JIeMMBI Mopca u3 Teopun karactpod [10]. B cootBeTcTBUU ¢ temmoii Mopca
dbynakmus (1.7) MoxeT OBITH JJOKaJIbHA B OKPECTHOCTH HaYaJla KOOPJAWHAT U MPEICTaBlIeHA
B BH/IE KBaJApaTUIHON (HOPMBI:

V(x) = [by1ki — ayq + byok? — apy — azq — - — aplxf +
+ [bi1k; — aip + byoki — apy — Az — = App)xF + - + (1.8)
[_aln —Qzp —Azp — + bn—ln—lkrll —Qn-1n + bnnkrzl - ann]xrzl

VYenoBust cymectBoBanus (GyHKUuM JIsmyHOBa, T.e. MOJIOKUTEIbHAST ONPEACICHHOCTD
BekTOp-(yHKIUK JIsImyHOBa 3aJa0TCsl CHCTEMOI HEPaBEHCTB:

[b11ki —a;q + bzzkf — Ay — Q3 == Gy] >0
[b11ks — @iz + bogkd — Gz — g =+ — @] > 0 (1.9)
[_aln —Qyp — Az — '+t bn—ln—lkrll —Ap-1n + bnnk121 - ann] >0

1.2. Uccnenyercs aneproandeckasl podacTHas yCTOHYUBOCTh CTAIIHOHAPHOTO COCTOS-
Hus (1.5) cucremsr (1.3). [lnst atoro cucremy (1.3) 3anmuchiBaeM B OTKJIOHEHHSX OTHOCH-
TEJNBHO CTallMOHAPHOTO cocTostHus (1.5):

dx

=1 = blle + bnx% + b11k12x1X2 + 3b11 k% 'i‘m xf + 3b11 k% + ﬂ .xzz + b11 (k]l. + E) x1
dt by1 byy b11

£
:

_b11 (k% + %) xZ + a13X3 + -+ alnxn

L2 = bypxd + by X3 + byghigXs Xy + 3byy [k + 52 xF + by, [KE + 52 xF + by (Kd + 522 2,y
dt bz2 ba2 ba2

+b,, (k% + —ZZZ) Xy + Ay3Xz + 0+ Aypy (1.10)
22
dx. ann—
_dt" = Ay Xy + ApaXy + o+ B Xy + X + bunkn 1 nXn_1%n + 3bny ’k}l + ﬁ xz_,

a a - a
+3bp [k + S 0 — b (k42 s,y — by (KE +522)

W3 ypaBuenus coctosuus (1.10) onpenenstorcss KOMIOHEHTH BEKTOPOB TPaIi€HTOB OT
BekTop-pyHkuun Jlsmynosa V(x) = (V,(x), ..., V (x)):
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6V-(x)

i ’ 1_ 1 aij
dx: b buku+1x1xl+1 3bLL k u k b--) X
j ii

npuj=ii=1,..,.n;j=1,.

vi(x) ’ 4ij
<—x _bu i+1 buku+1x1xl+1 3bu k2 1+1 u kz _)xj (111)

l'IpI/I]_l+ll 1,..,nj=
aVL(x)

de

—a;jX;, OpUj F i j¢i+ 1L,..nj=1,..,n

Omnpenenum BeKTop-(yHKIHIO JIsITyHOBA B CKaISIPHOI (hOpMeE 110 KOMITOHEHTaM T'paJiu-
enta (1.11) B cnemyromem Bume:

V(x) =

1 4 1 2 1,4 14 a11 2 _ 1 41 2 2, %2 3
__b11x1 __b11k12x1x2 —byy [k +— b » — byy (k1 » Xi — Zbuxz - Zb11k12x1x2 — by |ki+ i X2 —

2 4 %2 2 1 2 1 4 1 2
b11 (k b1t )xz a13x3 - Ealnxn_a sy _Eanlxl - Eanzxz - annxn—l - annkn—l,nxn—lxn -
by kb 4220t (922 2 Ly wd _Lp ke ,xZx, + 2 by, (K2 — 22 2=y — = (1,12
nn_[Kn b 2~ X1 T 3 D22Xz = D22K12X5 X5 T 5 022 | K b2a x5 — a23x3 3 G2nXn .
nn ZZ 22

1 2 1 2 1 4 1 2 1 ann-1 1 Ann-1 2
Eanlxl - Eanzxz -t annxn—l - annkn—l,nxn—lxn - bnn kn brn xn 1 bnn kn - brn Xpn-1—

1 1
annxﬁ - annknfl,nxnflxrzl - bnn k72! + Z:_:xrgl - bnn (k% - ::_:) xrzl

Kak BumHO 13 (1.12), yCIIoBUS MOTOKHUTEIHHON WIIH OTPULIATETTFHON OTIPEIeTICHHOCTH
¢yskumy JIamyHOBa He SBISIOTCS OY€BUIHBIMH, BCIIEICTBUE YEro MPUMEHHM JieMMy Mop-
ca. B atom ciyuae ¢ynkumro JlsmyHosa (1.12) nokanpHO, B OKPECTHOCTH CTAIllHOHAPHBIX

cocrosawmii (1.5), 3anwimiemM B BUIe KBapaTHIHOU (DOPMBI:
V(x) = —[by1ki + ayq + byokf + ap1 + agy + agy + -+ anglxf +

_[bllk% + a12 + bzzk% + a22 + a32 + a42 + b + anz]xzz +...
_[al,n—l +tayp-1+azp-1 t - F bn—l,n—lkrll—l + bnnkrzz—l +tap-1pn-1t an,n—l]x%—l + (1.13)
—[ain + Qon + Az + -+ Dy_g o1k + Anoyp F Bunk? + app|xZ+...

OTtcrona ycioBre MOJIOKUTEITHHON onpeaeneHHocTy GyHKnu JIsmyHoBa, T.e. He00X0-
IMMOE YCJIOBHE allepUONNIECKON POOACTHOW yCTOMYMBOCTH, OyIeT OMPENeNIIThCs Hepa-
BCHCTBAMU:

(bi1ki + ayy + byyki +ay; +aszy +ag + o+ ay >0

biikd + ajp + byokZ 4+ ay, + Az, + agy + o+ Ay, >0
) (1.14)
aln 1+a2n 1+a3n 1+ +bn 1,n- 1k 1+bnnk121—1+an—1,n—1+an,n—1 >0
Qip t Qpp + Azp + -+ + bn—l,n—lkn + An-1n + bnnk121 + apy > 0

Otcrofa O4eBUIHO, YTO YCTOMYMBOCTh CUCTEMBI YIIPABJICHMUS, IOCTPOCHHON B Kjacce
KaTacTpobl «rUrepoonyeckas OMOMINKA) HAXOAUTCS B HEOTPAHWYEHHO IIUPOKUX Tpa-
HUIIaX U3MEHEHHUS HEeONpeAeTIeHHBIX TapaMeTpOB CUCTEMBI yrpapieHus. CyliecTBOBaHHE
M YCTOWYMBOCTH CTAIlIOHAPHOTO cOCTOSHUS (1.4) BOZMOXKHBI IPU M3MEHEHHUH Heolperie-
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JICHHBIX MapaMeTpoB 00beKTa yrpasieHus B oonactu (1.9). B ciyuae ke morepu ycToii-
YUBOCTH 3TOT0 CTALIMOHAPHOTO COCTOSIHMSA IMOSIBIISIIOTCS WHBIE CTAl[MIOHAPHBIE COCTOSHUS
(1.5), mpu 3TOM HEBO3MOXKHO HX CYIIECTBOBaHHE OAHOBpeMeHHO. [lociennue crannoHap-
Hble cocTostHUS (1.5) OyayT yCTOWYMBEI, KOT/Ia BBIIONIHSIETCA cucTeMa HepaBeHCTB (1.14).
HccnenoBanue 3TaJ0HHOI MoJeJHM aJanTHBHOro ymnpasJjeHus. ITycts sTanmonHas
MOJIEJIb € YKeJIaeMbIMU MEPEXOTHBIMU XapaKTePUCTUKaMHU, MTOJyUYeHHbIE HA OCHOBE UMHTa-

LIUOHHOTO PKCIIEPUMEHTA Ha MOJEIIU, UMEET BUJ MPU Zi(l‘) =0,i=1,..,n:
dxm1 _ .3 3 1 2 M M
2 = Xmit Xzt diaXp1Xyz — diXyy — diXyz + Ai3Xyz+, o HA R Xyn
dxmz _ 3 3 1 2 M M
o = Xt Xt dipXyiXyp — daXy — d3Xy + ag3Xyzt, e T Ao Xun (2.1)
dx.l:/;n _ M M Mm 3 3 ) 1 2
= An1Xm1 + aanM2+an3xM3+' [EE] +xM,n—1 + XMn + dn—l,an(n—l)an - dan(n—l) - dann

dat

CrarmmoHapHbIe COCTOSHUS cucTeMbl (2.1) onpenensrorces:

X1 =0, X =0, Xy3=0,., Xy =0 (2.2)
u
Xy = £dl Xy = 0,dyiy = dEi=1,..,n (2.3)

HUccnenyercst podacTHast yCTOHUMBOCTB CTAIIMOHAPHBIX cOCTOSsIHUH (2.2) u (2.3) Tpaau-
€HTHO CKOPOCTHBIM METOJIOM BekTop-(pyHkuunit Jismynosa [11].

YcnoBust MOJIOKUTEIBHOM ONPEeICHHOCTH BEKTOp (GyHKIMHK JIsmyHOBa KBaApaTHIHOM
dopmbr (2.12) (ycnoBusi anepuouueckoil poOacTHONH YCTOMYMBOCTU CTAI[HOHAPHOTO CO-
cTosiHUs (2.2)) onpenensieTcst CUCTEMOM HEepaBEHCTB:

I{d} +d3—afh —alh—, .., —alh_yy, —ayy >0
d? +d3—af, —alh—, .., —aly_y, —any >0
{ 2.4)

. o N
a1, (n-1) ~ A2,(n-1) ~ 3,(n-1) + drlz—l + d111 >0

M M M M 2 2
k—aln — Qyp — A3y — Aap—, ., +d5f_1 +d;; >0

Takum 00pa3om, 00JIACTh allePUOAMUECKON POOACTHON YCTOMUYUBOCTH CTAllMOHAPHOIO
coctostHuA (2.2) onpenensieTcs HepaBeHCTBaMH (2.4).

Uccnenyercs ycTOWYMBOCTh CTAIMOHAPHOTO COCTOSAHUSA (2.3). YpOBHEHUS COCTOSHUS
(2.1) nmpeacTaBiAIOTCS B OTKIOHEHHUSIX OTHOCUTEIHHO CTallMOHAPHOTO COCTOSHUSA (2.3):

dxmq
( a X1 + Xipz + 3| dixfy + dipXyaXap + dixy — dixy, + alXys+, o, Al Xy
dXma
Frake X1 + Xy + 3| d3xiy + diaxpyi Xz + dixy — di3xas + aYsxyst, ., A Xy (2.5)
dXmn :
dt = apixy + Ao Xuzs +x1§1(n—1) + Xin + 3 [di4 xl%l(n—l) + dn-1)nXMn-1)%un + dwquM(n—n — dixyn

VYcnoBust MOJOKUTENBHON OINpeeIeHHOCTH BekTopa (QyHKImU JlsmyHoBa (ycioBHs
areproIMuecKoil poOacTHON YCTOHYMBOCTH CUCTEMBI (2.5) ompeenseTcss CHCTEMOM He-
PaBEHCTB:
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—di+dj—afy —afi— ..,—ay,, —ay; >0
—d?+di—al, —al—, .., —al ,—adh >0
. (2.6)
—ath o —a = ., —di +dy >0
—ait —all—, .., —d%_,+d2>0

TakuMm 00pa3om, TaJOHHAsE MOJIENb, IIOCTPOCHHAS B KiIacce KaTacTpod «runepooiu-
YyecKasi OMOMITHKAY, SIBIISIETCS allepHOANYeCcKOl POOAaCTHOM YCTOMYMBON B HEOTPAHUYEHHO
HIMPOKHUX TIpesieax M3MeHEeHHs TapameTpoB Mojenu. CranmonapHoe coctosiaue (2.2) cy-
IIECTBYET U SIBIISIETCS POOACTHOM YCTOWYHMBOMN MPH M3MEHEHUH HEOIIPEIeIeHHBIX MapamMe-
TpOB B 007acTH (2.4), a craniioHapHOE COCTOSHUE (2.3) MOSBISICTCS MIPH IMTOTEPe pOOACTHOM
YCTOWYHUBOCTH CTAIIIOHAPHOTO COCTOSHUSA (2.2), 1 OHM OIHOBPEMEHHO HE CYIIECTBYIOT.
CranuonapHoe cocTossHuUE (2.3) CYIMECTBYET U SBIISCTCS allepUOINICCKON YCTOHINBON TPH
BBITIOJTHEHUH CHCTEMBI HEPaBEHCTB (2.0).

CuHTe3 peryjsiTopa 0OCHOBHOT0 KOHTYpa ynpasJjieHus. [[J11 HAXOXKICHHUS peIIeHUs
3aJlauyu CUHTE3a OCHOBHOTO KOHTYypa MIMO cucTeMbl aIaTHBHOTO yIPaBICHUS HEYCTOM-
YUBBIMU H JETEPMHHAPOBAHHBIMUA XAOTUYECKUMH PEKMMaMH B KJlacce KaTacTpod «Tu-
nepOonnyeckas OMOMIMKa» NPU HPEANIOIOKEHHH, YTO MapaMeTpbl 00bEKTa yNpaBlIeHUs
W3BECTHBI, CPABHUBACTCS IPAaHUYHbIC 3HAUYCHHS TapaMEeTPOB alleprHOANYEeCcKOl poOacTHON
YCTOHYHMBOCTH TAJIOHHOM MOJIENN U 3aJJaHHON CHCTEMBI yIIpaBJIeHus, T.e. HepaBeHCTB (1.9)
u (2. 4& v (1.14) u (2.6) npu HpUKCMPOBAHHBIX 3HAYEHHUAX MTAPAMETPOB OOBEKTA yIIPaABIIE-
Hus &) = &, i=1..n; j=1..,n

ITonyuum:
1 1
ki =5-(di+an), ki=—(d;+az)
1 1
k; = —(df +ap), ki = —(d] +a)
. Lo (3.1)
kn 1= bn 1n-1 (d -1t an—l,n—l)’ kn 1= Tn(dn * an,n—l)
1
kL = o P (d -1t an—l,n): ki = m(drzl + ann)

M .
Wi npu M3MEpAEMOCTH BCEX MapaMeTpoB OObekTa ympasieHus u & # &, 17 ],
I1=1..,n; J=1..,N. MOXHO ONPEENUTL CHHTE3UPYEMBIE KOI(PDUIMEHTHI CUCTEMBI:
1
ki = ™ [di +a;y — By (@ — azi+, ., +agh — any)]
1
ki = E[d% + a1 — (1= B1)(adh — agi+, .., +agy — any)]
1
k; = ™ [di + a1z — B2 (a%h — Azt oo, +a3s — a2)]

3.2
ki = L[d% +az, — (1 Bz)(%z AzpF, oy Fany — Ay )] (3-2)

k711. = b [ Bn (aln Aip + aZn — Apy ey +d1%—1 + an—l,n)]
n-1n-1

k121 = a [_(1 - ﬁn)(aﬂl —a + ag’n — Aony ey +drzz + ann)]

e, B, i= 1, ..., n — HeKOTOpBIE BeCOBBIE KO3 PuumenTs (3, < 1).
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Takum 00pa3zom, Mpu PUKCUPOBAHHON U3MEPSAEMOCTH 3HAYCHUN HEONPEICIICHHBIX Ta-
PaMeTpOB CUCTEMBI YIIPABIEHUS HEYCTOMYUBBIMU U IETEPMUHUPOBAHHBIMY Xa0THYECKUMU
CHCTEMaMH C M-BXOJaMHU U C N-BBIXOJAMH B KJlacce KaracTpod «runepbonndeckas oMOu-
JMKay», K03(QPUIMEHTHI HACTPOWKH OCHOBHOTO KOHTYPa aJaliTUBHON CUCTEMBI BEIUUCIISIOT-
cs 1o opmyiie (3.1) u (3.2) B 3aBHCUMOCTH U3MEPSIEMOCTH TAPAMETPOB CUCTEMBI.

3akumouenne. B HacTosiee Bpemst 0OLIENPU3HAHO, YTO peanbHble 00bEKTHI yIpaBiie-
HUS SBJIIFOTCSI HEJIMHEWHBIMU U IETEPMUHUPOBAHHBIN Xa0C C IMOPOXKACHUEM «CTPAHHOIO
aTTPaKTOPOB» SIBIISICTCS BHYTPEHHUMH CBOMCTBOM JIF000H HEJTMHEHHOH JIeTepMUHUPOBAH-
HOHM JIMHAMUYECKOM CUCTEMBI. B NMHeapru30BaHHBIX JUHAMUYECKUX CUCTEMAax 3TO IPOsIB-
JSIETCSl KaK 1moTeps poObacTHOH yCTOWYHBOCTH.

B ycnoBusx HeonpeneneHHOCTH MapaMeTpoB OObEKTa YHpPaBIEHHsS M BHEIIHMX BO3-
JeCTBUI OCHOBHOW MpOOIEMON yNpaBieHUs HEYyCTOMYUBBIMHA U JI€TEPMUHUPOBAHHBIMH
XaO0TUYECKUMHM IPOLECCAMHU SIBIISIETCS MPUMEHEHUE METOJOB ajanTanuy. B aganTuBHBIX
CUCTEMAX BHEIIHHUE BO3JEHCTBUS KOMIIEHCUPYIOTCS, a IOCTPOEHUE 3TAJIOHHOW MOJEIU U
OCHOBHOTO KOHTYypa YIIpaBJICHHUS B KJlacce KaracTpod «runepOooimieckas OMOMITUKa» M0-
3BOJISIET YNPABIATh HEYCTOMUMBBIMU U JAETEPMUHUPOBAHHBIMU XaOTMYECKUMU IIpOLEcca-
MU.

['pannuHbBIe yCIOBHS anepHOJUUECKON pOOACTHON YCTOHUMBOCTH STAJIOHHOW MOJCITH
C JKeJIaeMOM TMHAMUKOM U OCHOBHOI'O KOHTYpa YIIPaBJICHUs aallTUBHONW CUCTEMBI I103BO-
JSI€T PeUIUTh 3a/lauy CHUHTE3a OCHOBHOI'O KOHTypa aJalTHUBHOM CHCTEMBI 110 KOMIUIEKCY
rokasaresieil KauecTBa, TaKMX KaK: YCTOMYMBOCTb, pOOACTHOCTh, KOJICOATEIBHOCTh, ObI-
CTPOACUCTBUE, OTCYTCTBUE IEPEPETYIUPOBAHUS, CTATUUECKAS] TOYHOCTb, JKEJIAEMbI BUJ
[IEPEXOHBIX IIPOLECCOB B CUCTEME U T.J.
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M. A. BEHCEHBH, A. A. MAHMY¥PBIHOBA

JLH. I'ymunes amoinoazvl Eypaszus yammeix yrusepcumemi, Jeyuenix maioay #aue
backapy xagheopacwi, Hyp-Cynman, Kazaxcman

«'MIEPBOJIAJIBIK OMBUJIUKA» AITATTAP KJIACBIHIA

M-KIPICTEP KOHE N-LIBITYJIAP BAP TYPAKCBI3 ’KOHE

JETEPMUJIEHTEH XAOCTBIK YPAICTEPAI ATJAIITUBTI

BACKAPY )KYHUECIHIH HET'I3I'l TI3BET'TH CUHTE3JIEY
MOCEJIECIH IIEHTY

Backapy obwvexmici napamempuepiniy benzcicizoizi scane colpmibl acepiiep Ha20atblHOd MYPAKCHL3
JicaHe demepMUHUPIeH2er XaoCmblK ypoicmepdi 6ackapy yuiin Oetiimoeny a0icmepin Koi0any 63eKmi
Mmacene bonvin mabdwviiaosl. Byn owcazoatioa Kasxcemmi OUHAMUKARA Ue IMALOHOBIK MOOENb HCIHE
betlimoeny gicytieciniy He2izel backapy KOHMypbl «2UnepOoLanvl OMOUIUKAY anam KiAcblHOa Oepik
OPHLIKMULILIK NOMEHYUANbL JHCO2APbl 030i2iHeH YUbIMOACmbIpuliambli aoanmuemi Jcytie JIanynos
B6EKMOPILLK (DYHKYUACHIHBIY 2PAOUCHM-JICBLIOAMObIK 20icimen 3epmmenedi, al Kaxcemmi OUHAMUKA-
MeH JHcane Heelzei backapy YukiimMeH d9maioHOblK MOOenbOiy anepuooOmvlk CeHiMOl MYpPaKmbulibleblMeH
KY¥PACMbIpbLIAObL.

Tyiiin ce30ep: cunepOonanvlk OMOUAUKA, OemepMUHOeN2eH XaoCmblK yoepicmep, epaouenm-
AHCHLIOAMOBLK, 20iCI, poOyacmul mypakmoiivlk, adanmuemi scyiie, Mopce nemmacsi, JIanynoe @yuk-
YusCol.
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M. A. BEYSENBI, A. A. MAIMURYNOVA

L.N. Gumilyov Eurasian National University, Department of System Analysis
and Management, Nur-Sultan, Kazakhstan

SOLUTION OF THE PROBLEM OF SYNTHESIS OF THE MAIN CONTOUR
OFTHEADAPTIVE CONTROLSYSTEM FORUNSTABLEAND DETERMINISTIC
CHAOTIC PROCESSES WITH M-INPUTS AND N-OUTPUTS
IN THE «<HYPERBOLIC UMBILIC» CATASTROPHE CLASS

An urgent problem in the conditions of uncertainty of the parameters of the control object and
external influences, for the control of unstable and deterministic chaotic processes, is the use of adaptation
methods. In this case, the reference model with the desired dynamics and the main control loop of the
adaptive system are constructed in the catastrophe class "hyperbolic umbilic"”, and the aperiodic robust
stability of the reference model with the desired dynamics and the main control loop of the self-organizing
adaptive system with an increased potential for robust stability is studied by the gradient-velocity method
of the vector function Lyapunov.

Key words: hyperbolic umbilic, deterministic chaotic processes, velocity-gradient method, robust
stability, adaptive system, Morse lemma, Lyapunov function.
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H.TI. JUKYMAMYXAMBETOB'*, B. A. AIIIKOB?, JI. Y. KY/IbJKAHOB?,
H. M. CAPCEHOB?

'THAO Kaszaxckuii acpomexnuyeckuii ynueepcumem um. C.Cetighynnuna,
2.Hyp-Cynman, Kazaxcman
’HAO Amuipayckuii Ynusepcumem nepmu u 2aza um. C. Ymebaesa,
2. Amuipay, Kazaxcman

KUBYYECTb CUCTEM JJIEKTPOIIEPJIAY B YCJIOBUAX
PE3KOKOHTUHEHTAJIBHOI'O KIIMMATA ATBIPAY CKOI'O
PEI'HTOHA PECITIYBJIIMKH KA3BAXCTAH

B pabome npusedenvl onpedenenus srcugyuecmu, Kiaccupurkayus KACKAOHbIX a8apuil, UMEOuUx me-
CMo npu OuWUOOUHBIX OUCMBUAX NEPCOHANA U HUSKOU HAOEHCHOCIU A8MOMAMUYECKUX YCMpPOUCme, no-
Kazamenu Jcugyuecmu. 6eposmHoChb NOSGIEHUS KACKAOHBIX ABAPUll, CPeOHsisi ONUMENbHOCHIb U CPEOHSIs.
2nyouHa npoeanoe Hanpsxcenus. Ilpusedena QyHkyus HadeicHOCMU NePCOHANA, KAYecmeo YNpaeieHus
KOMOPO20 51815emcsi OOHUM U3 (PAKMOpOs, ONPedeNsouUx JHCUBYUECHb CUCTIEM dNeKMponepeda.

Knroueswvie cnosa: kackaoHvle asapuu, Hugyuecmny, OMKaA3, A6MOMAMuUYecKoe 6KIOYeHUe pe3epad,
ONnepamusHO-OUCNEeMUEPCKoe YNPAaeieHue, KOPOmKUe 3aMbIKAHUSA, NEeKMPOIHePIemuYecKas cucmemd,
6EPOAMHOCb NOABNIEHUA KACKAOHBIX ABAPUL.

Beenenue. JXKuByuecTs BISETCS €UHUYHBIM CBOMCTBOM KOMITJIEKCHOTO CBOMCTBA Ha-
JI&KHOCTH 3JIEKTPOIHEPTETUUECKUX CUCTeM, MeTonbl HccaeI0OBaHUs, MoKa3aTean U KpH-
TEpUHU KUBYYECTH B HACTOsAIIEE BpeMs HEIOCTaToyHO pa3paboraHbl. CylecTBYeT psil
onpeneicHul NoHATUs "kuBydecTh". B [1] moj jXKMBY4YECThIO MOHHUMAIOT CIIOCOOHOCTH
CUCTEMBI MPOTUBOCTOSTh BO3MYILIEHUSAM, HE KOHTPOJIUPYEMBIM CHCTEMHON aBTOMATHKOH.
B [2] xuBydecTh CBSI3bIBAIOT C CUCTEMHBIMH aBapUsMH, CONPOBOXKJIAIOIIMMHUCSA KacKaj-
HBIM Pa3BUTHEM Bo3MylleHHsA. B [3] jkuByuecTh OILlEHMBAETCS LIETIOYEUHBIMU aBapUsAMHU
CHUCTEMHOT0 xapakTepa. B [4] naHo pa3zBepHyTO€ onpeneseHHe )KUByUYEeCTH KaK CBOWCTBA
CUCTEMBbI IPOTUBOCTOATH KPYITHBIM BO3MYILIEHUAM, HE OMYCKasi X KACKaJHOTO Pa3BUTH
C MacCOBBIM OTKJIIOUCHHEM ToTpeduteneil. B [1] yTBepxkmaercs, 4To KHUBYUECTh MOKHO
XapaKTepHU30BaTh KaK CIOCOOHOCTh CUCTEMBI IPOTUBOCTOSTH BO3MYILEHHUSIM. B Hactosmiee
BpeMsI TaKXKe PACXOJATCS MHEHUSI MCCIIeloBaTesIel OTHOCUTENBHO CYILIECTBA 3aKOHOMEPHO-
CTel, KOTOpble 00yCIOBIMBAIOT )KUBYYECTh. Tak, B [5] mpuunHOIl HapylIeHUs )KUBY4YECTH
MPU3HACTCS BO3ACHCTBHE HA CHCTEMY BHEIIHUX IO OTHOLICHHIO K HEel (haKTOpOB, KOTO-
pBI€ HOCST NpeJHAMEPEHHBIN XapaKkTep. YKa3bIBaeTCs, YTO BEPOSATHOCTHBIE METOABI B 3TUX
YCIIOBHUSIX HEMPUMEHUMBI M HE UMEIOT cMbIcia. B [6] mpuBoasTCs cooOpakeHHsI O BEPOSIT-
HOCTHOM XapaKTepe BO3MYILEHMsI TPU KACKAaTHBIX aBapHsIX.

Bce konnenuum xuBy4ecTH, pazsuBaeMbie B padotax B.A. Bennkosa, FO.H. Pynenxo,
B.I. Kutymnna, F0.A. @okuHa u psiia Apyrux uccienoBaTeseid, 0asupyroTcsl Ha IpU3Ha-
HUM (PaKTa HATUYHS MEPBOHAYATIBLHOTO OTKa3a M MAaCCOBOTO OTKJIFOUEHHUS MOTpeOHuTeneli B
pe3yibTaTe CHUKEHHsI YPOBHS )KUBYUYECTH. PacX0o)k1eHNsI BBI3BaHbI pa3IMYHBIMHU OLIEHKAMHU

* E-mail xoppecnonaupyroiero agropa: nasikhan_d@mail.ru
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MePBOHAYAIBHOTO OTKAa3a U €ro MPUPOJIbL: KPYITHOE BO3MYILEHUE WIIH Cpe/iHee, JeTePMUHU-
POBAaHHOE WJIM BEPOSITHOCTHOTO XapakTepa, a TaKKe pa3HbIM ITOJIX0JI0M K OLEHKE MPUYHH,
BBI3BIBAIOIIMX CTOJIb 3HAYUTEIbHOE HAapyIlIeHHE PadoThl cucTeMbl. B [7] nmepBoHauanbHbIN
0TKa3 — 3T0 (peHOMEH, ISl OMMCAHKS KOTOPOTO HE XBATAET BEPOSITHOCTHO-BPEMEHHBIX Xa-
PaKTepUCTHK HAJEKHOCTU. B 3TOM IJIaHe MOXKHO OTMETHUTbH yparaHbl, CMEpYH U JpyTHe
MPUPOIHBIE SIBICHHS, TIPOSIBIISIONIECS Ha OOJBIION TEPPUTOPUH H € KaTaCTPOPUIECKUMHU
nocneacteuaMu. B paborax BI'TIM u HUU "Oneprocers nmpoekT" nepBoHayaibHbBIN OT-
Ka3 — 9TO MHOXKECTBO BHEIIHHMX BO3ACHUCTBHIA, OJHOBPEMEHHO OOPYIIMBAIOIIUXCS HA CH-
cremy. CieqyeT OTMETHTh, YTO OOJIBIIMHCTBO MCCIIEAOBATENCH MPHUICPKUBAIOTCS MHEHHS,
YTO NMEePBOHAYAJILHBIN — 3TO KPYITHOE BO3MYIIIEHUE, HO €T0 TIOCIIEeICTBUS ONPEAeIIAIOTCs He
CTOJIBKO €r0 BEIMYMHOMN, CKOJIBKO BO3MOXHOCTBIO Pa3BUTHS aBapHH.

Buaumo, Bce TpH TIepeYrCICHHBIX THIIA IEPBOHAYAIBHBIX OTKA30B MOTYT OBITH Mpe[-
MeTOM HuccienoBanust. Ho 9To ykasbpIBaeT JIHIIb Ha HEBO3MOXKHOCTH pa3pabOTKH YHHBEP-
CaJNBHOW TEOPUH KUBYUECTH 0aze eAMHOr0 MaTeMaTHYeCKOro armnapara.

Metonbl u MaTepuaabl. COBpeMEHHbIE MPOMBIIIIIEHHbIE KOMITIEKCHI ¢ HEITPEPhIBHBIMU
TEXHOJIOTMYECKUMH MPOIIeCCaMU YyBCTBUTENBHBI K KPATKOBPEMEHHBIM HAPYILIEHUSAM 3JIEKTPO-
cuabxenust (HD). Otu HapyieHuss MOTyT ObITh 00YCIIOBIIEHBI aBapUMHBIMUA BO3MYILICHHUSMU
(KOpOTKHE 3aMBIKaHUs, IEPETPY3KH U JIP.), CO3IAIOLUIMMH JUHAMUYECKUH PEXUM, YTO BbI3bIBA-
€T HeOOXOIMMOCTh YCTAaHOBUTB TPaHUILIBI TMHAMUYECKOH YCTOWYMBOCTH Y3714 CXEMBI.

Haubosnee cnoxHbIMM JUTsl U3Y4EHHUS TUHAMHUYECKHUX PEXUMOB SIBISIOTCS KacKaHbIE
aBapun (KA), KoTopble 00BIYHO CBSI3BIBAIOT C KUBYUYECTHIO.

B snexrposHepreTrKe Mo )KUBYYECThIO O0BEKTa MOHUMAETCS: CBOMCTBO 00BEKTA MPO-
THUBOCTOSITH BO3MYIIEHHSIM, HE I0IyCKasl X KACKaJHOTO Pa3BUTHUS C MACCOBBIM HAPYIIEHU-
€M MMUTaHUs ToTpeduTenei.

Haubosnee pazBepHyTOE OnpeneseHne )KUByUeCTH JIaHo B [§], rae moj )KUBY4eCThIO CU-
CTEMBI KaK KOMIUIEKCHBIM CBOMCTBOM HaJEKHOCTH IOHUMAETCS IPOTUBOCTOSIHUE KPYITHBIM
BO3MYILEHHSIM, HE JIOMYyCKasl UX KaCKaJHOTO Pa3BUTHUS C MACCOBBIM OTKJIIOYEHHEM IOTpe-
ouTeneil Ui BO3MOXHOCTH HAPYLICHHUS CBSI3HOCTH CHCTEM ITPOMBIIIIEHHOTO 3JIEKTPOCHA0-
skerus (CI19C), KoTopyro MOXKHO OTIPEIESINUTD KaK PO C COBOKYITHOCTHIO Y3JI0B HATPY3KHU
U JIMHUEU CBA3U

OnpIT 3KcnﬁyaTaum/1 CITDOC mnoka3bIBaeT, 4TO y3JIbl 3JICKTPUUYCCKON HArpy3ku (cOop-
HBI€ [IMHBI, MECTa MOJKIIOYECHHUS K MATUCTPAILHBIM JTHHUSAM, TPEXOOMOTOYHBIE TPaHCOP-
MaTopbl) OKa3bIBAET 3HAYMTEIBHOE BIUSHUE HA HAIESKHOCTh (PpyHKIMoHUpoBaHus CIIDOC,
T.K. MOTYT BbI3BaTh OTKJIIOYeHHE OCHOBHBIX 31eMeHTOB CIIDC — Bo3nymHbx auHuit (BJI)
Y K 3HAUUTEIILHOMY YIIEepOy.

[Tox »UByUYECTHIO y371a HArPy3KK MOHUMAETCSI CIOCOOHOCTh MOTPEOUTENIEH U UX aBTO-
MaTHYECKUX CPEJICTB 3aIlUThI IPOTUBOAECHCTBOBATh BO3MYIIEHUAM, KOTOpPbIE MOTYT MpH-
BECTHU K aBapUHHOMY €r0 OTKJIIOUEHHIO.

Kagenpoii anekrpocHaOxeHHs MPOMBIIUICHHBIX MPEANPUITAH MOCKOBCKOTO dHEpre-
TH4eckoro uHcTUTyTa (MOU) pazpaboTano ObICTPOICHCTBYIONIME aBTOMAaTHYECKHUE BKIIIO-
yeHus pesepsa (bABP), ocHOBaHHOTO Ha COBpPEMEHHOM MUKPOTIPOLIECCOPHON ATEMEHTHOM
0a3e, 1 TO3BOJISIOIINE C MOSBICHUEM OBICTPOACHCTBYIOIIUX BAKYYMHBIX U AJIETa30BbIX BbI-
KJIfoyaresei, 00ecneynTb HenpephIBHOE IEKTPOCHAOKEHHE ITyTEeM TIEPEKIIOUEeHUs Ha pe-
3epBHBIM HCTOYHHK MTUTAHUS 32 Bpemst He Oosee 65 Mc.
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Bce koHIenuuu >KMBY4YeCTH, pa3BHBacMble B padoOTax, 0a3upyroTcs Ha MPU3HAHUH
(axTa HaIUUUs NEPBOHAYAIBHOIO OTKA3a M MAaCCOBOIO OTKIIIOUEHUS MOTpeduTenel B pe-
3yJbTaTe CHW)KEHUsI YPOBHS JKUBY4YeCTH. PacXokeHUsl BbI3BaHBl Pa3IMYHBIMK OLIEHKAMH
MEePBOHAYATBHOTO 0TKa3a U €r0 MPUPOJIbI: KPYITHOE BO3MYIICHHUE HITH CpelHee, IETePMUHH-
POBaHHOE WJIM BEPOSTHOCTHOTO XapakTepa, a TaKKe Pa3sHbIM MOAXOIOM K OIEHKE NPUYWH,
BBI3BIBAIOIIMX CTOJIb 3HAYUTEIILHOE HAPYIIEHHE PA0OTH CUCTEMBI.

Crenyer OTMETUTb, 4TO OOJBITMHCTBO HCCiIe0BaTeIel B 00JIacTH JKUBY4ECTH IPUAEP-
YKMBAIOTCSI MHEHHS O TOM, YTO MEPBOHAYAIBHBIA OTKA3 — 3TO KPYITHOE BO3MYIICHUE, HO
€ro MOCIECTBYUS ONPEENIAIOTCS HE CTOJIBKO €r0 BEIMUNHOM, CKOJIBKO BO3MOXKHOCTBIO pa3-
BUTHSI aBapUH.

[Mocnencreus kackana aBapuii (KA) onpenenstor nx KiaccuGuKanuio Mo XapaKTepHbIM
coOBITHAM, MaciuTaly U npuyrnHamu (Tadm. 1).

Tabnuya 1 — Knaccudukanys KackaJHbIX aBapHi

Bunsl [IpruuHbI IlocnencrBus
1. Cuctemnsie | 1. Hapymenns B pabote YP3uA Hapymenne OamaHca MOIIHO-
cteii B COC

2. OmmnbouHBIe NEHCTBHUA IKCILTYaTallHOHHOTO
nepcoHaia

3. Ctuxuiinple SIBIEHUS

2. JlokanpHbie | 1. HanoxxeHue 0TKa30B psizia 3IeMEHTOB cxeMbl | HapylieHus: B OTIenbHBIX paii-
onax DOC u CIIDC

2. HanoxxeHne OTKa30B 3JIEMEHTOB CXEMbl Ha
HapyIlIeHHEe pekuMa paboTsl e€ 00opynoBaHus,
KOTOpBIE ycTpaHsioTes YP3A

Kak cnenyer omnyare OT aBapuu, CBI3aHHOW ¢ moTepeil yctoiunBocth? KackamHbiit
MIPOLIECC MOXKET HE 3aKOHUMTHCS TOTEPEH yCTOMUMBOCTH 1O HaNpskKeHuto. B 3aBucumoctu
OT HEOJHOPOJHOCTH CETH, MPOLIECC MOXKET OCTAHOBUTHCS IMOCIIE OTKIHOUEHHUS HECKOIb-
KHX 3JIEMEHTOB CETH B JOIMYCTHUMOM 00JIIACTH PEKUMOB, HO MOXKET M 3aKOHUHUTHCS IOTEpe
YCTOMYUBOCTH.

Crenenb paccTpoiicTBa (PyHKIIMOHUPOBAHMS TEXHOJIOTHUYECKUX MPOLIECCOB U YCTaHO-
BOK TP HapyleHuu sMekrpocHabxenus: (HD) HazpiBatoT rimyOokoi. [myOuna nenouHoi
aBapyU 3aBUCUT OT MECTA MOSBICHHS 1 YNCIIA OTKITIOUYMBIINXCS 3alIMTHOIO KOMMYTaIOH-
Horo anmnapara (3KA), uepes KoTopble IpoTeKal CKBO3HOH aBapHiHBIN TOK ¥ IPUBEI B J1€Hi-
cTBHeE peneiinyro 3amuty (P3). Ee MoykHO XapakTepu30BaTh YMCIOM JIOKHO OTKITFOUUBILINX-
Csl HETIOBPEKICHHBIX MOTpeOuTeNnel (CeKuii MUH) THOO0 UX yOBITKAMH, KOTOPBIE CBSI3aHBI C
HEJ0O0TITYCKOM IEKTPOIHEPTUH, TPOCTOEM U PACCTPONCTBOM TEXHOJIOTHUYECKUX LIUKIIOB.

[TokazaTrenem KHUBy4ECTH MOXKET CIYKHUTh 4acTOTA MOSIBICHUSI CUCTEMHBIX IETIOYHBIX
aBapuii (IL1A) ¢ pazmuunoii miyomnoit HD. Yactora ux Bo3HMKHOBeHuUs npu K3 B 3amu-
LIaeMOM 3JIEMEHTE CETH M OTKa30B B cpabarsiBaHuM psina 3KA, yepe3 KoTopble mpoTeKal
CKBO3HOH aBapuiHBIA TOK, onpeaessiercs mo Gpopmye:

n

_ 1 o
F—zm;A,—DTﬁ ®, 1)
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A j — TJe mapameTp MoToka HezaBUCUMBIX K3 B alieMeHTe CeTH; , —[1apaMeTp MOTOKa OT-
ka30B B cpabarbiBanuu i-ro 3KA; 7, — uHTepBal BPEMEHU MEXKIY JMArHOCTUKOH CHCTe-
MbI oTkItoueHus i-ro 3KA, Bmecte ¢ ero P3 wim cucremoii ABP; m — uncno 3KA, uepes
KOTOpbIE MPOTEKaJI CKBO3HOU aBapUMHBINA TOK WM YUCIO CEKIIMOHHBIX KOMMYTalMOHHBIX
anmaparoB ¢ ABP, oTka3aBiimix Bo BKIFOUEHHH; 71 — YUCIIO SIUHUIL JIEKTPOOOOPYI0BaHHE,
MOJIYYABIINX 3JIEKTPOIHEPTHUIO OT JAHHOTO y3JIa Harpy3Ku.

®opwmyna (1) cripaBeinBa pH BHITIOIHEHUH JIBYX YCIOBUM:

1. lHTepBasbl BpeMEHN MEXKIY MOSBICHUSIMHI KOPOTKOTO 3ambikaHus (K3) B anemenTe
CETH U MHTEPBAJIbI BpEMEHU MEX/Ty OTKa3aMu B cpabarteiBannu 3KA He mpoTHBOpEeYaT IKC-
MMOHEHIIUAIBHBIM (DYHKIIHSM pacIpeelieHUs] BEpOsSTHOCTEH ¢ mapaMeTpaMy COOTBETCTBEH-
HOA, HO;

2. Tw,<0,1

®dopmyna (1) mMeeT cneayromuye JOMyIICHIS

— YCTPOMCTBA yIIpaBIeHUS pesieiHoi 3ammuToit (Y P3) MOTYT BEIXOIUTE U3 CTPOS TOITHKO
TOT/IA, KOIJIa OHU HAXOJSITCS B PEXKAME OXKUJIAHVIS,

— K MOMEHTY pearupoBaHUs Ha MOBPEXACHIS B CETH P3 sBiseTcss paboTOCTIOCOOHOM.

Otka3ssl B cxemax P3 ¥ prBoJie BHIKIIFOUYATEIIS BBISBISIFOTCS U YCTPAHSIIOTCS B PE3Yiib-
Tare aOCONFOTHO HAJIC)KHOHN TUATHOCTHKH, TTOJT OTKAa30M B cpadarbiBanni 3KA mornmaeTcs
TaKOM, KOTOPBIN MPUBOJIUT K OTKA3y B OTKIFOUCHHUH MTOBPEKICHHOTO dlieMeHTa ceTH rnpu K3
B 30He JieiicTBus ero P3.

B ciygae, ecnmi cpoku THAarHOCTHKH CUCTEM OTKFoueHUsT 3KA OymnyT omnHAaKOBHI (T.€.
I'="T,i=1,..m), hopmyna (2) OymeT UMETh BUL

— 1 d 2m - 2
F_Z—mJZlAJ.T Dw‘ )

BepositHoCTh nosiBnenust KA (uiu noteps >KUBY4YeCTH y3jla Harpy3ku) B TEUEHUH Bpe-
MEHH t MOYKHO OTIPEAEIIUTD 110 BHIPAKEHUIO

o =1-e™, 3)

Ecmu Ht < 0,1, o O(¢) = Ht.

Kpome BeposTHOCTH mosiBieHust KA, HaOop mokasareineii )KUBy4eCTH y3Jia CXeMBI JI0JI-
JKEH BKJIFOYATh CPEIHIOIO JITTUTEILHOCTD (C) U CPETHION ITYyOHHY TPOBAJIOB HAIPSIKEHUSI.

BaxnpiM (akTOpoM oOecriedeHHs JKMBYYECTH CHCTEMBI SBISETCS OIEPaTUBHO-
nmucneryepckoe yrpasienue (O/1Y), a oOCHOBHBIMU TpHUYMHAME TTOCTpoeHus cuctembl OJY
SIBIISIETCS pa3rpaHudeHre QYHKIIUU U OTBETCTBEHHOCTH OTIEPaTHBHO-IUCIIETIEPCKOTO TIep-
conana (O/II1) Bcex cTymeHe#l ympaBieHHs 11O BEJICHHUIO HOPMAIBHBIX PEKUMOB, JTHUKBU-
nauuu HD u crposkaiiinas JUCHUIUIMHA BEPOSITHOCTh MOSIBIEHUS 0TKa30B 1o BuHe O/II B
WHTEpBaje BPEMEHH OTPEICTUTCS KaK

P (E/E )= Mt)At, 4)
rne E,— cobwitue, cocrosimiee B nossiaennu ommbku OMII B untepsane Bpemenu [7, ¢ +
At]; E, — cobbiTue, cocTosuiee B Oezommbounoit padore O/ B Teuenue Bpemenu #; A(?)
— gacToTa mosBiIeHus omnOok mo BuHe O/[I1 B MOMEHT (aHAJIOTHYHO MapaMeTpy IMOTOKa
OTKAa30B B KJIACCHYICCKOU TCOPHUH HATICKHOCTH).
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Oynxusa Hanexxnoctu (OH) OIT mogunHseTcs: 9KCIOHEHIMATEHOMY 3aKOHY M UMEET
BHJL:

R(t) _ ej'o—w(t)dt (5)

[To ananoruu ¢ knaccuueckoil Teopueit Haaéxxuocth OIII onpenensiercs kak BeposT-
HOCTb YCIEITHOTO BBIITOJIHEHHUS MM BO3JIOKEHHBIX (PYHKITUHM Ha 33JJaHHOM dTare (QpyHKIHO-
HUPOBAHUS CHUCTEMBI B TEUCHHUE 33/IaHHOTO MHTEPBAJIa BPEMEHU IIPH ONPEICTICHHBIX Tpe-
0OBaHUIX K MPOIOIDKUTEIHLHOCTH BBITTONHEHHs padoThl. Torna ommokoii (otkazom) OIL
MO)KHO CUHTaTh KaK HEBBITIOJHEHHE TOCTABICHHOM 3a/1aui, KOTOPOE MPHUBENO K TTOBPEK-
JICHUIO 00OPYI0OBaHUs, aNMaparypbl, IMYIIECTBAa WIH HAPYIICHUIO TEXHOJIOTHH 3allJIaHU-
POBaHHBIX OIEPAIIUH.

Omm6ku 1o BuHe OJII1 MOTYT BOBHUKHYTH B CIEIYIOIINX CIydasix:

— OMII cTpeMuTCs K JOCTHKESHUIO OIIMOOYHON 1IeNH;

— TIOCTaBJICHHAs IeJIb HE MOXKET OBITh JIOCTHTHYTa W3-32 HENPaBWIBHBIX ICHCTBUU
O/1IT,;

— OJIT He npyHUMAaeT HUKAKUX JISHCTBHIA, KOTJIa €r0 y4acThe HeoOX0IUMO.

YpoBHu pacnpenenenus ommbox OJII mpuBeneHs! Ha puc 1.

Pucynox 1 — Yposuau ommbdox OI1

Buner orkazoB O/II1 1 ux mpUYXHBL U TIyTH CHIDKEHHS OTKAa30B MTPHUBEICHBI B TA0MI. 2

Tabnuya 2 — Buap! otka3oB O/II1, mpu4MHBI 0TKA30B U ITyTH CHUKEHUS OTKa30B

Bune! otkazos IIpuunHbI OTKa30B IlyTn cHMKEHUS OTKA30B
1. 3axonomepusle | Huskuil yposens 3nanuit OJI1 un- Jlextuu u sx3amenst no I1Th, Th u
CTPYKLIUH, TUPEKTUBHBIX yKa3aHHH. MPOU3BOJCTBEHHBIM HHCTPYKLIUSM
2. Cnyyaiinele Hwuskuii ypoBeHb BHUMaHus, 4eTkocTH | MHCTpyKTaXxH, codecenoBanus,
1 TUCLIUIUIMHEL B paboTte MPOTHUBOABAPUIHBIC TPEHUPOBKU

3. He3zaBucumble | 1. Hemocrarounslii ypoBeHnb ocHauieHusi | [ToBbliieHrne YPOBHs OCHAILCHUS
pabouero MecTa (JOCTYITHOCTS K armapa-
TaM yIpaBJICHHs, OCBEIICHUS 1 JIP.)

2. HegocTaTouHoe CTUMYIIHPOBAHUE BBon nim iepecMoTp cucTeM CTH-
OJIT MYJIMPOBaHUs, NO3BOJISAIOLINX 0~

CTUTHYTb ONTHMAJIbHOTO Ka4ecTBa
paboThI
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Pe3ynbTarsl u nx o6cyxkaenne. bonbiioe pazHooOpasme KackaaHbIX 0TKAa30B OTpedo-
BAJIO OCYIIECTBUTD UX Kaccupukanuio. K HacTosiieMmy BpeMEHH BBITIOIHEH U Oy OJIMKOBaH
psin paboT, MOCBAIEHHBIX 3TOMY Borpocy. B [9,10,11] npuBeneHsl 060011eHHBIE TaHHBIE O
HapyIIEHUSX HOPMAJIBHOTO PEXUMA C UX MOPa3/IeIeHNEeM Ha POCTHIE U CIIOKHBIE CITyyau
€IMHUYHBIX OTKAa30B, a TAaKXKe KacKka/lHble HapyIlIeHUs . ABTOPbl OTMEYAIOT, YTO KaCKaHbIE
HapPYIICHUS COCTABISIOT 8% 0OIIEero KOJMMYECTBa HAPYIIICHUH HOPMaJIBHOTO pexkuma. B [6,
12,13,14] ocymiecTBieHa Ki1acCU(pHUKALUSI CHCTEMHBIX KACKaJIHBIX aBAPHH 110 XapaKTEePHBIM
coObITHsIM. COOBITHS TIOZIpa3esieHbl Ha ABe Tpynmbl. K mepBoi rpymie oTHeceHbl coObI-
THUSl, CBA3aHHBIE C U3MEHEHNEM COCTOSIHUSI M CTPYKTYpPBI CUCTEMBI B pe3yibTaTe OTKa3oB B
paboTe OCHOBHOTO 00OPYIOBaHHS CUCTEMBL. Ko BTOpOI rpyrie OTHECEHBI COOBITHS, SBIISB-
HIMecst MPUYMHAMHU U3MEHEHUS COCTOSHUS 3JIEKTPOIHEPIeTHUECKUX CUCTEM.

[To oxBaTy TeppuTOpUHU 1 MacITaldy KacKaJIHbIC aBapuU MOAPA3ACICHbl HA CHCTEMHBIC
1 JoKasbHble. K CHCTEMHBIM aBapHsM OTHECEHBI aBapuH, MIPUBOIINE K HAPYIICHUIO Oa-
JlaHCa MOIIHOCTH B YHEpProcucTeMe. B pesynbrare CHCTEMHBIX KacKaJHbIX aBapuil nedu-
LUTHAS! YHEPTOCUCTEMA OTACISIETCSl OT MUTAOIIEH, ee IIEKTPUIECKUEe CTaHIUN paboTatoT
Ha BBIIEJICHHYIO Harpy3Ky. K TokanbHBIM KackaJHbIM aBapusiM OTHECEHBI aBapHH, 3aTparu-
BaIOII1E TOJIBKO OTAEIbHbIE PAOHBI HEPTOCUCTEMBI,

CucTeMHbIe KacKa/IHbIC aBapyH MO MPUYMHAM, KOTOPBIE UX BBI3BIBAIOT, OBLTH MOApa3-
JiesieHbl Ha Tpu rpynnbl. K nmepBoil oTHeceHbl KackaJHble aBapuH, CBA3aHHBIE C HECOIIA-
COBaHHOH PabOTOIl aBTOMATHUKH aBTOMAaTH4YeCKOrO MOBTOPHOTO BKIIOUEHHS, aBTOMAaTHYe-
CKOW YaCTOTHOM pasrpy3KH, ACITUTEIbHOW YaCTOTHOM 3alllUThI, JOXKHBIM CpabaThIBAHUEM
YCTPOUCTB pesIeiHON 3aIInThl, HEBEPHBIM BHIOOPOM BBIIIEPKKH aBTOMaTH4E€CKOTO BKJIIO-
yeHus. Ko BTopoi rpymnme oTHECeHbI aBapHH, BbI3bIBA€Mble HETPaBUIIBHBIMU JEHCTBUSMU
9KCIUTyaTallMOHHOTO nepcoHana. K TpeTweil rpyrmine oTHeCeHbl KacKaHble aBapuH, BbI3bI-
BaeMble CTUXUHHBIMHU SIBICHUSMH, HarlpuMep, cMmepueM. [TonoOHas knaccudukanust ykasbl-
BaeT Ha OCHOBHYIO NIPUYMHY aBaApHH U BOBMOXKHBIH CIIOCO0 €€ YCTpaHEeHHSI.

JlokanpHble KacKaJHbIC aBapHy 10 MIPUYMHAM, KOTOPbIE MX BBI3bIBAJIH, ObLIM MOAPa3-
JiesieHbl Ha ABe Tpymmbl. K nmepBoit oTHeceHbl cXeMHbIe KacKaJHble aBapHK — aBapUH, BbI-
3bIBa€Mble HaJOKEHHEM OTKa30B psAJia IEMEHTOB cxeMbl. Ko BTOpoil rpymnie oTHEeCEeHbI
aBapuy, PEICTaBISIONINE cO00 HaJIO)KEHNE OTKa3a DJIEMEHTA CXEMBbI CETH Ha HapyllleHHE
pexxuma paboThl ee 000pyIOBaHHS, KOTOPOE YCTPaHIETCsl yCTPOHCTBAMK peieiiHOH 3alu-
ThI 1 aBTOMaTUKU.

3akiouenne. AHaJIM3 MO KAaCKaJHBIM aBapHUsAM 103BOJIMII YCTAHOBUTH U3BECTHYIO 10~
BTOPSEMOCTh HE MPUYHH, a IMyTeH pa3BUTHUSI aBapui, 4TO a0 OCHOBaHUE Ui pOpMHUpO-
BaHMS TOKasaTenel kuBydecTd. OOINM Ui HApYUICHHUS KUBYYECTH U O€30TKa3HOCTH
SIBJIIETCS TIEPBOHAYAIBHBIN 0TKa3 — eAMHNWYHAs aBapus. [lokazaTenu )KUBYYECTH eIUHUY-
HBIX KacKaJIHBIX aBapHil MOT'YT HOpMHUpoOBaThes B npenenax EDC, 4yTo mo3BonuT OlleHUBATh
YPOBEHB )KUBYUECTH B KaK101 KOHKPETHOM 3HEprocucreMme. MeToibl UCcClleIOBaHUS dKUBY-
YeCTH AIEKTpodHepreTnieckoi cucteMsl (39C) MOMKHBI OBITH TECHO YBSI3aHBI C OIPE/e-
JIeHHeM ToKa3aTesnel )kuBydecTu. Eciu 1o )KMBy4YeCcThIO MOHUMATh KaK IPOTUBOCTOSIHHE
KPYITHBIM BO3MYILIEHHUSAM, HE JIOMyCKast UX KAaCKaJHOTO Pa3BUTHUS C MACCOBBIM OTKIIIOUEHU-
€M MOTpeOUTEeNeH, TO KaYeCTBO OMepaTuBHO aucneryepckoro ympasieHus CII9C, crocob-
CTBYIOIIEE€ CHIKEHHUIO WJIM OIPAaHUUYEHHUIO 9TOMY Pa3BUTHIO, MOKHO OTHECTH K OJJHOMY M3
OCHOBHBIX (haKTOpOB, onpexensiomemy xubydects CI1OC.



116 Becmnux Hayuonanvhoti unsceneproi akademuu Pecnyonruxu Kazaxcman. 2022, Ne 3 (85)

JIMTEPATYPA

1 Kuprymmu B.I., Ko6en b.b. K Bompocy o opmanmzanum moHATHS )KUBYYECTH IIEKTPOIHEP-
rerngecknx cuctem//CO. crareil. MeTogmaeckue BOTPOCH HCCIIEIOBAHMS OONBITINX CHCTEM dHEepre-
tkn Upkyrex: COU CO AH CCCP, 1980 Brm. 20. C. 15-23

2 Bopomaii H.11. O xusyuectn 99C // Hapexuocts D9C. CripaBounuk. M.: DHeproaroMmusiar,
2000

3 Bopomait H.W. u ap. Monenn n METOABI MCCIIeNOBaHUs pekuMHON HagexHoctu DOC // Ha-
JIEeKHOCTB cHcTeM 3HepreTuku. HoBocubmpcek: Hayxka, 2014

4 ANTOPHUTMBI )KUBYYECTH M CAMOBOCCTaHOBICHHS MHTEIUIeKTyansHoi DOC. Boponait H.U. n
ap. UCOM CO AH, 2015

5 Ymaxos M.A. O )XuBy49ecTH TepPUTOPHATBHO pacipeneieHnubix cucreM // CO6. crateir. Meto-
JUYECKHE BOTPOCHI NCCIICAOBAHNS HAASKHOCTH OONBINIUX cucTeM 3HepreTuku Upkyrck: COU CO
AH CCCP. 1980. Bpm. 20. C.10-14.

6 I'yk }0.b., Kapnios B.B. ®akTopHbIil peTpoCcneKTHBHEIN aHanu3 xuBydectH // CO. ctareit. Me-
TOIMYECKHE BOIIPOCHI MCCIIEAOBAHMS OONBIIHNX cucTeM dHepreTuku. Mpkyrck: COU CO AH CCCP.
1980. Beim. 20. C.15-23.

7 Bennkos B.A., ®oxun 0.A., [Tonomapenko 1.C., Xapuenko A.M. VMcciaenoBanue HaaeKHO-
CTH CHCTEM 3JIeKTpocHabkenus // Dnexkrpudectro. 1988. Ne 3. C.1 7.

8 Bopomait H.W., MuxutoB B.I1., Pynenxo FO.H. CpaBHuTensHOE HCCIEIOBaHNE KUBYIECTH yCIIOB-
HBIX BapHAHTOB PA3BUTHS NMEKTPOIHEpreTHueckux cucteM // CO. crareil. MeToandecKkue BOMPOCH UC-
CIemoBaHUs HaaekHOCTH cucteM 3HepreTrkd. Mpkytck: COM CO AH CCCP. 1980. Bem. 20.

9 Kutymmn B.T., Ko6err b.b, K Bompocy o ¢popmanu3anmm mOHATHS )KUBYYECTH SIEKTPOIHEpre-
Trdeckux cuctem//CO. crateir. MeTonndeckre BOIPOCH UCCISTOBAHUS OOIBIITNX CHCTEM YHEPTETH-
xu Upxytck: COU CO AH CCCP. 1980. Bemm. 20. C.15-23.

10 Epmos M.C., Eropos A.B., TpudonoB A.A. YCTOWYHBOCTH MPOMBIIIIICHHBIX 3JEKTPOTEXHH-
geckux cucreM. — M.: OO0 «M3narenscknii tom Henmpay, 2010. — 319 c.: u.

11 HerBunkwiit M. u ap. IHTeNIeKTyansHast CHCTEMa IS IPEIOTBPAIICHIS KPYITHBIX aBapyuil B
39C // Dnexrpuuectno, 2014

12 B.W. CpemrauxoB, @.A Kymmapes. HagexXHOCTB MEKTPOIHEPTETHIECKUX CUCTEM TIPH aBa-
PpUITHOM MOHIKEHUH YaCTOTHI U HanpspkeHus. - M.: DHeproarommsaar, 1996. —160 c. m.

13 JIxymamyxamberoB H.I., fmkoB B.A., EpmoB M.C. KadecTBO MPOMBIIIIIICHHOTO 3IEKTPO-
cHaOxeHus. -I'epmanmst, monorpadus, m3a-so «LAP», 2015. — 151c.

14 SImxoB B.A., Cabuposa I'M., ['unsmanos [[.H. Obecriedenne »KUBy4eCTH CHCTEM TTPOMBIIII-
JICHHOTO JIEKTPOCHA0KEHNsI Ka9eCTBOM OIIEPAaTHBHO-ANCIIETUEPCKOTO yrpaienus // Haruonans-
HBII KOHTpecc 1o sHepreTuke. Tom IV 2014.

REFERENCES

1 Kirtushin V.G., Kobets B.B. On the issue of formalization of the concept of survivability of
electric power systems//Collection of articles. Methodological issues of the study of large energy
systems Irkutsk: SEI SB of the USSR Academy of Sciences, 1980 Issue 20. pp. 15-23

2 Voropai N.I. About the survivability of the EES // Reliability of the EES. Reference book.
Moscow: Energoatomizdat, 2000

3 Voropai N.I. et al. Models and methods of investigation of the regime reliability of the EES //
Reliability of energy systems. Novosibirsk: Nauka, 2014

4 Algorithms of survivability and self-healing of intellectual EPS. Voropai N.I. et al. ISEM SO
AN, 2015



Jicymamyxambemos H. I u Op. JKueyuecmo cucmem snexmponepeoau 8 yCiosusix... 117

5 Ushakov I.A. On the survivability of geographically distributed systems // Collection of
articles. Methodological issues of reliability research of large power systems Irkutsk: SEI SB of the
USSR Academy of Sciences. 1980. Issue 20. pp.10-14.

6 Guk Yu.B., Karpov V.V. Factor retrospective analysis of survivability // Collection of articles.
Methodological issues of the study of large energy systems. Irkutsk: SEI SB of the USSR Academy
of Sciences. 1980. Issue 20. pp.15-23.

7 Venikov V.A., Fokin Yu.A., Ponomarenko 1.S., Kharchenko A.M. Study of reliability of power
supply systems // Electricity. 1988. No. 3. pp. 1-7.

8 Voropai N.I., Mikitov V.I., Rudenko Yu.N. Comparative study of survivability of conditional
variants of development of electric power systems // Collection of articles. Methodological issues
of energy systems reliability research. Irkutsk: SEI SB of the USSR Academy of Sciences. 1980.
Issue 20.

9 Kitushin V.G., Kobets B.B., On the question of formalization of the concept of survivability
of electric power systems//Collection of articles. Methodological issues of the study of large energy
systems Irkutsk: SEI SB of the USSR Academy of Sciences. 1980. Issue 20. C.15-23.

10 Ershov M.S., Egorov A.V., Trifonov A.A. Stability of industrial electrotechnical systems. -
M.: Publishing House Nedra LLC, 2010. - 319 p.: ill.

11 Negvitsky M. et al. Intelligent system for preventing major accidents in the power plant //
Electricity, 2014

12 V.I. Sveshnikov, F.A. Kushnarev. Reliability of electric power systems in case of emergency
lowering of frequency and voltage. - M.: Energoatomizdat, 1996. -160 p. il.

13 Dzhumamukhambetov N.G., Yashkov V.A., Ershov M.S. Quality of industrial power supply.
-Germany, monograph, publishing house "LAP", 2015. - 151c.

14 Yashkov V.A., Sabirova G.M., Gilmanov D.N. Ensuring the survivability of industrial power
supply systems by the quality of operational dispatch management // National Congress on Energy.
Volume IV 2014.

H. I .)K¥YMAMY¥XAMBETOB', B. A. AIIKOB? JI. ¥. KYYLKAHOB?,
H. M. COPCEHOB?

'¥AO C.Ceiighynnun amvinoasol Kazax azpomexnuxanvly ynueepcumeni,
Hyp-Cynman, Kazaxcman
2¥A0 C.Vmebaes amvinoasvl Amvipay MYHAll H#caHe 243 YHUSEPCUmeni,
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Kazaxcman Pecnybnuxacer Amvipay OHIpiniy Kypm KOHMUHEHMAAbObl KAUMAMbL JHCA0AUbIHOA
anexmp bepy drcyiienepiniy omipuienoiei

JKymvicma  omipuien0ik  aHbIKMamaniapvl, NepcoHanovly Kame apeKemi JicoHe agmomamimol
KYPbLIZbLIAPObIY CeHIMOiNiel momer 0018aH Ke30e OpblH al2dH KACKAOMbl A8ApUAIApObIY JHCIKMeENyi,
OMIpUIeHOIK KOpCemKiumepi: Kackaonmvl agapusiiapobly naioa 6ony blKmumMaioblebl, Kepheyoiy opma-
wa y3aKmeigbl JHcaHe opmauia mepeHoiei kenmipineen. backapy canacel snekmp bepy dwcylienepiniy
omipuienOicin aHbIKMaumsii Gakxmoprapovly 6ipi 601bln MadLLIAMbIH KblaMEemKepiepoiy, CeHiMOLIIK
yuKyusCHL KetmipineeH.

Tyiiin co30ep: kackaomvl asapusnap, OMipuieHOIK, iICTeH Wslay, pe3epemi agmomammsl Kocy, Jceden-
oucnemuepiik 6ackapy, KblCKa mYublKmanyiap, 21eKmp dSHep2emuKavlk Jcyiie, KacKaombvl asapusnapobly
natioa 601y bIKMUMAaioblbl
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SURVIVABILITY OF POWER TRANSMISSION SYSTEMS IN THE
CONDITIONS OF THE SHARPLY CONTINENTAL CLIMATE
OF THE ATYRAU REGION OF THE REPUBLIC OF KAZAKHSTAN

The paper provides definitions of survivability, classification of cascade accidents that occur with
erroneous actions of personnel and low reliability of automatic devices, survivability indicators: the
probability of occurrence of cascade accidents, the average duration and average depth of voltage
failures. The reliability function of personnel whose management quality is one of the factors determining
the survivability of power transmission systems is given.

Key words: cascade accidents, survivability, failure, automatic activation of the reserve, operational
dispatch control, short circuits, electric power system, probability of occurrence of cascade accidents.
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MOJIEJIMPOBAHUE PA3JIEJIEHUS YETBIPEXKOMIIOHEHTHbBIX
CMECEM METOJIAMHU ®A30BOI'O I1OJISI U LB

Paccmompeno mamemamuyeckoe u KOMnviomepHoe MoOeIuposaHue npoyecca pasoeneHus yemvlpex-
KOMNOHEeHMHOU CMecu dcuokocmel memooamu peuwiemounvix ypasnenuti bonoymana (LB) u ¢ghazosozo
nozs. Hccnedyemulil npoyecc paccmampusaemcs Ha 02panuientol oonacmu, umeiowel opmy npsamo-
yeonvHuka. Ilocmpoennas mamemamuieckas mooens ochogana Ha ypasuenuu Haeve-Cmoxca 0na necorcu-
Mmaemotl dcuokocmu u ypasHenuu Kana-Xunnapoa. Quciennas mooens nocmpoena Ha ocHose memooa LB
¢ ucnonvsosanuem cxemvl D20Q9. Hucnennvle skchepumenmsl npogoounUcy 0s 08yx cyenapues: (1) — uc-
credosanue mooenu 6e3 yuema cuibl masjicecmu OJia OnpeoeneHus 3aKOHOMEPHOCIU GIUAHUS NOBEPXHOCII-
HO20 HamsAxceHus U (2) — ucciedosanue mooenu noo oeticmauem cuibl maxcecmu. ducnennvle pesynvmamsl
onpeoensom adekeamHoCmb HOCMPOECHHOU MOOeU O YeMblPEeXKOMNOHEHMHOU HCUOKOCHIU.

Kniwouegvie cnoga: uemvipexKoMnOHEHMHAsS HCUOKOCMb, pazoenenue cmecel, ypasuenue Kana-
Xunnapoa, c60600Has suepaust, Menoo peuenoynsvlx ypasrerui bonvymana.

BBenenue. VccnenoBanne AMHAMUKA MHOTOKOMITOHEHTHBIX JKUAKOCTEH MPEICTABIISIET
3HAYUTEJIbHBI HAay4YHBIH U TEXHOJOTMYECKUNA MHTepec. MHOTOKOMIIOHEHTHBIE KUAKOCTU
BCTPEYAIOTCSI BO MHOTHX MPUPOIHBIX W MIPOMBITIIEHHBIX MPOIECCaX, TAKUX KaK MPOU3BOI-
CTBO HE(DTH ¥ ra3a, XUMHUIECKast mepepadboTKa ChIPbs, TEUSHHS KUAKIX CMeCel B KOTIax U
KOHJIeHCAaTopax U T.1I.

s nccnenoBaHus TEY€HNH MHOTOKOMIIOHEHTHBIX KHUIKOCTEH UCTIONB3YIOTCS pa3iud-
HbIe MozenH [1-4]. B 3aBHCHMOCTH OT TOJNIIIUHEI IIEPEXOTHOTO CII0T MEXAY (ha3aMu MOKHO
BBIJIETINTH JIBA OCHOBHBIX ITOJIXO/Ia: MOJIEIH Pe3Koro nHTepdeiica (MepexomMHbIi CII0H MeX-
ny (azaMu UMeeT HYJEBYIO TONIIMHY) U Moaenu auddys3Horo uaTepdeiica (mepexoaHpIii
cioi Mexny (pazaMu IMeeT KOHSTHYIO TOJIINHY). B HaIme# ctaThe MBI HCITONIb3yeM BTOPOI
monxon. Ban-aep-Baanbce ObT TEpBBIM, KTO pacCMOTPEN MTEPEXOTHBIN CIION MeX Ty (hazamu
KaK CIIO¥ KOHEUHOU TONIHHEI [5]. B HacTosmee BpeMst 1ytst omucaHus Moaenei nuddy3Ho-
ro nHTepdeiica MUPOoKo UCTIoNb3yeTcs moaxon Kana-Xumrapnaa [6].

JlarHas paboTa SBISETCS MPOAOIDKEHHEM pabOThI, HATMCAHHOW HaMH CTaThH [7], B KO-
TOPOM OMUCHIBAETCS MPOIIECC Pa3/ACIICHUs] TPEXKOMIIOHEHTHON CMecH >KuJKocTei. B Ha-
cTosmiel paboTe MpeacTaBlIeHa MaTeMaTHIecKasi MOJIETh TEUCHHS YEThIPEXKOMIIOHEHTHON
HEC)KIMAaeMOH JKUAKOCTH C MCIIONB30BaHUEM MeToza (pa3oBOTO IO, OCHOBAHHOTO Ha pe-
[IeHNH TToJHOTO ypaBHeHusI HaBre-CToKca 1 KOHBEKTHBHOTO ypaBHeHus Kana-Xwmmapma.
UwuciieHHas Momeah ocHOBaHa Ha cxeme D2Q9 meroma LB co cBoOomHo# sHeprueit. Tod-
HOCTh 1 3(PPEKTUBHOCTH CYIIECTBYIOIIETO METO/IA TIPOBEPEHBI HA OCHOBE pEIICHUs psaa
3amad. [lomydeHHbIe pe3yabTaThl ONMPENEISIOT KOPPEKTHOCTh IMMOCTPOSHHOW MOIENH IS
YETHIPEXKOMITOHEHTHOH JKUIKOCTH.

* E-mail xoppecmonupyromiero apropa: ainura.z89@gmail.com
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IMocTanoBka 3amaun. VMccnenyemblii mporecc paccMaTpuBaeTcsl B OrpaHUueHHOH 00-
JlacTH, UMeroIIed popMy nmpsiMoyroibHuKa pazmepamu [0, L] x [0, L] (pucyHnok 1). B atoii
001aCTH HAXOAATCS YETHIPE KOMIIOHEHTA KUIKOCTH € IVIOTHOCTAMH P, P,, p;, U p,, COOTHO-
LICHUE KOTOPBIX: P, > P, > P; > P,. JKuaxocTh ¢ MIIOTHOCTHIO P 4 0003Ha4YeHa CHHUM LIBETOM,
p, — 3€JICHBIM, P, — KEJITBIM, a OoJee NIOTHAS KMAKOCTD € INIOTHOCTBIO P, — KPACHBIM.

Pucynox 1 — PacueTHas o0macTb.

Maremarrdeckas MOZIEIb TIPOLIecca BKIIIOUAET ypaBHEHUE HEPAa3phIBHOCTH, YPaBHEHUE
JBWKEHUSI CMECH M KOHBEKTHBHOE ypaBHeHne Kana-Xwunapaa:

V.i=0,
a(pu)

+V(piil) = -Vp+ V[ (Vi +Vi")]+ F, +F,, (1)

a(i)+V(cu) V(M. Vu),i=1234

I1e (j — KOMIIOHEHTbI CKOPOCTH, p — JIaBJIEHUE, P — MJIOTHOCTb, 1] — JUHAMHUYECKAs BSI3-
KOCTB, €, — (hazoBoe mose ISt KOMITOHEHTOB KUIKOCTH: ¢, te,te,te,=1, J — YyckopeHue
cBOOOHOTO TageHus, M, — K09(pPUIMEHT MOABMKHOCTH, L, — XUMUYECKUH MOTEHIMAI,

_ _ 4 _
F=FK+FK =) _#L&¥p§ —cymma cur mOBEPXHOCTHOTO HATSKCHHS 1 TAKCCTH.

Jl1st crcTeMbl MHOTOKOMITOHEHTHOM cpebl (DyHKIIMOHAT CBOOOAHON 2Hepruu Jlanmgay
MOKHO OTIPEICIIUTh UCXOS N3 KOHIICHTPAIMH KUIKOCTEH caemyromuM odpasom [8]:

4
F(c,Vc) :J HOEDY %o-ichicj dQ

i,j=1

o;[9(c;) —a(c;) —g(c +¢;)] — obbemuas cBoGoxHas sHeprus, ¢

rne F,(C) = zlle

- (c,, ¢, c;, ¢,) — basoBass mepeMeHHass KOMIOHEHTOB XKHIKOCTH, g(c)=c*(l-c)’, -
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NOBEPXHOCTHOE HATSIKEHHE Mesk Ty kuakoctsvu, O = 0, I,]=14 aD-tonumna nepe-
XOJHOTO CJIOSl MEXKTY KUAKOCTSIMHU.

W3menenue GyHKIMH CBOOOTHON SHEPTUU [ B 3aBUCUMOCTH OT KOHIICHTPAIIUN JKUKO-
CcTeH JaeT XUMUYECKUH TTOTEHIHAI W, AJIst KOMIIOHEHTA i

12
Wy = 5[7\’101(1_ C1)(1_ 201) - 2>\’TC102 (1_ C - Cz) - 27\'T0103 (1_ C - Ca) - 27\‘TC104(1_ G- C4)]

3
2 DA,AC,,

12
u, = B[lzcz(l— c,)(1-2c,) - 2h;c.C,(L— ¢, —C,) — 2A.C,C,(1—C, —C;) — 24, C,C, (L—C, —C,) |

—% DA,AC,,

12
My = B[lsca(l_ Cs)(l_ 203) - 27\'T0103(1_ G - Cs) - 27\'TC203(1_ C, — Cs) - 27\’TCSC4(1_ C;— C4)]

3
v DA,AC,,

12
M, = B[}"4C4(1_ ¢,)A-2c,) - 2A;cc,(1-¢ —¢,) — 2A;C,C, (1-C, — ;) — 2hrCiC, (1-Cq _C4)]

3
2 DA, AC,.

Beimenonyuennoe i, mojactaBuM B ypasHenue (1), B pesynsrare 4ero cucrema Oyzer
nonHOU. Cuctema ypaBHeHwUi (1) UMeeT ciieAyrolie HaualbHbIC YCIOBUS:

u=v=_0,
C,(X,0) =C, + axrand(X)
C,(X,0) =¢C, + @ xrand(X)
C,(X,0) =C, + e rand(X)
c,(X,0) =1-¢,(X,0) - c,(X,0) —c,(X,0)

I'pannuHbIe ycnoBUS:
Ha numxwneit crenke npu y = 0:
dac, dc, dc, dc,

u=v=0—=—==—"=—=2=

dy dy dy ay

Ha GokoBbIx crenkax npu x =0, L:
s U,V €, C,,C5,Cp — mepuonmueckiie TpaHuYHbIC YCITOBHSI.
Ha Bepxwneii ctenke npu y = L:
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dc, _dc, _dC; _ dc, _

u=v= —_— . _

"y oy Iy ay

YucaenHblid MeTo. YncneHHOE pelieHne JaHHOU Moaenu ctpoutces Ha D2Q9 monenu
pemrerognoro merona boneimana. PermerouHoe ypaBHeHue bonbiiMaHa B anmpoKCUMAaIIAN
barnarapa-I'pocca-Kpyka (BGK) 3anmuceiBaeTcs cnemyrommm oOpa3om:

f.(X+eALt+At)— f (%,t)= At|:— LxO- 170 Fi:|

rf

07 (R-+EALL+AD — g7 (%,1) = S [g7 (%) - g7 (%,1)]
T

m
raem = 1,2,3,4—koMIOHeHTbIKIAKOCTH, T3 O im — (hyHKIIMH pacTipeieTIeHHs CKOPOCTH 1 pa-
1O 1 0O 1
30BOT'0 TIOJIA, €, — NUCKPETHAs PeIICTOYHAsI CKOPOCTh, T = E +C %1 - E C, %2 - E

I [ o .
(l-¢-¢,) %3 - 5 ET n = 0,8 — Bpemenn penaxcanyn, F,— KOMIOHEHT BHEIIHEH CHIIBL,

. eq ymeq
At — pemeTouHbI mar o Bpemenn, §i - 0; — paBHOBecHast (pyHKUUSI pacrpeneneHus

CKOPOCTH U (§a30BOTO IOJIS.
PaBHOBeCHBIC ()YHKIIMU ONIPENEISIFOTCS CIASIYOIIUM 00pa3om [9]:

_ fe9t=0
CRAN

£ =1 2
' L ot + &, +uauﬂ(eiaeiﬂ_csaaﬂ)|:|

Ld p 4+ iZ0
B2 <

)~y gn t=0
% 120
meq —
g =0 L ceu Cmuauﬂ(eiaeiﬂ_cgaaﬂ) L1

mIle m“Tla ™ o
+ + 120
% H c c 2ct 1l

e G = c/\3 peleTouHast CKOpoCTh 3ByKa, ¢ = Ax/At, Ax U At — pelIeTOYHbIE MIaru 1o
MIPOCTPAHCTBY U BPEMEHH, paBHBI €ANHUIIE.
Juis monenu D2Q9 nmuckpeTHbIE CKOPOCTH BBIUUCIISIFOTCS CIICYFOIIAM 00pa3oMm:

ei>< = (0,1,1, 0; _11 _1, _1, O,l)C
&y = (0,0,1,1,1,0,-1,-1,-1)c

3HaYeHMs BECOBBIX ImapaMeTpoOB 110 BCEM HalIPaBJIICHUAM OIIPEACIIAIOTCS KaK:
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B nannoii pabote 115 annmpoKCUMaIliK BHELTHEH CHITBI F= F+ F = ) ,U. Lc ¥ o0
i=
B LBM ucnonn3yercsa cxema, mpennoxerHas ['yo u ap. [10]:

Fi=0)i(l— At J[ —2u+e(e U):|_|f
27, C; c

VYpaBHenus i GyHKIUN pacupeesieHUs IeIATCs Ha J(Ba [Iara Kak CTOJIKHOBEHHUE U
pacrpocTpaHeHue:

f(%0)= fi(i,t)+AtE LRD- R T

1
&

ma* ] a™(% ) — g™ (%
gi (X!t): gim()?,t)+AtEg| (X!t) Z-g| (X,t)é

f(X+EALt+AL) = f(X,1)
g (X+EALt+At) = g™ (X,1)

[Tocne Broporo mara He0OXOAMMO OOHOBHUTH MakpOIapaMeTphl (INIOTHOCTh, CKOPOCTh
u ¢azoBoe none) no Gopmynam:
8 8 8
p=2 fipui=2 f&+—Fe,=2 o
i= i=0
IIpon3BoiHEIE MAaKPOCKONMUYECKUX TNEPEMEHHBIX BBIYHUCISIOTCS C HCIONb30BaHUEM
CJEIYIOIMX N30TPONHBIX Pa3HOCTEN BTOPOro nopsaka [8]:

Vi (%,1) = 23 2m;[c, (x+§ittt) c, (X, t)]

Jlnst monst CKOpoCTeil B KaUueCTBE TPAHUYHOTO YCIOBHUS MPHUJIUMAHUS B HETOIBHIKHBIX
cTeHKax (X, ) UcIob3yeTcs cxeMa oOpaTHoro orckoka (bounce back scheme) [11]:

f (X, t+At) = (X, t+At),& >0,

rae ¢asza MocTosiHHA, a TPaHHYHbIC YCIOBHS JUTS (DYHKIMH pacrpeieieHus] KOHIICHTPAIH
BBIOPAHBI CIICIYIOIINM 00pa3oM:
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g (X, t+At)=g" (X, t+At)+2m,c,, & -f>0,

e Cw — IIPUCTCHOYHAA (1)338,.
Venosue Heiimana JUIS (1)33]:1 Ha BCCX OCTAJIbHBIX CTCHKAX:

9" (X, t+At)=9g" (X,,t+At), &-A>0,

Pe3ynbrarel mMonpeaupoBaHusi. PaccmaTtpuBaercsi TUHAMHUKA YETHIPEXKOMITOHEHT-
HOH CMECH B TIPAMOYTOJILHON PacyeTHOH 00/1acTy, UMeroIed pasmepsl: N x N, N, = 80,
N =80. ®usuuecknii pasmep quunbl pasen L = 0,01 m. [llar 1o mpocTpancTBy U 110 Bpeme-

HU OINPEICIIIOTCs Kak AX = NL =0,000125, At=0,000117188 .

dusnyeckue BEMMUMHBL IIIOTHOCTL — p, = 1000 kr/™?, p, = 750 xr/™?, p, = 500 xr/a,
p, = 250 kr/m’ n BA3KOCTh — U, = W, = u, = u, = 0,01 Ila - ¢, yckopenue cBoGoaHOTO Naje-
ous — g = 9,8 m/c? Bespa3MepHble BeMUnHBL: unciio Peitronsaca — Re = 234,787 uucio
kanmusipHocTd — Ca = 0,00010435 u yucno Arsyna A = 0,142857.

KommbrorepHoe MOJETMpPOBaHNE METOJIOM PELICTOUHBIX ypaBHeHHH Boiblmana mpo-
BOIUTCS B PEIICTOYHBIX ENWHUIAX, T.€. (PU3NUECKUEe TMapaMeTpbl MOJIENTH 3aMEHSIOT-
Csl MX PELIETOYHBIMU aHAJIOTaMU C HCIOJb30BaHUEM KO3()(HUIMEHTOB MpeoOpa3oBaHuUs
Cu=1,06667, Cg = 9102,22. [Tapametpsl LBM: miotHocts — p, = 1,33, p, = 1, p, = 0,67,
p, = 0,33, Bpemena penakcauuu — 1, = 1, = 1, = 7, = 0,8, MOBEPXHOCTHOE HATHKEHHUE —

c.={0,02, 0,04}, L= 1,_4, I # ], Tommumna moBepxHOCTH — D = 2, yckopenue cBoOOIHO-

g
ro nagenus — g = 0,00107666 u U, = 0,293484.

PesynbraTsl MogennpoBaHus (KOHTYPBI INIOTHOCTEH KOMIIOHEHTOB CMECH ) IIOKa3bIBa-
10T pa3zielieHue CMECH HECMEITUBAIOLINXCS JKUIKOCTEH B 3aBUCUMOCTH OT BpEMEHH (pHC.
2,3). CpejHue 3HAYCHHS KOHIIEHTpALHii koMmoreHToB npuHsTs pasabivu (€, 6, C5,C,) =
= (0,25, 0,25, 0,25, 0,25). B nepBoM crieHapuu (puc. 2), He YYUTHIBAIONIEM YCKOPEHHUE
CBOOOIHOTO TajcHMsI, HAONIOJACTCsl CIUHOJATBHOE pa3JeicHHe CMECH BO BpPEMEHH,
BO3HHUKAIOIIEEe B PE3yabTaTe BIHSHUS MOBEPXHOCTHOTO HATSHKEHHUS MEXIY KOMIOHEH-
TaMH CMECH.

Bo BTOpoM crieHapuu (puc. 3), yYUTBHIBAIOIIEM YCKOpEHHE CBOOOIHOTO MajeHUs, Ha
panneii craauu (7 < 1 ¢) MeHee MIOTHAS KUAKOCT P, = 250 Kr/M’ HaYMHAET MOTHUMATHCS
BBEpX, a Oostee muotHas p, = 1000 kr/m* HaYMHAET CBOE NBMKEHHE BHU3. B uTore opmupy-
I0TCS CTAaOMIIBHBIC YETBIPE CJIOS KOMIIOHEHTOB YKHUKOCTH: 00Jiee MI0THAS )KUAKOCTh BHU3Y
Y MEHee TUTOTHAS KUAKOCTh BBEPXY.

[To momy4eHHBIM pe3ylbTaTaM MOXHO CHENaTh BBIBOJ, YTO YEM BBILIE 3HAUYCHHE
MOBEPXHOCTHOTO HATSIKEHHS, TEM ObICTpEe MPOUCXOAMUT MPOLECC pas/e]eHHs] KOMIIO-
HEHTOB, 4YTO OTpeJessieT aJIeKBaTHOCTh ITOCTPOSHHONW MOJIETTH YeTHIPEXKOMITOHEHTHON
KHUAKOCTH.
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(T=02c ©)T=12c¢ ®)T=23c¢ ) T=59c

(m)T=0.2c e)7T=12c (x)T=23c (3)T=59c

Pucynoxk 2 — Ilpouecc pa3aeneHns KOMIOHEHTOB CMECH B 3aBHCHMOCTH OT BPEMEHH TPH:
(a)-(r) — o =0,02, (n)-(3) —c =0,04.

(@) T=02c¢ ©)T=12c ®)T=23c¢ (r)T=93c¢

(m) T=0.2c e)T=12c¢ (x)T=23c (3)T=47c

Pucynok 3 — BiusiHue CuIibl TSDKECTH Ha TPOLECC pa3/ieNieH s KOMIIOHEHTOB CMECH B 3aBUCHMOCTH
ot BpeMenu mpu: (a)-(r) — o = 0,02, (1)-(3) — o = 0,04.

3akuouenne. B ctarbe npenoxkeHa MaTeMaTHueCcKasl U YUCIEHHAs MOJIEINb /IS Ucclie-
JIOBaHHUS MpOLECcca Pa3/ieNeHns] YeThIPEXKOMIIOHEHTHOM KuaKoCcTH. [t peanusanuu 3Toi
MOZeTH pa3paboTaH AByMEPHBI YHCICHHBIH alroOpuTM Ha ocHOBe cxeMbl D2Q9 mertona
peLIeTOYHbIX ypaBHEHHH bonbliMaHa B orpaHU4eHHOH MOJOCTH B popMe MPSIMOYTONbHU-
ka. YncneHHoe MOIeNnMpoBaHKue MPOBOJMIOCH C YUeTOM M 0e3 yueTa CHIIbl TshKecTH. Pe-
3yJbTaThl YUCIEHHOTO MOJIEIMPOBAHUS MTOKA3aJI1, YTO B 3aBUCUMOCTH OT IIOBEPXHOCTHOT'O
HaTSKEHMsI CIIMHOAAIBHOE pa3/elIeHHe KOMIIOHEHTOB MPOUCXOAUT IMO-Pa3HOMY, T.€. YeM
Oosblle 3HaYE€HHE MOBEPXHOCTHOTO HATSHKEHHsI, TEM BBILIE CKOPOCTh NPUTSDKEHHS Ya-
CTHI] KOMIIOHEHTOB OJIMHAKOBOM TUIOTHOCTH. Ilon neficTBUEM CHIIBI TSKECTH C TEUEHUEM
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BPEMEHH KHJIKOCTA HAYMHAIOT BBICTPAUBATHLCS IO MOPSKY, OT 00JIee IUIOTHBIX JI0 MEHEee
IUIOTHBIX, CHU3Y BBEPX COOTBETCTBEHHO. CTaOMIBLHOCTD Mpollecca HaCTynaeT, Korna Oosee
IJIOTHAsI KOMIIOHEHTA MOJIHOCTBIO OIycKaeTcsi BHU3. [Ipu GosbIilieM 3HAYCHUN IOBEPXHOCT-
HOTO HATSDKEHUS C YYETOM CHIIbI TSHKECTH BPEMs Ui YCTOWYHMBOTO COCTOSIHUSI CHCTEMBbI
MOJIy4aeTCsl BIBOC MEHbIIE. Pe3ynsraTsl paboThl JOKAa3bIBAIOT PUMEHUMOCTh UCIIONIB30-
BaHHBIX B CTaThe METOIOB.

Pabora BbINIONHEHA MPU TOAJIEPIKKE TPAHTOBOTO (PMHAHCUPOBAHUS MPOSKTOB MHUHU-
cTepcTBOM oOpa3oBanus U Hayku Pecniyonuku Kazaxcran (rpant NeAP08053154).
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DA3AJIBIK OPIC )KOHE LB 9JIICTEPIMEH TOPT KOMIIOHEHTTI
KOCIHAHBIH BOJIIHYIH IIITHAEY

Byn maxanaoa mepm xomnonenmmi cYublKmulK KOCRacwinvly 6o1iny ypoicin bonvymannviy mop-
bl menoeynepi (LB) a0ici men ¢hazanvix opic 20ici apKvlibl MaAMeMAMuKaiblK HCIHe KOMNbIOMEPIIK
niwindey Kapacmulpulizan. 3epmmenin omuipan ypoic mikmopmoypvlui niuindi wiekmenzen oonvlcma
arcyseze acvipviagan. Kypviizan mamemamukanvly Mooelb CuleblIMAumui cyuvikka apuanizan Hasve-
Cmoxkc menoeynepine sicone Kan-Xunnapo menoeynepine nezizoencen. Canovix 20ic LB a0cinin D2Q9
cxemacwvin Konoanymen mypavizvinean. Canovix dxchepumenmmep exi cyenapuil yulin scypeizindi: (1) —
bemmix Kepiny acepinin Jcyieniniein aHblKmay yulin Mooenboi ayblpivlK KYUiH ecKepmell 3epmmey Jicone
(2) — moOenvoi ayvipnvik Kyuiin eckepe omuvipwin 3epmmey. Canoblx Homudicenep mopm KOMHOHEeHmMmI
CYUBIKMbIK YUiH KYPbII2AH MOOeNbOil a0eK8ammubleblli Kopcemeol.

Tyitin co30ep: mepm KomnoneHmmi cyublkmolk, Kocharvly 6eainyi, Kan-Xuniapo menoeynepi, epkin
anepeus, bonvymannviy mopnvt menoeynepi aoici.

D. B. ZHAKEBAYEV"* A. S. ZHUMALI'?

! National Engineering Academy of the Republic of Kazakhstan, Almaty, Kazakhstan
’Al-Farabi Kazakh National University, Almaty, Kazakhstan
e-mail: Ainura.z89@gmail.com

SIMULATION OF FOUR-COMPONENT MIXTURES SEPARATION
BY PHASE FIELD AND LB METHODS

This article reviews the mathematical and computer modeling of the process of four-component fluid
mixture separation by Lattice Boltzmann equations (LB) method and phase field method. The process under
study is considered in a limited area having the shape of a rectangle. The mathematical model constructed
to describe this process is based on the Navier-Stokes equation for an incompressible fluid and the Cahn-
Hilliard equation. The numerical model is built on the basis of D2Q9 scheme of LB method. Numerical
experiments were performed for two scenarios: (1) — investigate the model without body force, in order
to determine the patterns of the surface tension effect and (2) - investigate the model with body force. The
results obtained determine the adequacy of the constructed model for the four-component fluid.

Key words: four-component fluid, mixtures separation, Cahn-Hilliard equation, free energy, lattice
Boltzmann equations method.
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A CRITERION FOR UNIQUE SOLVABILITY OF A MULTIPOINT
BOUNDARY VALUE PROBLEM FOR SYSTEMS OF INTEGRO-DIFFERENTIAL
EQUATIONS WITH INVOLUTION

On the interval [0, T], a multipoint boundary value problem is considered for the systems of integro-
differential equations with an involution transformation, when the kernel of the integral term is degenerate.
Using the involution property, the problem is reduced to a multipoint boundary value problem for the
systems of integro-differential equations with a degenerate kernel. It is shown that by introducing new
parameters, changing variables and using the degeneracy of the kernel, the unique solvability of the
original problem can be reduced to the inversibility of the resulting matrix.

Key words: boundary value problem, system of integro-differential equations, involution, involutive
transformations, parameterization method.

Introduction. It is known that many processes with aftereffect are described by integro-
differential equations, for example, mechanics of a deformable solid, the theory of behavior
of polymer materials, etc. The problem of e solvability of integro-differential equations is
considered in the works of many authors [1-4].

Although numerous works have been devoted to the study of the solvability of boundary
value problems for integro-differential equations, many questions of the qualitative theory
still remain unsolved. On the basis of research in this field in 1989, Professor D. Dzhumabaev
founded and proposed a method of parametrization [5], which was later applied to the
study of boundary value problems for systems of integro-differential equations [6]. Various
boundary value problems were considered using the parametrization method in [7-11].

In this paper we consider the boundary value problem on the interval .

dx(t) , dx(a(t))

S Z jcpk(t)w (s)x(s)ds + f (1), tCforr], (1)
YBX©®)=0 .deR", @

0=0,<6,<...<0,,<6, =T,

where matrices ¢ (t), W, (S) and » - dimensional vector function f(¢) are continuous on
[0, T]. Here a(¢) is the homeomorphism o : [0 T] - [O T] changing orientation such
that o®(t) = (o)) = t . Such homeomorphism is called an involution transformation.
On the interval [0, 7], as such a transformation, we can consider the homeomorphism
at)=T-t.

* E-mail xoppecionaupytomero apropa: y_kairat@mail.ru
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The problem of solvability of various differential equations with involution is discussed
in the monograph of D. Przeworska-Rolewicz [12] and by J. Wiener [13]. W.B. Fite [14]
described the properties of solutions to the equation with reflection o.(t) = A—t . Further, the
properties of this homeomorphism were studied in the works of G.S. Litvinchuk [15], N.K.
Karapetyants and S.G. Samko [16]. In [17, 18], spectral problems for differential equations
and operators of the first and second orders with involution were studied. A series of works
of Alberto Cabada and F. Tojo is devoted to the development of the theory of Green's func-
tion of one-dimensional differential equations with involution [19, 20].

Let us consider the values of equation (1) in the point t = o(t) .

dx(gt(t» dx(t) ZJ O (@O (s)x(s)ds + F(a(®) te[0,T],

From the system
@((t) dX(O( t) _
|:P|

%((;(t)) dX(t) Zj’(pk(a(t))lp ()X (s)ds + f(a(t)),

Zj'tpk(t)lb ((s)x(s)ds + £ (1),

Multiplying the second equation by the matrix — A on the left side, and adding the equa-
tions, we get

[1-a]20 - 3 [[60(0) — A-6, (o), (x(5) s + [ ) AF ()]

k=1

Suppose that the matrix [' - AZ] is not degenerate, then the boundary value problem
(1), (2) can be written as:

lecpka)w (s)x(s)ds+ (1), t CfoT], 3)
Y Bx(6)=d .deR", @)

0=06,<6,<...<6,,,<06, =T,
where &, (1) =[1 - A?] " [0,®) - A-0, (a®)] , T (1) = [1- A" [ £ - Af ()],

Researchmethodologyandresults.Letustakeanaturalnumberl € N andmakeapartition

m(1+1) e _9. ) .
with respect to it: [0, T) = U [t ), where tigansj = tigey + L i=0,m-1,j=11+1,

r=1 I
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Suppose that x(¢) is a solution of equation (1) and x (7) is its narrowing in the » — th inter-
val [tr_l,tr), r=1, m(I +1) ,ie X (1) = X , t I:[]Jl, ), r =1,m(T1) . Then the system
Of functions x([t] = (x,(£) X, (t)..Xy s, (1)) belongs to the space CAOT] Apgpy R™)
and its elements Xr (1), r=1Lm(+1) are continuous in [tr_l, t, ), r= 1,m(T1) nand have

finite left-hand limits t'_!t”] o % () mpu " =Lm(+1)  with the norm

[x[]], = max sup Tl

r=1,m(I+1) {¢

Then problem (3), (4) is reduced to the equivalent problem:

dx m(+1) N

s ZI‘Pk(U‘“ (O (s)ds+ T (1), teft,,t), r=Imi+l) (5

tja

m-1

Z Bi Xi(|+1)+1(ti(l+1)) + t[imo Xm(l+1) (t) = d (6)

lim x (t)=x.,(t), s=L..m(I+1)-1, (7

t—t;-0

where (7) is the condition of continuity of the solution in the internal points of the partition
of the interval [0, 7).
Let us introduce the notations A, = X, (t,_;), r=1,m(I+1) Anqisayn = JIM X (t) and

in each interval t €[t, ;,t,) make a substitution X, (1) =Uu (1) + A, r=1, m(l +1) . Then the
boundary value problem (5) - (7) will be written as:

du 01 chpk(t)w &)(u; (s)+ A, )ds+ T (1), teftt,), r=Lm(i+1) (8

=1

u(t_)=0, r=1m(l+1) (9)

m

z BAigay =d (10)

i=0

7”5+tﬂt5”]ous(t):7‘ s=1m(l1+1) . (11)

s+17?

where (11) are the conditions for continuity of the solution in the internal points of the
partition By
The solution to problem (8) - (11) is the system of pairs (X, u [t]) with elements

1= O R U= (00 (0t () 0T 8 R

where functions u, (t) are continuously differentiable in [tr_l, r) r=1, m(l +1) and for
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A, =A;, r=1,m(I+1) satisfy the system of integro-differential equations (8) and conditions
9), (10).
If the system of functions x[t] = (xl(t), X, (t),..., X1+ (t)) is a solution to problem (5)

- (7). then the pair (1,u[t]) » Where 2= (t,), %, (1) Ko (tr2). M Ko (8)

t—>T-0
u [t] = (Xl (t) - X (to)1 X, (t) =X (t1)11 Xn(i+1) (t) = Xna+) (tm(l+1)—l)) will 'be a solution
to problem (8) - (10). And vice versa, if the pair (;1,[]['[]) is a solution to problem (8)
- (10), then the system of functions )?[t] defined by the equalities X, (t) = +0, (t) ,

[tr_l,t ) r=1m(+1), X( ) 7\m(|+1)+1 is a solution to the original boundary value problem
(5)- ().
Introduction of additional parameters makes it possible to obtain the initial data (9). Now,

for fixed values of parameters A € R"™"*Y*Y | the system of functions u[¢] can be determined
from the special Cauchy problem for the systems of integro-differential equations (8) and (9)

tmi+) N U

u, (t) = IZ Zf(pk(T)LlJ ((5) e (s) +Aj@sdr+jf(r)dn t il.t), r=1m(+1). (12)

1t1

Let us introduce the notation:
Wy = z J‘ Wy (S)Uj (S)ds (13)

and rewrite the system of integral equations (12) as:

tmi+) N 4

U, (t) = jzmk(r)ukdﬂjz chpk(r)w S\ dsd T+

1t1

(14)
+If 1)dT, teft .t ), r=1m(+1)

Multiplying both parts of(l4)by\|li( ) integrating overthe interval [tr o ) and summing

over r, we obtain a system of linear equations with respect to 1 = (;,Ll,uz sy ) eR™

m(l+1) t m(l+1) §

j v (U, (de= 3, Iw O] 8, (w)ndm, +

rl 1k—l

m(|+l) t m(l+1) m(1+1) t

Il]J (t)IZ(pk(Tl)dr dt 2 IljJ (s)Ads + z J'qJ (T)J'f dr dt
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or
N m(l+1) o
:;Gi.k( mit+) b 1)Hk + Z Vi ( m(1+1) 7 ' 1)7\' +G; ( m(I+1)'tr—1)’ i=LN. (15)
=1
where
m(l+1) T T _
Gix (Am(lﬂ)’tr—l) = 2 J \Ifi(‘C)J. 0, (’Cl)dtld’c ,k=1N
r=1 [ ty
mi+) N Y
Vie (Apgitia)= 2 D W, (r)jcpk )dt drjwk(s)ds r=Lm( +1)
j=1 kzltH ty t
m(l+1) & T
g| m(l+1) ' —1) \If, J f d’C dt .
r=1 ty t,
Using matrices G, (Am(lﬂ),tﬂ) VA (Am(l+l)'tr—l) we can combine matri-
ees G(Am('+1) ’tr-l) = (Gi-k (Am(|+1)’tr—1)) ’ \ (Am(l+1) ’tr—l) = (Vi.r (Am(l+1) ,tr_l)),

i=LN, r=1Lm(+1) of dimensions nN x nN, nN x nm(l + 1) respectively, and write
system (15) as

m(l+1)

|:| -G (Am(|+1), )]M 2 V ( m(l+1) ,tr_l)k +0 (Am(|+1)!tr—1)

where [ — is a unit matrix of n/NV dimension,

g(Am(Hl)' r— 1) (gl( I+l)' T 1) gz( m(l+l)' r- l) ’gN( m(Iﬁ-l)’tr—l))e RnN :

Definition 1. Partitioning A, is called regular if the matrix | —G(Am(|+l),tr_l) is
reversible.
Let (5( N,[0,T ]) denote a set of regular partitions A,y from [O,T] for equation (5).

Definition 2. The special Cauchy problem (8), (9) for a Fredholm integro-differential

equation is called uniquely solvable if for any ), ¢ R"™**Y f (t (t)e C([O T].A R”) it
has a unique solution.

The special Cauchy problem (8), (9) is equivalent to the system of integral equations
(12). Due to the degeneracy of the kernel, this system is equivalent to the system of algebra-

m(l+1)?

ic equations (15) with respect to u= (ul,uz,...,uN )€ R™ . Therefore, the special Cauchy
problem is uniquely solvable if and only if the partition An.1 generating this problem is
regular. Since the special Cauchy problem is uniquely solvable for sufficiently large | € N |
the set G(N,[O,T]) is not empty.
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sy € ( ,[O,T]) and represent [I_G(Am(lﬂ)'tr—l)]_l as

[I —G(Am(lﬂ),trfl)] = Mk|( I 1) k,i=LN , where M, , (A t ) are square

m(l+1) ? "r-1

Let us take A,

matrices of dimension nN. Then, according to (15), the elements of the vector peR"™ can be
determined by the equalities

m(l+1) N N -
2 ZM ( m(l+1)? r)Vi.j(Am(IJrl)'tr);\’j +2Mi.p(Am(l+1)'tr)'gp(Am(Hl)’tr)’ I =1’ N (16)
j=1 p=1 p=1

Substituting the right-hand side of (16) into equality (13), we obtain functions u, (t) in
terms of Aj, j=1m(l+1)

m(l+1) N t N
ur (Am(lﬂ) ’tr—l’t) = 2 ZJ‘({)k (T)d’f|:2 M k.p (Am(l+1) ’tr—l) 'Vp.j (Am(l+1) ’tr—l) +
j=1 p=ly, p=1
£ ] Nt N to
+ I Wy (S)dsmj + Zj¢k (T)d‘[z MkAp (Am(l+1)’tr—1) @p (Am(l+l) 'tr—l) +I f (T)d‘[, (17
tia E =1%, p=1 [#

Let us introduce the notations:

Nt
Dr ( m(l+1) ’ r-11 ) 2 J. k { kp(Am(I+1)'tr—1)VpJ m(l+1) ' r 1 J.\IIk

k= 1tr1

r,j=1m(l +2) (18)

t

N t
Fr( m(I+1)’ r— 1' 2_[ k Am(I+1)’tr 1) m(I+1)' r— 1 +J T' (19)

k=1t , :1 t

T

Then formula (2.17) will be written as

m(l+1)

Ur( m(+1) L ) Dy ( m(+1) 2 Lo )7L +F( m(I+1)'tr—1’t)’ r=1Lm{+1). (20)

=1

Having determined the limiting values lim u, (t), "= Lm(I+1) | we substitute them
t—t, -0

into the boundary continuity condition (11). Then we obtain the following system of linear

algebraic equations in parameters Aor=1Lm(l+1)+1.

Z BAigy =d (21)
i=0
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m(1+1)

?\‘ + 2 ( m(l+1)? s 1 )7\‘ 7\‘ S(Am(l+l)'ts—1'ts)’ S =1’m(| +1) . (22)

If we denote the matrix corresponding to the left-hand side of the system of equations
(22),(23) as Q, (Am(Hl)) , then the system can be written in matrix form:

Q. (Angy ) A ==F.(Ayguy it ), AeRMD (23)

where F*( m(1+1) ) ( d E ( m(|+1),t1), ) Fm(|+1) (Am(|+1):T)).

Definition 3. Problem (3), (4) is called uniquely solvable if for any pair ( f (t) , d) it has
a unique solution x(t) .

From the above, it follows:
Theorem 1. Let the matrix [| - AZ] be not degenerate, then the boundary value
problem (1), (2) is uniquely solvable if and only if the matrix Q, ( nl 1)) is invertible for

any A . €c(N,[0,T])-

This research has been funded by the Science Committee of the Ministry of Education
and Science of the Republic of Kazakhstan (Grant No. AP09259137)
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WHBOJIIOLIUSICHI BAP UHTET PAJIJIBIK-IU®®EPEHIIUAJIIBIK
TEHJIEJIEP )KYWUEJEPI YIIIH KON HYKTEJI INETTIK ECENTIH,
BIPMOH/I IEMLIIMALTITTHIH KPUTEPUSICBI

[0, T] kecinodicinde unmezpandvik MyuieHiy epexuie OoneaH Hca20aiod UHEOIOMUSMIK MypieHoipyi 6ap
uHmMezpanobiK-ouphepeHyuanobiy meyoeynep Hcyuenepi yulin Kon Hykmesi wemmik ecen KapacmulpblLidobl.
Hneonoyus Kacuemin natioanana omvipbin, GACManKbl ecen epexuie sopoibl UHmMeepaioblk-0ughpeperyuanobix
menoeyiep xcylienepi yulin Kon HyKmei ulemmix ecenmepee Kenmipineoi. Ilapamempnepoi eneizy scate aii-
HOIMATBIIAPObL AIMACBIPY, COHLIMEH KAmap sIOPOHbIY epeKuenicin nauoanany apkwlivl OACmankpl ecenmiy
OipManOI wewinimoiniei bacmankvl bepinimoep MaHOepiHeH mayenoi MampuyaHbly Kepi MampuyacsiHviy 6ap
boyviHa Kenmipineo.

Tyitin ce3dep. wemmik ecen, uHmezpanobik-OuphepeHyuanovlK meyoeynep Heyueci, UHBONOYU,
UHBOTIOMUBMIK MYypleHdipyiep, napamempiey 20icCi.
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KPUTEPU OJHO3HAYHOM PASPEIIMMOCTHA MHOTOTOYEYHOMN
KPAEBOM 3AJIAYM JIJISI CACTEM UHTEI'PO-TU®DPEPEHIIMAJIBHBIX
YPABHEHWH C UHBOJIIOIIUEN

Ha ompeske [0, T] paccmampusaemcs mHoeomoveunas kpaegas 3adada OJisl cUCmeM UHmezpo-
oughpepenyuanbHblx ypasHeHuil ¢ UHBOIIOMUBHBIM NPeodPaA308anHuem, K020a 10po UHMeZPAIbHO20 Yile-
Ha A6TIAEMCsl 8bIPOANCOCHHBIM. HICnONb3ys c60UCmE0 UHBONIOYUL, 3a0aud COOUMCS K MHO2OMOYEYHOU
Kpaesoti 3adaue 0iisi CUCeEM UHMeSPO-OUPDEPEHYUANbHBIX YPABHEHULL C BbIPONHCOEHHbIM A0poM. Beeost
napamempul u GbINOMHASL 3AMEHY NEPEMEHHBIX, A MAKI’Ce UCNONb3YS BbIPOICOCHHOCHb S0P, 0OHO3ZHAY-
Has paspeuumocis UCXOOHOU 3a0auu CGOOUMCA K 0OPAMUMOCHIU MAMPUYbI, 3ABUCAUYE20 O UCXOOHBIX
OaHHbIX.

Kniouesvie cnosa. kpaesas 3aoaua, cucmema unmezpo-ough@epeHyuanrbHbix ypasHeHull, UHGONIOYU,
UHBOTIOMUBHBLE NPEOOPAZ0BANUS, MEMOO NAPAMEMPUIAYUL.
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OCOBEHHOCTHU PEHIEHUS CUCTEM THIIA KJIAY3EHA

Hccnedyromes ocobeHnocmu nocmpoeHusi peueHuti 601uU3U 0CoOEHHOCMU pe2yisipHOU 0OHOPOOHOT
cucmembvl, cocmosujeti uz 08yx OUPDEPeHYUATbHIX YPAGHEHUU 8 YACHHBIX NPOU3BOOHBIX MPEmbecO No-
paoka. Jlokazau pso ceoticmé npouszeedenusi yukyuti Knayzena, nocmpoeHHvlx 801uUsU dmMux 0coOeH-
nHocmei. Hccnedosanwl ocobennocmu nocmpoenus obujeeo pewenus cucmemul Knaysena. Ha peuenue
MAKUX CUCMEM 8 NOCILeOHee 8PEeMs HAUAIU YOAIsimb 0C0D0e BHUMAHUE 8 C653U C UCCILeO0BAHUAMU MHO20-
MEPHBIX 8bIPOANCOAIOUUXCSL OUDPEPEeHYUATbHBIX YPAGHEHUIL.

Knroueswie cnosa: ypasnenus Kiaysena, cucmema muna KuayszeHna, ocobvle mouku, 0CoOeHHOCU,
cucmema.

IMocTranoBka 3agaun. McciaeayroTrces 0COOCHHOCTH ITOCTPOCHHUSI PEIICHUI BOJIIM3H 0CO-
oennoctu (0,0) perynspHON 0JHOPOJHOM CHCTEMBI, COCTOSIICH U3 IBYX AudQepeHIrais-
HBIX YPaBHCHU B YaCTHBIX MPOU3BOJHBIX TPETHETO MOPSIIKA BUIA

j+k=m+1 )
> (ru—ege X)Xy py, =0,
j+k=0
j:—k:w+l ) (1)
Z (tj,k Bk yh)'xJ AR Pk =0,
j+k=0
rae Po,o (X, y) =Z (X, y)(j =0,k = 0) oO1ras Hem3BeCTHAs! JUISL IBYX YPaBHEHHUH CHCTEMBI

(1); uepes Pik 06o3HaYeHBI pasnnMUHBbIe MOPSIKH YACTHBIX TPOM3BOIHBIX HEH3BECTHOI

¢bynkun Z (X, y) . Ilopsimok 3aBucHT OT 3HadyeHus ®. Ecimu @ = 1, To MOIy4YUM CUCTEMBI
BTOPOTO MOPsIIKa

X (10 = Oyp - X") Doy + XY (1 = 0y - X") - Py + X(1 = 00y x“)- Duo + ¥(fo =0t - X" ) Py, +
+(Fyo = Gtgo - X")- Pog =0,
Y (toz =Boz - Y" ) Poz + XY (t =Buy ") P+ X(to =Bro- ¥ ) Pro + Y(tos —Bos - ¥")- Pos +
+(too —Boo - Y")" Poo =0,

e Poo (X, y) =Z (X, y) obmas nemssectHast, I;,,0; .t .B;, (j,k=0,2) Henssecruse
MOCTOSIHHBIC; KO HUIIMEHTHI CHCTeMBI (1) — MHOTOUJICHBI IByX EPEMCHHBIX.

Cnyuait h=1 wnaunbonee uccnenoan. SI. TopH mokasain, 4To Bce 34 W3BECTHBIC T'H-
nepreoMeTpuyeckie QyHKINH, B YaCTHOCTHU YEThIPE IMIIEPreoMeTpruuecKie QyHKINH BYX

2

* E-mail xoppecmonnupyromero aBropa: Zhanar ubaeva@mail.ru
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nepemennbix. [1. Ammenst |, — F, , ABISIOTCS pelieHUsSIME YaCTHBIX CIIYYaeB TAKUX CHCTEM.
Ipu N =2 nomyuum cHCTEMBI, PEIICHUSAMHI KOTOPBIX SBIISIOTCS OPTOTOHATBHBIE MHOTOU-
JICHBI JIBYX MTEPEeMEHHBIX. TakuM 00pa3om, pelieHnsIMHA BBEIEHHBIE HAMU CHCTEMBI BU1a (2)
SBJISIFOTCSL O0Jiee COpoKa cHeluanbHble (YHKIMU JIBYX MEPEMEHHBIX. YCTAaHOBJICHHE 3TOH
CBSI3W BaYKHO TPHU TPUOIMKEHHOM BBIYHMCIICHUH 3HAYCHWH THIEPreoMeTpUYecKuX (pyHK-
LIMU IBYyX NepeMeHHbIX. OrnpenenenHas padbora B ’TOM HaIllPaBJICHUH Hadaja MPOBOAUTHCS
B paboTrax amepukanckoro yu€¢unoro O.U. Mapuuesa.

Korzia ® =2 | momyuuM CHCTEMbI TPEThero nopska. HanGornee HHTEPECHBIMU U3 HHUX
ABIISIOTCS cucTeMbl THIa Kiay3ena. VccinenoBanus Takux CUCTEM HeE MOTyYHIIH JOCTaTOd-
HOTO Pa3BUTHSL.

Oynknus Kinayzena

0(1, 0(2, a‘S _i(alan)'(azvn)'(agin).

sFalonaa oiBuBax)=Fl T g T& G- @@ @

e Mcroib3oBaHbl 0603Hadenus [Toxrammepa (o,0) =1, , (o,n)=o(o+1)..(c+n-1),
n>0,(Ln)=12LL.0N=n!¢ narsio nmapamerpom o (J :1,2,3) u B, (l =1, 2) SIBJIAETCS

nepBbIM TipuMepoM (1828 1.) 00001IeHHOH THIIepreoMeTpUYecKor GpyHKuu [1].
CrpaBeyTBO yTBEPKICHUE.
Teopema 1. ®ynkuus Kiayzena (3) siBisieTcst 4acTHbIM petieHreM 1uddepeHinaibHO-
TO YpaBHECHHS mnepreOMeTqueCKoro THTIA TPETHETO TOPSAKA

d2
x*(1- x—+[1+[31+[32 (3+oc1+oc2+oc3)x]xd—z/+
X
“4)
d
+[Bl-[32—(1+0c1+0c2+oc3+0c10c2+0c2a3+oc10c3)x]d—y—oc1-oc2-a3-y:0,
X
a 06H.Iee peuiceHue NpeaACTaBIACTCA B BUAC CYMMBI
3 d,, a,, a _ m+1 , 0,+1-B, o,+1- tl
:2Ciyi(x):C1|J: 1 2 3 HC D(l Bl Bl 2 Bl 3 Bl XH
=0 %1: By, _Bll B, +1-Py,
- - -B,| O
+CSD(1_BZ|:le+1 BZ’ G2+1 BZ’ G3+l BZX (5)
%1"'1_82: 2_[32!

[IpuBenem omnpenenenue 0000IEHHON THIIEPTEOMETPHUECKON (DYHKITHH.
Omnpenenenne 1. O600mIeHHOM THIIEpreoMeTpHUecKor (yHKIIMEH Ha3bIBaeTCs (PpyHK-
IUs BUJA

(O(l,n) (an’n) x"
P (0B x) = 3 SO ?

TIPY ATOM TIPE/ITIONIAraeTCst, YTO HU OTHO U3 [3 He SIBISETCS HENTbIM OTPHUIIATEIbHBIM YUCIIOM. Psit
(6) cBOIHTCS K MHOTOUJICHY, €CJTH XOT$ OBI OJTHO U3 O SIBIISIETCS] OTPUIIATETIFHBIM YHCIIOM.
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OnpeneneHsl 1 U3yUYeHBI TaKKe 0000IEHHBIE TUTIEPTeOMETpHUYECKUE (YHKIIMH MHOTHUX
MEPEMECHHBIX.

Onpenenenne 2. O000MIEHHBIC THIIEPreOMETPHUYECKUE QYHKIMH JIBYX TEPEMEHHBIX
OTIPEEISIOTCS IBOWHBIMH PSIIaMH

Fooy= Y a,, X"y, )

m,n=0
KOZ-)(l)(I)I/IHI/ICHTI)I KOTOPLIX YAOBJIECTBOPAIOT CJICAYIOIIUM COOTHOUICHUAM

am+1,n _ P(m!n) am,n+1 _ Q(mvn)
a,, Rmn) a, Smn)’ ®)

m,n

P(m,n+1)@(m,n) _ P(m,n)@(m+1n) ©)

R(m,n+1)8(m,n) R(m,n)5(m+1n)

rne P, O, R u S mHorounens! ot m u n. OHu (8) nmogquuHeHb! TPEM ycinoBusiM. M3 Hux
ycioBre coBMecTHOCTH (9) obecrniednBaeT OJHO3HAYHOE ompereieHne Kod(hpuineHTon
a, pana (7).

IIpocmas cucmema muna Knayserna c pewenuamu 6 sude npoussedenus ¢ynxyuii Knay-
3eHa

B nannol paboTe n3y4eHs! 1Ba BUaa cucteMbl Tuma Kiraysena.

Teopema 2. Cuctema tuna Kiayzena

X (1= X) Py +[ 1+ B, +B, — (3+ 0, + 01, + 1) X | Py +

+[[31B2 — (140, + 0, + 0y + 04,0, + 00, + a2a3)x] Pyp — 0L, 04,00 Pyy = O, 10)
y’ (1Y) Pos + [1+ B, +B, _(3"' 0, + 0, + 0‘3) y] YPg, +

+|:B1B2 - (1+ 0y + 0, + 0 + 040, + 0400 + 0‘2“3) y:l Pos = 04,01,0L3 Py =0

MMEET JIEBATH JMHEHHO-HE3aBUCUMbIX YAaCTHBIX PEIICHUH B BUJE MPOU3BEACHUS pa3jiny-
HbIX yHKuui KnayseHa, onqHa u3 KOTopbIx siBisieTcs ¢yHkuus tuna Kiaysena

[d, o  a,,0, o0, [

Zl(x,y)=3F2(0(1,0(2,0(3,B1,B2,x)3F2(0('1,0('2,0('3,[3'1,[3'2,y)=.F% B p,.B X’yg

- (Gl)m(all)n(az)m(alz)n(a:i)m(a?’)n "y
D NN AR YRS TRTH an

Cuctema (10) cocToWT M3 JIByX COBMECTHBIX OOBIKHOBEHHBIX Iu(depeHrnanbHbIx
ypaBHeHul. MIx oObeauHseT oOmas HeusBecTHas [y (X, y) =Z (X, y) . Kaxnoe ypaBHeHue
umeert odmiee penienue Buaa (5). KoMOMHHPYsI TOCTPOEHHBIE YaCTHBIE PEIICHUS, TOTYIHM
el1€ BOCEMb JIMHEHHO-HE3aBUCUMBIX YACTHBIX PEIICHUI:



140 Becmnux Hayuonanvhoti unsceneproi akademuu Pecnyonruxu Kazaxcman. 2022, Ne 3 (85)

_ Wy 0, 0, 16, (e, +1-By @, +1-B,, o, +1-B,,
ne)F i g CpEe g g e
[@,, a,, da,, d +1-B,, a,+1-B,, o,+1-8,, U
Z.(x.y)=F 1 2 3y 1pz|]: 2 . 2 3 21
=P g e g +1-8, 2-5, 'H 03
. @, +1-B,, ao,+1-B,, o,+1-p,| O, o, o, O
Z , = lBl[F 1 1 2 1 3 1 . ) 3
J(xy)=x E‘By B,+1-B,, X%”:U B,, y% (14)
(X y) xP [ F (a, +1-p, a,+1-B, a;+1-B, XI:I
_Bl’ BZ+1_I31
. . , 15
g & +1-B, o, +1-B, a +1-B, ()
% 1’ B‘z +1_BI1’
_ 4, +1-B,, a,+1-B,, a,+1-p,,| O
Z.(x, Ny =g 1 2 1 3 Uy
(X y) E_Bl’ Bz +1_Bl'
. 16
1[3 [F@ +1- B 0('2+1—[5'2, a +1-p,| U (16)
2 I 3 2 y
@l-}-l Bz' 2_82! Q
m+1-ﬁ,a+1-[3,a+1[3, d, a, o,
X, 1;32|]: 1 2 2 2 3 2 EI Iz lym (17
( y) %14'1_82’ 2_82’ Eali Bzi EI( )
) a, +1-B,, a,+1-B,, oa,+1-B,, O
Z,(x, = ¥ B [F —* 2 2 2 3 21y
() i, +1-p,. 2-p,
leF@ +1-B, o +1-B, o +1-, (18)
H-5,  .+1-p Q
} a,+1-B,, a,+1-B,, oa,+1-B,,| OJ
— 1B, 1 2 2 2 3 2
Z,(x,y)=x EIF% F1-p. 2-P,, X
(19)

(:('2 +1-B,, o('3 +1—B'2,

1BZEFE +1-B,
@ 1-B,, 2-B,

AHaOTUYHBIC PE3yJBTATHl TIOMYYeHEI B paboTe [2], rme paccMaTpuBarOTCs IPOU3BEIe-
Hus ¢yHkunn beccens nmepBoro poaa
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3. (xy) = 3, (x) 3, (yp(x));p(x) > 0,x >0,

1 UCCJIICAOBAHBI UX PA3JIMYHBIC CBOMCTBA.

Taxue ke uccrnenoBaHust TpeOyeTCsl MPOBOIUTH C MOCTPOSHHBIMU PEIICHUSMHU BHJA
(11)—(19).

Teopema 3. OOmiee pemenue cucrembl Tuna Knaysena (10) mpencrasnsieTcss B BUIe
CyMMBI

9
Z(x,y)=2.Ci-Z (%) (20)
i=1
e C, (i = 1,_9) — MIPOU3BOJILHEIE TIOCTOSTHHBIE. DTO MOKa3bIBaeTcsi MeTogoM dpobennyca—

Jlateiuesoit [3].
Teopema 4. O6o0mieHHas runiepreomerpudeckas pynknus Kinaysena (3) umeer npous-
BOJHYIO /71-TO ITOPSIAKa

d"F _ay(o, +1)..(a, + m-1) @, (a, +1)...(a, + m-1) @,...(a, + m-1) -

ox" B, (B, +1)...(B, + m-1) B, [{B, +1)...(B, + m-1) 21)
[Elﬂl+m, a,+m, oy,+m L[]
Hem B +m "B

OTciona nmpu pa3TUYHbIX 3HAYCHUAX /1 MOYKHO TIOJIYYUTh MPOU3BOAHBIE 1-TO, 2-TO H.T.
JIPYTUX TTOPSIKOB.
Tak, n3 (21) mpu m = 1 moITy4YuM MPOU3BOAHYIO IEPBOTO MOPSIKA
dF _ a, [, [éx [0,+1, o,+1, a,+1 [
—=t—s 35@1 ? : XE] 22)
dx BB, o+ B+l

Takum 00pa3oM, MOXKHO HAWTH IIPOU3BOIHBIC BTOPOI'O M TPETHEIO PEIICHHUS
@, +1-B,, o, +1-B, o;+1-p, L[

Y2 (X): X" [F E 2_[31’ Bz +1_B1, ,XE (23)
158
1-B, [a,+1-,, o, +1-B,, a,+1-B, [
y3(X):X B EF%1+1—[32, 2-8, ,X% (24)

[Tpu »TOM cHavana Jyyie HaWTH MPOU3BOJHBIE OT (PYHKIHH, IIOTOM OT MIPOU3BEACHHUS
IBYX (QDYHKIIUH:

iF(aﬁl—Bl, o, +1-B,, o, +1-B,,
Z_By Bz+1_B1’

XJ: (o, +1-B,) (o, +1-PB,)- (00, +1-P;)
(2_[31)’(132 +1_Bl)

X1,
) (25)

dx

F(al"'z_Bl' a2+2_[311 (X’3+2_Bl’
3_61! B2+2_Bll
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iF(al"‘l_Bz’ o, +1-B,, oy +1-P,,

X)= (0‘1+1_Bz)'(a2 +1_Bz)'(a3+1_32).

dx B1+1_BZ’ Z_BZ' (Bl"‘l_Bz)'(z_Bz)
E o, +2-B,, o,+2-0,, 0c3+2—|32,x
Bl+2_B2' 3_[32’ . (26)
dyz(x)_igl—muzmﬁl_ﬁl’ a, +1-B,, a3+1—[31,X|E
d  dx 5 -B. B, +1-B,
dys(x)_i%_ﬁzuzmﬁl—ﬁz, a, +1-B,, 0(3+1—[32,XII|
dx _dXE %1"'1_[32’ 2-B,,

Ceoticmeo. Cnenys [1], ecmu B (11) BBOTUTE 0003HAUYCHUS (ocl, m)(oc'l , n) , (0(2 , m)(oc'z , n),
(oc'g , m)(oc'g , n),(Bl, m)(B'1 , n),(Bz,m)(B'z , n) aepes (o, m+n),(o,,m+n),(cy,m+n),
(B,,m+n),(B,,m+ n), To nomy4um npencrasienue F (al,ocz,(xg;Bl,Bz;x +y) -

DTO CBOMCTBO MIPUBOIUT HAC K TEOPEME CIIOKEHUS ABYX GyHKIHi Kiay3eHa.

Teopema 5. IIponsBeneHnss 0000IIEHHBIX THIIEpreoMeTpuaeckux Qpyuaknmii Kiayzena
IIBYX TIepeMeHHBIX (22)-(26) nmeer:

® [IPOU3BOJIHBIE TIEPBOTO TOPSI/IKA IO HE3ABUCUMOMN MEPEMEHHOM X

J o, o, o,
X '3F2 ,1 '2 3
[Bu B,
) - o, o, o,
X T4k . ) 3 .
B, B, |

Jlanee MOKHO ONpeNIeNTUTh MPOU3BOIHBIC ABYX (YHKIUI OTHOCHUTEIEHO HE3aBHCHMOM
MepeMeHHoM y Kak (27), Torna:

Jd oy, Oy, O,
S| 32

B Bo

00,00, [ocl+l, o, +1, o, +1,
- 372

Bl'Bz Bl+1' Bz+1v

Jd o, O, O,
So 32

27

B B

oo o (ocl, 0y, O,
- 372

Bl 'Blz Bl' BZ'

. o +1, o +1 o +1,
X |- , , : y .
T B, +1 B, +1,

[Moxazarenu psioB (11)—(19) onpenenstoTcs U3 CUCTEMBI, OTPEACISIONINX YPaBHEHUS
otHocuTenbHO ocobenHnocTH (0,0):

t§0(p.0)=pp-1+B,)dp-1+B,)=0, E
0(,0 (p.0) :GEQG—1+[31)[Q0—1+[32):0,E
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B BUJIC 11ap. (91101)2(0,0):(91 =0,0, :1_Bl)v(p1 =0,0, :1_[32)'([)2 =1-B,,0, :0)
(pz =1-B,,0, :1_6;)’(92 =1-B,,0, :1_6‘2)’(93 =1-B,,0, :0):(93 =1-8,,0, =1—B;),
(ps =1-B,,0, =1—[3I2).

Otu napsl onpeaenuiv nokazarenu psinos (11)—(19).
[lepexoqum K M3y4E€HHIO BTOPOU OCHOBHOM TEOPEMBI.
Teopema 6. Cuctema runepreomerpuyeckoro tumna Knayzena

X* (1= X) Pag + XYPy +[ v+ 8+1=(3+PB, +B, +By) X | X0y, + Sypy, +
+[ 18— (L+B, +B, +Bs + BB, +BiBs +B,Bs ) X| P — ByB,Bs Poo =0,
Y2 (1= Y) Pos + XYPs +[y+8' +1—(3+[3'1 +B, +[3'3)y] VP, + O Xpy, +
18 = (L+B, +B, +B, +B.B, + BB, +B.B, )Y ] sy~ BB Peo =0

BONM3M perynspHoit ocooennoct (0,0) MeeT IeBATh TMHEHHO-HEe3aBUCHMBIX YACTHBIX pe-
IICHUM BUJA

(28)

— P [ m n
Z(X,y)—X Ey DZ AnnD( Eya (29)
m,n=0
raner,s u Amn (m, n —HCHU3BCCTHBIC HOCTOHHHLIC), IIpU BBINTOJIHCHUN yCJIOBI/Iﬁ COBMECTHO-
CTH

P(m,n+12)@(m,n) _ P(m,n)m@(m+1n) (30)

R(m,n+1)8(m,n) R(m,n)B(m+1n)

A1 Ko>uIuenToB A, | (m, n=0,1, 2,...) psna (5) ¥ ycioBuil HHTErpupyeMocTH [4]:

A =1-a,b, =1#0,

X 1
A, = A12 _(a21 +a12b12)(b12 +b21a21):12 _|:X( y . +0. GD

=1-— =
1—X)y@—yJ (1-x)(1-y)

[Tpu 5TOM OHUM M3 YacTHBIX pemeHni (29) sBisiercss 0000IIEHHBII THIIEPTEOMETPH-
YeCKUH psAJ IByX TepEMEHHBIX

0 o (B, (B), 1) (), 4B.), B:), oy
(1= P ) ) R T T

Mexny cBolicTBamu JBYX cucTeM Tuiia Kiay3eHa nmpoBeieH CpaBHUTENbHbBINA aHAJIN3 U
BBIJIEJICHBI X OCHOBHBIE CBOWCTBA.

CrnemyeTr OTMETHTD, YTO JIEBATh JTUHEHHO-HE3aBHCHMBIX YAaCTHBIX PEIICHUHA CHCcTeMa
Kiray3zena uMeeT TOMBKO TOT/IA, KOT/IA BBIMTOITHSIOTCS YCIOBHS coBMecTHOCTH (30) M WH-

BB BB, BB,

E=F
1 1EV, 5,5',
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terpupyemocts (31). B cBS3M ¢ TPyAHOCTSAMHU MOCTPOCHUSI PA3THYHBIX PEIICHHH 0OBIYHO
OrpaHUYUBAIOTCS TOCTPOCHUEM pelieHuid B Bune Gynkuuii Kiaysena (32). OcranoBumcst
Ha OTJeNbHBIX CBOKCTBaxX (QyHKunu Knaysena.

Cesoticmeo ougpghepenyupyemocmu

Teopema 7. O600mmeHHas runepreomerpudeckas ¢pyHkuus Knaysena aByx mepeMeH-
HBIX (32) umeer:

® [IPOU3BOAHBIC IICPBOT'O MOPsAKa 110 HE3ABUCUMBIM IIEPEMECHHBIM X U )

oF Bl'Bz'Bs B1+1a[52+1’53+1; Bl' Bzv [33
o hi o ) o

oX Y- d+1, S, v+1
OF _BoBB, (BB B+l B+l B+
E)y v-8 S, 8 +1, y+1 R NNED)

@ [TPOU3BOAHBIC BBICIIINX MTOPSIAKOB

BZF:Bsz'Bs'B;'B;'B;.F B,+1B, +1B,+L PB,+1 B,+1 PB,+1
oxay Y-(y+1)-8-8 S+1, 5 +1, y+2

X, y], (35)

82F:Bl(Bﬁl)-Bz(Bz+1)~l33(33+1).|: B+2.B,+2B,+2 B B B
ox’ v-(y+1)-8-(8+1) 3+2, &, Y+2

X y)’ (36)

oF _B.(B.+1)B.(B.+2) B (B, +1) (BB B Br2 B2 Bir2], ) g9
e v-(y+1)-8 (8 +1) 5, §+2, y+2
J"F _ Bl (Bl +1)"'(B1 +m_1)'[32 (Bz +1)'--(Bz +m—1)'B3 (Bg +1)...(B3 +m—1).
x" Y- (y+1)..(y+m-1)-8-(8+1)...(8 +m-1) G8)
F(Bﬁm’ﬁﬁm,ﬁﬁm; B B B X,y}
o+m, o, y+m;
7F _B,(B,+1)-(B, +n-1)-, (B, +1)..(B, +n~1)-B, (B, +1)-.(B; +n-1)
ay" V(Y +1)..(y+n-1)-8 (8 +1)...(8" +n-1) (39)
F(Bl,sz,sg: B+n, By+n, B;+nxiy],
S, d+n, y+n;
I B, (B, +1)...(8, +m—1)-...-B, (B, +1)...(B, +n-1) |
XK"Yy (y+1)(y +m+n=1)-3-(8+1)..(8 +m-1)-8...(§ +n~-1) (40)
d+m, d+n, y+m+n;
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Bce dhopmynbt (33) — (39) MoxkHO BbIBOAMTE U3 00111ei (hopmyibl (40).

Bu1600 uacmuvix ciyvaes gynxkyuii Knaysena:

e eciu oauH u3 napamerpos B, B, - B, =0, TO HOTyUINTCsE PsiT OTHOCHTEIIBHO HIEPEeMEH-
HOM ).

® CCIIH OJIMH U3 TIapaMETPOB [31 -B'Z -B'S =0, To mOMyYHUM psiT OTHOCHTEIBHO TIEPEMEH-
HOIA X.

B.B.Bs 0 0 O ) [ B, B, B, 3 §
oF ' X[ F . Y |— psm oxmHol mepeMeHHOM OT-
) ’Y;

9, S, v 5, 9,
HOCHTEJIBHO .
o F By:B2.Bs Bl B, B oyl, F(Bl’BZ'B?’ B,l Bz Ps X.OJ— PSIZIBI OTHOCH-
3, o, v o o, v

TEJIBHO X U ). ‘
® CJIM HEKOTOpBIE U3 NapaMETPOB Bj u Bj MPUHUMAIOT OTPULIATENIbHbIE 3HAYEHUS, TO

¢yukun Knaysena npeBpamarorcst B MHOTOWIeHbI. Tak, mipu 1). B=-1B,=-1 yum 2).
B,=-1B,=-1 wm3).B; =-1B, =—1 psx Knaysena npespaaercss B MHOrOUIEH AByX
HepEeMEHHBIX BUJIA
F[_LBz’Ba _;I-v Bz’ B3
J, S, T

a TaK’K€ BO3MOXKHbBI U IPYyTUe KOM6I/IHaHI/II/I rnapaMeTpoB.

BB BBy . BBBB,
x,y)—l ) o ) y+y(y+1)88'

e O6e cucremnl (10) u (28) uMeIOT peryaspHble 0COOEHHOCTH (0,0),(0,1),(1, 0),(1, 1)
(0,00),(e0,0),(1,00),(e0,1) m(c0,0) , mO3TOMY CHCTEMA HE NMEET HOPMATLHBIE K HOPMATIBHO-

PEryJsIpHBIC PEIICHHUS, TOCKOIBKY B 3TOM ClIydae MHOTOUJICH Q(X, y) =0, 1 CylECTBYIOT
pEIIEHUs TOJILKO B BUJIE 00OOIIEHHBIX CTEIICHHBIX PSJ/IOB JBYX MEPEMEHHbBIX.

Onnako pemenust cucteM (10) u (28) oTIUUAIOTCS, XOTA €CTh CXOACTBO B PEUICHUIX
CUCTEM, OTIPENEIISIFOIINX YPaBHEHUsI OTHOCHTEIbHO ocobenHocTH (0,0):

(pl =0,0, :0)’(91 =0,0, =1_8I1)’(p1 =0,0, :1_82)1
(p,=1-8,,0,=0),(p,=1-38,,6,=1-3,),
(p,=1-8,,0,=1-8,).(p; =1-8,,0,=0),(p, =1-3,,6,=1-8,),

(p3 =1-3§,,0, =1—8‘2).

o [[OSBIISIFOTCS CIIOXKHOCTH TIPU OTIPENICIICHUN BCell (DyHIaMEHTaIbHOM CUCTEMBI peliie-
Hull cuctembl Kitaysena (28), cBS3aHHBIC CO CIOXKHOCTHIO (POPMBI 3a1aHusT KO3 HIIMeH-
TOB.

e O0miee pemenue cuctemsl (28) Takxke npeacrasisercs B Buae (20).
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o Jlnst cuctemsl (10) He TpeOyeTcs BhIMOTHEHUs ycinoBUs uHTerpupyemoctd (31). Ona
BCEI/ia TaKKe COBMECTHAsL.

e C momouibio NMpeseiabHoro nepexona u3 ypasHenus Kiaysena (4) MOXKHO MOJTYYHUTb
BBIPOXKJICHHOE 000011eHHOe ypaBHeHue Kitay3eHa, a Takke BHIPOXKICHHYIO 0000IICHHYIO
cuctemy Kimaysena.

B paboTe mokazaHO MpPUMEHEHHE STOH CHUCTEMBI K PELICHHIO TOCTPOCHUS PEIICHHS
ypaBHEeHUS [5]

n m

X"oymeu =ty U+t x"U  mon k= const >0

HOHy‘IeHHaSI MOCJIC pa3acsICHUS NIEPECMEHHBIX CUCTEMA

X* Wy, +(C, +C, +1)xW,, +(C,-C, = X)W, —y-W, —aW =0,
y: W, +(d, +d, +1)yW,, +(d, -d, — y)W, —x-W, —aW =0
TaKXK€ UMCCT JACBATH JIMHEMHO-HE3aBUCUMBIX YaCTHBIX peIJ_IeHI/II?'I [4]
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H. PA/I’KABOB, ’K. H. TACMAMBETOB, )K. K. YBAEBA
K.2Kybanoe amuvinoasvl Axkmebe enipnix yrusepcumemi, Axkmede Kanacol

KJIAY3EH THUIITI )KYWUEJEPII HIEITY
EPEKIIEJIIKTEPI

Maxanaoa ywinwi pemmi exi Oepbec Oupepenyuandviy menoeyiepOeH mypamviH Oipmexmi
JicylieHiy epexue HyKme MAayaublHOagul wlewimoepin Kypy epexuienikmepi zepmmenoi. Ocvl epexute
HyKkme Manaivinoaevl Knaysen (yHKyuacel mybiHObICbIHbIY OIpKamap Kacuemmepi 0anendenoi. Knaysen
JHCYULeCIHIH JHCANNnbl WewiMin Kypacmulpy epexutenikmepi Kapacmuipwliovl. CoHebl yaKblmma Konemuemol
mybiHOan2aH Oughgepenyuanrdviy meyoeyiepoi zepmmeyee OAUIAHbICMbL MYHOAU dcylienepoi ueulyee
epexute Hazap ayoapwlia bacmaowl.

Tyitin co30ep: Knayszen menoeyi, Knaysen munmi scyiie, epekiie Hykme, epexuienikmep, jcyte.
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N. RAJABOV, ZH. N. TASMAMBETOV, ZH. K. UBAYEVA
Aktobe Regional University named after K. Zhubanov, Aktobe, Kazakhstan
FEATURES OF CONSTRUCTING A SOLUTION CLAUSEN-TYPE SYSTEMS

We study the features of constructing solutions near a singularity of a regular homogeneous system
consisting of two partial differential equations of the third order. A number of properties of the product
of Clausen functions constructed near these singularities are proved. The features of the construction of
the general solution of the Clausen system are investigated. Recently, special attention has begun to be
removed on the solution of such systems, in connection with the research of multidimensional degenerate
differential equations.

Key words: Clausen equations; Clausen-type system, special points, features, system.
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HEJUHEWHASI OBPATHAS 3AJTAYA HAXOXKJIEHW S
TEINVMIO®U3NYECKHUX XAPAKTEPUCTHUK

B oannoti pabome packpbim memoo onpeodenenus HeluHeuHbIX menionpo8oOHbIX XapaKmepucmux
epynma. Bviiu co30anvl 06yxciolinble KOMNIEKCbl KOHmelinepos, 60Kosble 2panu KOmopblx meniouso-
JUPOBAHDL, NOIMOMY UCNONb3YEMCA ypasrenue menionpogoonocmu 1D. [Jamuuk memnepanmypst nome-
waemces Ha cmelke 08yX cpeo, U 6 Kadxicootl 001acmu peuwlaemcest CMewannads kpaeeas zaoaua. ns mozo
umoobwl obecneuums 3a0a4y ¢ 0OPAMHbLIM KOIDPUYUESHMOM UCXOOHBIMU OAHHBIMU, UCRONIb3YIOMCS 084
damyuxa memnepamypul. 00UH 0amyuK Obl1 pasmeujen Ha OMKpPLlMoll epanuye Konmetnepa u peau-
cmpupoean memnepamypy nou8bl Ha MO 2panuye, a 6Mopol 0amuux Obll pasmeujer Ha HebolbLULOM
PpaccmosHuu om epanuybl, KOMopPbLLl pecucmpuposal memnepamypy 6030yxa. Mzmepenus npogoounucs
6 unmepeane epemenu (0,4t )Crnauara nauanvio-Kpaeeas 3a0aua menionposoOHOCMU C HeluHetHbIMU
KO3Ghpuyuenmamu ucciedyemes memooom Koneunvlx pasnocmeil. Ilocmpoenst 06a muna pasHocmHuix
cxem: TuHeapu308anmble u HeluHelinble. JIuHeapu3o06anHas pasHOCMHAs CXeMd Pedanu3yemcs YUcieHHO
ckanapnvim memooom Tomaca, a nenunennas pasnocmuas sadada peuwiaemcs memooom Hviomona. B
Kauecmee Ha4anbHo20 npubnudicenus memooa Holomona 6b110 63amo peulerue 1uHeapu3o6aHHol pas-
HocmHoU 3a0ayu. Ymodvl naumu mennogusuyeckue napamempel, COOMEEMCMEYIOWUN OYHKYUOHAT
MUHUMUSUPYEMCA C UCNONb308AHUEM Memoda epaduenmnozo cnycka. Kpome moeo, ece mennogusuue-
ckue xapakmepucmuku (8 koagpuyuenmos) oOvinu Haidenvl 01 08YXCIOUHO20 KOHMENUHEPA ¢ NeCKOM
U 4epHO3eMOM.

Kniouesvie cnoea: mennonpogooHocms, HENUHEUHOCHb, PAZHOCIHAS 3a0aid, CXO0UMOCHb, 0bpam-
Has 3a0aua, ouggepenyuposanue no napamempy.

Beenenue. OmnpejiesieHue TapamMeTpoB CHUCTEM TEIIOBOW 3allUTHl M TONyYCHHE
peIleHHs 33/1a4d TEIIOBOTO MPOCKTUPOBAHMUS HANIPSMYIO CBSI3aHBI C PACYETOM TEIUIOBBIX
noJieii B rpyHTe. B cBoto ouepesib, 3To TpeOyeT 3HaHUs TeIIOQU3NICCKUX XapaKTePHUCTUK
nouBbl [1]. OnTumu3anus W aHaIM3 TEIUIOBBIX W BIAKHOCTHBIX XapaKTEPHCTUK
CTPOUTENILHBIX KOMIIOHCHTOB SIBIISIETCS Ba)KHBIM HH)KEHEPHBIM HHCTpYMEHTOM [2].
B Hacrosimiee BpeMs TEOPETHUECKHE MOJIENIU JIJIsl ONPENCICHUs] TeruIoQH3HIECKUX
XapaKTEPUCTHK HEOTHOPOIHBIX KOMIIO3UTHBIX CPEJ] HEe 00IaIat0T J0CTATOYHOM TOYHOCTHIO.
CrenoBareinbHO, OCHOBHBIM HCTOYHHKOM WH(OPMAIMUA O TEIUIOPU3NUECKUX CBOMCTBAX
SBIIAETCS MTPOBeNeHNEe (hU3MIECKOTO dKcTiepuMenTa [4]. [ TeopeTndeckoil 0CHOBBI METOIA
HAXOXKJCHHS TETIO(MU3NICCKHX XapaKTEePUCTUK CPEIbl UCIIONB3YETCsl 3aKOH COXPaHCHHS
9HEPTUH, CIEJICTBUEM KOTOPOTO SIBISETCS HeluHeHHoe auddepeHImaibHoe ypaBHEHHE
terionpoBogHocTH [1,5,6,7]. YcTraHOBIEHO, YTO XapakTep BIUSHUS TeMIIEpaTyphl Ha
TerIopU3NIECKUe MapaMeTphl TOYBEI SBIIsICTCS HenumHEHHBIM [8,9,10]. B cBs3u ¢ aTM
BO3HHMKAET OCTpasi HEOOXOJMMOCTh pelieHHus 00paTHOM 3a/laull HEJIMHEHHOTO ypaBHEHUS
TETUIONPOBOHOCTH.

* E-mail xoppecnonaupytomero apropa: rapla.natlus@gmail.com
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Lenpro ucciieoBaHusl SBISIETCS MPOBEJACHUE TEIIO(QU3MUSCKOrO SKCIEPUMEHTa U
pa3paboTKa MeTOANYECKOTO 00eCIIeYeHHS OTIpeIeNICHHS TeIUTOPU3NUECKUX KOd(DQUIIEHTOB
Ha OCHOBE PEIICHUs HeJIMHEHHON 00paTHOM 3a1a4u TerionpoBoaHoctH [5,11,12,13].

Du3UKO-MaTeMaTUYeCKask MOICTb U YKCIIEPUMEHTAIbHBIC 3HAUCHUS TeMIIepaTyphl Ha
JIOCTYITHOW TPaHMIIe TPYHTA MO3BOJISIFOT HAXOJAUTh TEIUIOPU3NYECCKUE XaPaKTEPUCTUKU
B 00paTHBIX KO3(PHUIMEHTHBIX 3aauax Teruionepenauu [14]. B naHHOM wmccienoBaHuu
Ha OCHOBE HEIMHEHWHOTO YPaBHEHHUS TEIUIONPOBOAHOCTH M OKCIEPUMEHTATBHBIX
JIAHHBIX TPEIJIOKEH METOJl pellieHus 00paTHOW HeNMMHEHHOW Kod(D(UIIMEHTHON 3a1a4u,
B OCHOBE KOTOPOTO JIGKUT MUHUMH3AIMs KBaJIPATUUYHOTO (YHKIIMOHAJIA PACXOXKICHUS
MEXY YHCICHHBIMH U DKCTIEPUMEHTAIbHBIMU 3HAUYEHUSIMU TeMmmepaTypbl. OYHKITMOHAI
MUHUMH3UPYETCS METOJOM T'PaJUCHTHOTO CIyCKa, a JUIs OIpeJesieHus kod(duimenta
JeMII(UPOBAHKS UCIIOIB3YETCSI METOJ] CAMOT'0 KPYTOT'O CITyCKa.

MaremaTtu4yeckasi MoJe/b.

Pucynox 1 — JIByXCIOWHBIIH KOHTEHHED.

[locranoBka 3amaun. Ha puc. 1 nmokasan AByXCIOHHBII KOHTeWHEp, OOKOBBIE MOBEPX-
HOCTH KOTOPOT'O TEIUIOM30JIMPOBAHbI, a TOPLEBbIE MOBEPXHOCTH HAXOAATCS B KOHTAKTE C
OKpyXaromei cpenoi (Bosmyxom). IIpuHrumas Bo BHMMaHHME 3TH OIpaHMYECHHUS, BMECTO
TPEXMEPHOTO YPaBHEHMSI TEIIIONPOBOIHOCTH MOXKHO PaCCMOTPETh OTHOMEPHOE HECTALO-
HapHOE yYpaBHEHHUE.

c(u)p(u)aa—‘t‘=§—x(k<u)§—j), xe(0E)xEl), te(04,,) W

e u(x, ) — pacnpeeNeHue TeMIepaTypbl BHyTPU KOHTEHHEPa, X — KOOp/MHATa KOMILIEKCa
o ocu Ox, ¢ — TekyIee BpeMs. B HauanbHBIN MOMEHT HaOIIOEHUs TeMIepaTypa 000HuX
cinoes Tena pasHa: ¢ = 0, u(x, 0) = u (x), x € (0, /). Temneparypa okpysaromielt cpesibl Ha
seBoit rpanue obnactu npu x = 0 obo3HauaeTcs uepes u, (), a Ha IpaBol rpaHUIE MPU
x =/ obosnauaercs uepes u, (1).

['panryHBIE YCIIOBHS, ONIPEACISIONINE 0COOCHHOCTH NPOIIecca Ha MOBEPXHOCTH CTEHKH,
3a/1al0TCsl CICAYIONMM 00pa3oM: JieBass U mpasas rpanuilbl odmactu Q = (0, &)x (&, /)
HAxXOMIATCsSI B KOHTAKTE C Ta30BOM cpefoi (BO3MYXOM), CICIOBATEIIbHO, HA STUX TPAHMIIAX
ero 1esiecoodpasHo chopMyarpoBaTh TpaHUUHOE yciioBHe PoOMHa — 3aBHCUMOCTH MEKIY
TCIIJIOBBIM ITOTOKOM, O6yCJIOBJICHHI>IM TCIUIOIIPOBOAHOCTBIO OT TBCpILOﬁ CTCHKH, H
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TETJIOBBIM TIOTOKOM OT T'a30BOH cpebl. TakuM 00pa3oM, rpaHUYHbBIE YCIOBHUS Ha JIEBOW H
IpaBoil IPaHUIIAX 3aIHCBIBAIOTCS CIEAYIOLUIMM 00pa3oM:

ou
Xx=0: kl(u)& = hins (U)(U - uins (t))’ (2)
0
x=1:k, (u% =~y (U)(U = Uy, (1)), 3)

rae u, (¢), u, () — Temneparypa okpyxaromeit cpenst; h, (1), h (1) — xo>pduimenTs Te-
mwiootaauu; k, (u), k,(u) — k03 GUIMEHTDI TEMIONPOBOAHOCTH «1» 1 «2)» cpelbl.

OOBIYHO HA KOHTAKTHOW IMOBEPXHOCTH CIIOEB X = & 3amaeTcsl TPAaHUIHOE YCJIOBHE,
OIPEICIISIOIIEe PABSHCTBO TEMITEPATypP U TEIUIOBBIX OTOKOB HA CTHIKE MAaTEPHUAIOB:

Ul(ﬁ,t) =Uu, (&,t),

02 0=k, ) 22 ¢ ) @
ox ox

3nech u,(x, 1) U wu(x, t) — Temneparypbl KOHTaKTHUPYIOIIMX CJI0€B Martepuana. Ilpu
pelIeHnH 3a/1ad ¢ KOHTAaKTHBIMHU YCIOBHSIMH BUA (4) CKOPOCTh CXOJUMOCTH OTHOPOTHON
Pa3HOCTHOM CXeMbI CTaHOBUTCS O4eHb HU3KOH. [T0aTOMY, 4TOOBI H30€KaTh ATOI MPOOIEMBI,
a TaKKe JUIS pelIeH st 00paTHOM 3a/1auu, B TOUKE X = & Mbl pa3MECTHIIN OT/JCIbHBII JaTUHK,
KOTOpBI M3MepsieT M3MEHEHHE TeMIlepaTypbl MOYBbI B TOYKE CONPHUKOCHOBEHHS JIBYX
cpez. 3a cyeT 3TOro MCXOHas 3a7a4a pa3OuBaeTcs Ha JIBE 3a/1a4H, T.€. C UCIIOJIb30BaHHUEM
M3MEpPEHHBIX JIAHHBIX B KQXK/IOM KOHTEHHEpe pelaeTcs CBosi 00paTHast 3a/1aua HeJIMHEHHOM
TETUIONPOBOAHOCTU. B crienyromem ajaropurMe ecth OlMCcaHue OOpaTHOW 3ajavyd TOJIBKO
JUTST IEBOTO KOHTEHHEpa, MOKa3aHHOTO Ha pUCYHKE 1.

B nononnenue x u, (¢), u, () 13MepsIOTCA HaYaIbHbIC 3HAYEHUS TEMIIEPATYPbI

Tins (t)’ Tg (t)’Tout (t)’ te (0’ 4tmax)! (5)

rne T, T, T, — M3MCPEHHAs TEMIIEPATypa MATEPHAIOB B TOYKAX X = 0, x=Emux=1[ s
ynobcrsa BBezieM obo3Hauenue h, (u) = h (u).
Bajaua. Mcrnonmbsys usmepennbie  smauenus U (1), T (), T (1), te(0,4t,,),

HE0oOX0IMMO pa3paboTaTh METOM [T HAXOKIEHUS MapameTpoB cpembl p (u), ¢ (u), k (u),
h (u).

Ha ocnoge (1) — (5) oOparHast 3aga9a OnpenesnsseTcs CIeIyONuM 00pa3oM:

B o6mactu Q, = (0,€) X (0,4t ), uccnenyercs ciemyromas cucrema

au_d ou
Cl(U)pl(U)a = &(kl(U)&], (6)
U(x,0) =y (¥), %
kl(u)g—j R (U)U-U,®), x=0, ®)

u(€.t) =T (), ©)
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e C(U) = ¢, + U, p(u) =p, +p.u,
k(u) =k, +ku +k,u® +k,u®, h(u)=h, +hu+hu?,
M3MEPCHHbBIC 3HAYCHUSI Ha JICBOM TPAaHHUIIEC OOIACTH:
T (), te[0,4t .1 (10)

Pa3padoTrka uWTepalMOHHBIX MeTOIOB. VTepallMOHHBI METO OIpPEAC/ICHUS
ko3¢ duirenTa TemIonpoBoaHOCTH k (1). B 00macTi ceTku Mbl U3ydaeM MTEPalMOHHbIH
METOJI PA3HOCTHOM CXEMBbI JJIsl HAXOXKACHUS KOO QHIIMEHTa TETIONPOBOAHOCTH. B obnactu
CETKH M3y4aeTcs pa3sHOCTHas cxema L .

Cxemall,
) ) u_j+l _ U-j 1 ) u_j+1 _ u_j+1 ) u_j+1 _ u_j+1
U-J+l .C u_J+1 i = k uj+l i+l i _k uj+l i i-1 ,
pl( i ) 1( i ) At AX 1( i % AX 1 i—l AX
i=12.,1-1 j=11..m-1,
u’ =uy(x), i=0,1...,1; (11)
Ul =Te(t,,), j=01..m-1
j+ uj+1_uj+l j+ j+ j+
k(u)y # =hy (ug ™) (U™ = updh);
rae j+1 j+1
u., +u .
Uiy = MTI, 1=0,1,...,1-1.

3arem, npumenss meton HetotoHa st cuctemsl (11) ¥ IpuBOIs K TpeXAHaroHaIbHON
CUCTeMe, JIUISl peIIeHNs 3a]Jady HCIIONb3yeTCs CKaSIpHBINA MeTox ToMaca.

WreparnmonHbie METOABI 7Sl TPEOyEeMbIX BEITMYHUH.

B o6mactu (0,§) x (0,¢, ) pemena muckpernas 3amada (11). Ilpeanonaraercs, uro

ko3 purmeHT kl(u) MIPEJICTaBIICH B BUJIC
— 2 3
k(u) =k, +ku+ku+ku
IIpennonaras, 4To pelIeHHE 33141 HEIPEPLIBHO 3aBUCUT OT K, (1) M UIMEET IIPOM3BOIHYIO0
1o k (u), Ml qudpepeHnupyeM cucTeMy MO HapaMeTpy
k (u),s=0,1,2,3
BBezem cnenyromiee 0003HaueHHEe
j+l
au;

=yJ*(s), i=04,..,1; j=01,..,m-1 s=0123
ok,

3aTCM

ap, (u™)

—0n U-j+l _j+1 s), 320,1,2,3
akls pl( i )yl ( )
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aCl (uij+l)
Jk,,

akl (ulJ +l)
Jk,,

= Cl,(uijﬂ)yij+1 (s), s=0123
= (uijJrl)s + kl,(uij+l)Yij+l(S)i $s=0123

j +1
M) bty yin(s), s=04,2.3
ok,

[ocne nuddepenmposanus cucrems (11) otHocurensho k,, s = 0,1,2,3 B 3aBucH-
MOCTH OT S BO3HHMKAIOT Pa3lIM4HbIC MPOOJEMbl. DTH 3aJadyd MOTYT OBITH 3alvCaHbl B
yHU(UIIPOBaHHOH (opme cieayromum oopazom:

[e (U ™)p, (uP™) +pr (Ul e (W DIy (S)uls + 6y (u!™)py (™) it () =

[ﬂ“@+WW$D

_mghlg&ﬂ(s)m"’% +k %:j i+1 Q&HE

i=42.,1-1 j=0,1,..m-1

vy =01=01..,1;y/"=0,j=01..,m-1

A O R AR O

K I:IJ+1 J+l(s)+@1+llj+k
1% g % % % Ei 2 %H

= (U™ - Ul + R )yi (), j=0L..m-1

ns

B 3anmaue 2 mapamertp s mpuauMaet 3Hadenns 0, 1, 2, 3.
3nayenus kodpduiuentos £ , s = 0,1,2,3 kosdduiMenTa TEmIonpoBOIHOCTH TPYHTA
k (u) OymyT HalICHBI U3 YCIIOBHMSA MUHUMYMa (yHKIIMOHATA

(@)= 3 (03706 -T At

[Ipsimoe muddepeHupoBaHne MOCIEAHEr0 PaBEHCTBA OTHOCUTENBHO &, , s = 0,1,2,3
Oac€T HaM IrpaaAuCHT IMMOCTPOCHHOT'O ®YHKHHOHaHa, 3alMCaHHbIN B BHUIC

Vi) =23 Wt (k) — Ty (s)At, s =0,1,2,3 (12)

OTO0 3HAYUT
J(k,(u)) = Z J (k)

3Has ABHOE BBIDAKCHME I IpajueHTa (yHKIHMOHaNa, mapameTpsl QyHkumi k (u)
OIPENIeIIAIOTCS CIAEAYIOIIM 00pa3oM
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kls (n + 1) = kls (n) + ul(s) I:‘]1](15 (n))v S= 0’1a 213

AHAJIOTUYHO HalIeHbI (POPMYIIBI AJISl OCTANBHBIX TEIO(GU3NIECKUX KOI(DDUITHESHTOB.

Kommenrapuii. Besne npennomaraercs, uto mapamerpsl p,(u), c (u), k(u) u h (u)
3aBHCAT OT # B BUje noimuHoMa. OMHAKO PacCMOTPEHHBIH METOJ| MPUMEHUM B JPYTroi
(hopme 3aBUCHMOCTH OT U.

DKcnepuMeHT. DKCIIepUMeHTalIbHast padoTa Oblia MpoBeieHa B MexXIyHapOJHOM YHH-
BepcuteTe nHpopMaronHbX TexHonoruit (IITU) B pamkax ncciaemnoBaTeIbeKOTO MPOEKTA.
B xome sxcrieprMenTa ObUTH TIOTYYeHbI JaHHBIE TI0 OJTHOMEPHOMY TETIOMAacCOOOMEHY IS
pa3IMuYHBIX ITOYB U TPpyHTOB. JlabopaTopus HaxoauTcs B AnMarel, Kasaxcran. CTEHKH KOH-
TEHHEPOB COCTOSAT U3 2 CM TETIOM3OJISIIIMOHHOTO MaTepuaa, a TOPLEBbIE CTOPOHBI COTPH-
KacaroTCsl ¢ OKPYKAroIIeH cpemoit (Bo3ayxom). B kakmoM oTceke KOHTeWHepa ITHHON 15
CM HaxXOMATCS Pa3IMYHbBIE TOYBEHHBIE MaTrepraibl. OIMH Topel HarpeBaeTcs tamnamu. Ha
BTOPYIO BHEIIIHIOK CTOPOHY BIIMSIET KIIMMAT OKPYKAFOIIEH CpeIbl.

3 matuuka (C2, C3,C4) paBHOMEpPHO paclpeneieHbl BHYTPH MaTepHuala, KaK Io-
Ka3zaHo Ha pucynke 1. OHM H3MepsIOT Temieparypy ¢ morpemrHocTsio 0,3 rpagyca
Llenbcus B COOTBETCTBUM C TEXHUYECKUM IMACIIOPTOM JaTunKa. B MOmMoTHEeHNE K 9THM
JlaTYuKaM, PSAJOM C Toplamu pacnosnoxeHnsl eme 2 natyuka (C1l, C5) ans usmepeHus
TeMIepaTypbl OKpyXkaromei cpeapl. OmuOKM B JTaHHBIX JaTYUKOB TaKUE KE, KaK U
JUISL IPEIBIAYIIMX TaTYUKOB. MI3MepeHHUst TaHHBIX O TeMIIepaType MPOU3BOJATCS C UH-
TepBajioM B 10 MUHYT.

s pacueToB paccMaTpuBaics IByXKaMEpHBIH KOHTEHHED ¢ IBYMS MarepralaMu: 11e-
CKOM W 4epHO3eMOM. [laHHBIC U3MEPSIINCh B TCUCHUE TPEX MECSIICB, U (pU3MuecKas JIMHa
BCero KoHTelHepa onpeeisiack ¢ uarepBaiamu x€(0,1), tne 1 = 30 cm. ['pannna ayx cpen
HAXOJUTCS Ha PACCTOSHUM X = 15 cM aHaJOTHYHO JaTYNKy U3MEPEHHUs TemmnepaTypsl. M3-
MepeHus B Toukax x = 0 u x = 30 cM, ornpesienuTe TeMIieparypy Ha KOHEUHBIX TpaHUIax.

PesyabTaTrhl. M3mMepeHHbIe JaHHBIE O TeMIeparype (puc. 2) ObLIU UCIOJIB30BaHbI
JUTSL pElICHHsI YMCJICHHON 3aJayd M0 HAaXOXJICHHIO BCEX TEIOpU3HUECKUX KodPdu-
[IUEHTOB (TEIMJIOMPOBOAHOCTD, yACIbHAS TEIIOEMKOCTh, YACIbHAs TUIOTHOCTh U KO3 (-
¢unmeHT Teruionepenadn). braromaps MeTomy HaWCKOpEHIIEero crycka, (pyHKIHOHa-
Tl JOCTUTAIOT CBOETO0 MUHMMYyMa 3a 6 W 7 utepanuil. MuHumMuzanus (yHKIIHOHAIA
MPOAOIKANACE IO TeX IMOP, MOKa OTHOCHUTENIbHASI TOTPEIIHOCTh MEXAY HEITUHEHHBIM
peIIeHNEM M DKCIIEPUMEHTATbLHBIMHA TaHHBIMA HE gocTturia ~ 4,3% mis depHo3zema u
~ 3,12% nns necka. I'paduku (puc. 3 u puc. 4) MOKa3bIBAIOT, YTO C TTOBBIIICHHEM TEM-
nepaTypbl 3HaYEHUS TEIUIOPU3HYECKUX MMapaMeTpOB yBeIUYHBAIOTCI. B 3TOM cirydae
MOXXHO OIEHHUTh IMOBEJACHUE KOIP(PUIMEHTOB TEIUIONMPOBOJIHOCTH M TEIIOEMKOCTH.
I'paduku 1MoKa3bIBAIOT BHICOKYIO 3aBUCHUMOCThH OT TEMIIEPATYPhl, YTO, B CBOIO OYEPE/lb,
MTOATBEPIKIACTCS TEOPETUUECKOM Oa30ii.

Ha puc. 5 u puc. 6 nokazanbl 3Ha4eHUS TEILIOPU3NIESCKUX KOAPPHUIIMEHTOB BIOJIb KOH-
teliHepa. Ha rpadukax 4eTko BUHBI CKAYKU-Pa3PBIBBI 3HAUYCHHUH TEIUIO(YU3NICCKUX KOI(D-
(UIMEHTOB Ha TPaHUIIC KOHTAKTAa JIByX CpeJl, 32 UCKII0YeHnEM Koddduimenta o0beMHON
TerutoemMkocTy. CrieoBarebHO, 00beMHAs TETNTIOEMKOCTh MTOKa3bIBAE€T HEIIPEPHIBHBIN Xa-
paxTep 3HAUYSHUIA.



154 Becmnux Hayuonanvhoti unsceneproi akademuu Pecnyonruxu Kazaxcman. 2022, Ne 3 (85)

Pucynox 2 — DxcniepuMeHTalbHbIE JaHHBIE.

Pucynok 3 — I'padpuk pyHKINN Pucynok 4 — I'pahuk 3aBHCUMOCTH KO3 (-
K03 HUIMEHTA TEIIONPOBOIHOCTH MECKA (unyeHTa TerIoNnpoOBOIHOCTH YEPHO3EMA
B 3aBUCHMOCTH OT TEMIIEPaTypbl OT TEeMIIepaTypbl Ha KOXKIA0H UTEPALUH.

Ha K101 UTepaiui.

Pucynox 5 — I'pagux 06beMHOM TEIMIOEM- Pucynox 6 — I'padux xosdpuuuenta
KOCTH JIByXCJIOTHOIO KOHTEHHEPA. TETUIONPOBOAHOCTH B/IOJb JIBYXCJIOHHOTO
KOHTEIHepa.
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3akiriouenne. B KOHTeKcTe IPOTHOZUPOBAHNUS U HAXOXKACHUS BCEX TEIUIOPHU3MUECKUX
K02(GUIHEHTOB (TEIUIONPOBOJHOCTH, TETNIOEMKOCTH, TNIOTHOCTH M TETUIONEPEIadn) MPea-
naraetcst 9PQEKTUBHBIA YHCICHHBIN METOM, B OTIIMYKE OT paHee NpeAoKEHHBIX METO0B
B nuTeparype. Takoi Toaxo/] Mo3BOJISIET OJHOBPEMEHHO HaXOAUTh BCE TEIIO(U3NIECKHE
KO2(GHUIMEHTHI B IBYX Cpe/laX C KOHTaKTHOW rpanunieid. OTMevaercs, 4To mpeiaraeMoe
pelIeHre HeNMHEHHOro ypaBHEHHS TEIUIONPOBOTHOCTH MMeeT KOI(D(OHUIMEHT TerIonpo-
BOJHOCTH B BUJE KyOMueckod (yHKIHH, a KOIYPUIHEHTH! TEIUIOEMKOCTH, THNIOTHOCTH U
TEIUIONEepeaadr — B BHJIE TMHEHHBIX (DYHKIHH.

B 3akitoueHue cieryetT OTMETUTD, YTO UCCIIE0OBaHuUs B 001acTu kK03 uimeHTHbIX 00-
paTHBIX 3a]a4 AJsl HeJIMHEHHBIX YpaBHEHUH clieyeT MPOABHUIaTh C MIOMOIIBIO MOAPOOHBIX
9KCHEPUMEHTANIBHBIX M3MEpPEHUi, BKIIOYasi, HalupuMep, BIaKHOCTb, 3aMep3aHue, Mopu-
CTOCTb U T.[I.

Baarogapnoctu. Pabora BbIMonHeHa MpH MOACPKKE TPAHTOBOTO (PHMHAHCHPOBAHMUS
NpOEeKTOB MuHHCTEpCTBOM o0Opa3oBanus W Hayku PecrmyOonmuku Kaszaxcran (rpant No
AP08855955).
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TEPMO®U3UKAJIBIK CUIIATTAMAJIAPAbBI TABYFA
CBbI3bIKTbI EMEC KEPI MOCEJIE

Byn oicympicma monvipagmuiy cul3vlKmvl eMec JHCbLLy OMKIZSIUMIK CUnammamaniapbii aHblKmay
a0ici azipneneen. Exi Kabammul KOHMeEUHePIIK KeuleHoep KYpbliovl, 01apobly Oyiip Gemmepi Hcbliy
oxwaynanean, conovikman 1D oicvlny emrizeiumix menoeyi Konoanvinaowl. Temnepamypa cencopul exi
opmanwly Myuicken Jcepine OPHAIACMbIPLILIAOLL JCIHE P AUMAKMA APANAC WeKapanvlk ecen ueuineol.
Kepi koappuyuenm ecebin 6acmankpl depexmepmen Kammamacwls eny yuin exi memnepamypa 0amuuei
natoananvliadsl: Oip 0amuyuK KOHMeUHEPOiH auiblK WEKAPACbIHA KOUbLIObL JHCIHE OCbl UeKapaoazvl
TMONbIPAK, MeMNepamypacvii mipkeoi, an eKiHwi 0amyux wekapaoan KplCKa KaublKmvlKma OpHAIACIbl-
poLIobL. , 01 aya memnepamypaceii mipkedi. Onuemoep yaxoim urnmepeanvinoa (0,4t ) sicypeisinoi.
Bipinwioen, col3blkmol emec ko3 @uyuenmmepi 6ap HcoliyomKizeiumikmiy Oacmankbl-uleKapaiblk eceoi
wekmi aublpmMawublivl, 20icimen 3epmmenedi. AUbIPMAUbLIbIK cXeManapobiy eKi mypi Kypacmuipuliaobl.
CHIZLIKMbIK, JiCoHEe Col3bIKmblK emec. Cbl3bIKmblK aublpblm cxemacwl ckaaapavik Tomac adicimen canovly
mypoe dcysece acvipbliadbl, all CbI3bIKMbL eMec aublpMablivlk maceneci Hoiomon adicivmen wiewineoi.
Hviomon 20iciniy bacmankpl sHCyblKmaybl peminoe Col3blKMblK AlblpbiM eceOinil weuimi KabbLi0anobl.
Tepmoghuzuxanvik napamempiepdi mady yulin epadueHmmix mycipy 20ici apKblibl CalKec (YHKYUOHAIObIK
Munumuzayusianaovl. ConvblMen Kamap, KyM Jcone Kapa monvipar KOCblI2aH eKi Kabammaul blobiC Yilin
bapnvlk mepmoghusukanviy cunammamanap (8 kosgguyuenm) madwvliobi.

Tyitin co3dep: diCcolnyoOmKizeiWmiK, CbI3bIKIMbIK eMec, aublpMaiblivlk ecebi, JHCUHAKMBIIbIK, Kepi
ecen, napamempee Kamuvlcmol Oughpepenyuanoay.

B. RYSBAIULY, S. D. ALPAR

International Information Technology University
Almaty, Kazakhstan
e-mail b.rysbaiuly@mail.ru, rapla.natlus@gmail.com

NONLINEAR INVERSE PROBLEM OF FINDING
THERMOPHYSICAL CHARACTERISTICS

In this paper, a method has been developed for determining the nonlinear heat-conducting charac-
teristics of the soil. Two-layer container complexes were created, the side faces of which are thermally
insulated, so the 1D thermal conductivity equation is used. The temperature sensor is placed at the junc-
tion of two media, and a mixed boundary value problem is solved in each region. In order to provide the
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inverse coefficient problem with initial data, two temperature sensors are used: one sensor was placed at
the open boundary of the container and recorded the soil temperature at this boundary, and the second
sensor was placed a short distance from the boundary, which recorded the air temperature. The measure-
ments were carried out in the time interval (0,4t ). First, the initial-boundary problem of heat conduction
with nonlinear coefficients is studied by the finite difference method. Two types of difference schemes are
constructed.: linearized and nonlinear. The linearized difference scheme is implemented numerically by
the scalar Thomas method, and the nonlinear difference problem is solved by the Newton method. The
solution of a linearized difference problem was taken as the initial approximation of Newton's method. To
find the thermophysical parameters, the corresponding functional is minimized using the gradient descent
method. In addition, all thermophysical characteristics (8 coefficients) were found for a two-layer con-
tainer with sand and chernozem.

Key words: thermal conductivity, nonlinearity, difference problem, convergence, inverse problem,
differentiation with respect to a parameter.
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GELFAND-LEVITAN INTEGRAL EQUATION FOR SOLVING COEFFICIENT
INVERSE PROBLEM

In this paper, numerical methods for solving multidimensional equations of hyperbolic type by the
Gelfand-Levitan method are proposed and implemented. The Gelfand-Levitan method is one of the most
widely used in the theory of inverse problems and consists in reducing a nonlinear inverse problem to a
one-parameter family of linear Fredholm integral equations of the first and second kind. In the class of
generalized functions, the initial-boundary value problem for a multidimensional hyperbolic equation
is reduced to the Goursat problem. Discretization and numerical implementation of the direct Goursat
problem are obtained to obtain additional information for solving a multidimensional inverse problem
of hyperbolic type. For the numerical solution, a sequence of Goursat problems is used for each given
v. A comparative analysis of numerical experiments of the two-dimensional Gelfand-Levitan equation is
performed. Numerical experiments are presented in the form of tables and figures for various continuous

functions q(x, ).
Key words: inverse problem, direct problem, hyperbolic type, Gelfand-Levitan equation, Goursat

problem, Numerical solution.

Introduction. The Gelfand-Levitan method is one of the most widely used in the theory
of inverse problems and consists in reducing a nonlinear inverse problem to a one-parameter
family of linear Fredholm integral equations of the first and second kind. Let us briefly
describe the achievements of scientific research in this area.

In work, Gelfand .M. and Levitan B.M. [1] proposed a method for reconstructing the
Sturm-Liouville operator from a spectrum function and provided sufficient conditions for a
given monotone function to be a spectral function of the operator. Krein M.G. [2] considered
the physical formulation of the string tension problem and theorems on the solution of the
inverse boundary value problem. Blagoveshchensky A.S. [3] provided the new evidence on
the theory of inverse problems for the string equation. The advantage of the new proof is
that it is simple and local (non-stationary).

A detailed review of numerical methods for solving equations of the Gelfand-Levitan
type is given in the work of Pariyskiy B.S. [4].

* E-mail xoppecionaupytomero apropa: temirbekov@rambler.ru
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In the monograph of Kabanikhin S.I. [5] proposed a new algorithm for solving the
Gelfand-Levitan equation, which involves the use of a sufficient condition for the solvabil-
ity of the inverse problem.

In the monograph of Romanov and Kabanikhin S.I. [6,7] a dynamic version of the
Gelfand-Levitan method is presented as applied to a one-dimensional inverse geoelectric
problem for the quasi-stationary approximation of Maxwell's equations.

Multidimensional Gelfand-Levitan equations were obtained in the works of Belishchev,
Kabanikhin S.I., Blagoveshchensky A.S. [8-10].

In the works of Bakanov G.B. [11-13] considered a discrete analog of the Gelfand-
Levitan method for a two-dimensional inverse problem of hyperbolic type.

In [14], gradient and direct methods for solving the Gelfand-Levitan equations were
numerically implemented.

One-dimensional and multidimensional methods for solving inverse problems for the
wave equation by the Gelfand-Levitan method lead to the numerical solution of Fredholm
integral equations of the first and second kind. In the work of Lavrentiev M.M. [16]
considered integral equations of the first kind.

In recent years, there has been a growing interest in approximate methods for solving
integral equations. There are several numerical methods for solving integral equations of the
first kind. Most of the works are based on projection methods, such as the Galerkin—Petrov
method, the Bubnov—Galerkin method, the method of moments, and the collocation method
[17]. One of the most attractive developments in recent years has been the use of wavelets as
basis functions in projection methods. The wavelet technique allows to create very efficient
algorithms compared to known regularizing algorithms. Various wavelet bases are used in
the papers [17-22].

Statement and solution of the two-dimensional coefficient inverse problem. We
consider a sequence of direct problems [2]

uf? =ul +ul) +q(x,y)u®, x>0, y [=T,n], t [RIk [Z] 1)
u®|_ =0, 2

u |- = h(y)3(x), (€)

TCIREITCIN. (4)

We assume that the trace of the solution of the direct problem (1) - (4) exists and can be
measured. In the inverse problem, it is required to restore a continuous function g(x, y) from
additional information about the solution of the direct problem

u®,y,t)= f®(y,t),ye(-m,x), t>0, keZ (5)

where R is the set of real numbers, Z is the set of all integers, 6 is the Dirac delta function,
k is some fixed integer, N(Y) =€" . Here and everywhere below, we assume that all the
considered functions are sufficiently smooth and 27 — periodic in the variable y.

The necessary condition for the existence of a solution (1)-(5) is as follows:

f©(y,0)=0.
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The generalized solution of the direct problem (1)-(4) is a piecewise continuous solution
of the integral equation

()(x y,t)= (y) x| % ([ E y,T)d&dT . (6)

Here 0(t) — the Heaviside theta function.
By analogy with the one-dimensional case, it follows from the integral equation (6)
that
u(x,y,t)=0, t<|x|, (xt) RAR, (7)

For t >|X| we have the formula

u(k)(xyy’t):m % I é:y (é:,y,Z')dggdZ', (8)

here (x,y,t) = {(E y, 1) stst-|x- E|} .

From formula (8) it follows that

(k)(x, y’|x|) :@ . (9)

Thus, to solve the direct problem in the class of generalized functions, we have the
Goursat problem (1), (9) which determines the classical solution of problem (1) - (4) [2].

Figure 1 — Scheme for solving the direct problem (1), (9)

A sequence of auxiliary direct problems is introduced [2]:
o =0 +of) +q(x,y)o™, x>0, ye[-n,n], teR, meZ. (10)

(m)
o™ (0, y,t) = e™3(t), a‘”

—(0y.)=0, (11)
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o™ | _=o™|_, . (12)

where

~ ) §
"0y x-0) =" fa(cy)ag x>0 13

Figure 2 — Area for solving the inverse problem (1) - (5)

Functions U (X, y,t) and f® (Y,t) with respect to the variable ¢. For X > |t| we have

@(k)(y t+x)+ £y, t—x)gj’zjf“"(t $)O™(x,y,8)ds=0.  (14)

Zxm=

For each fixed X>0 relation (14) is an integral equation of the first kind with respect to

the function ®(X, Y,t) , t e (—x, x) . Equation (14) is the Gelfand-Levitan equation.
Discretization of the two-dimensional Gelfand-Levitan equation. In the
Gelfand-Levitan equations (14), we replace the integral by the sum and for t=t;

j=-N,-N+1,..,0,..,N -1 N we obtain a system consisting of (2N + 1) equations with
M x (2N +1) unknowns ®™(X,¥,5;) ,m=12,..M ;i=-N,-N+1..,N-1N ;

i i fa (t; =)™ (x,y,5,)T= —%[f(k)(y,t,- +x)+ O =01 15)

m=li=—N
Equation (15) in matrix form can be written in the following form
Zme=f (16)

where Fn {f(k)(t _5)}

-wN, ,m=1,2, ..., M are square matrices of size 2N + 1.

N.

Search vectors and rlght part
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»™ :{Co(m)(x, y,si)}i:_W om=1,2,.., M. (17)

FO = {=0.5(f“(y,t; + )+ f(y,t; = X))}y - )

Further, we assume that m = 1, then formula (4) takes the form
N

Y, F9(t —s)a(x,y,s) 7= —%[f(k)(y,tj +X)+ FO>y =1, (19

j=—
Let us rewrite equation (19) in operator form
ARG =0 20)
For the numerical solution of the Gelfand-Levitan equation (19), the simple iteration
method (in the theory of ill-posed problems, the Landweber iteration method) is used

in combination with M.M. Lavrentiev regularization. Equation (20) is replaced by the
following correct equation

(kE +A®) o= 10 @)

where fy(k) =%+ u@, , E is an identity matrix, p is a positive parameter of M.M.
Lavrentiev’s regularization, @, is a trial solution, i.e. some approximation to the desired
solution.

Iterative process with regularization M.M. Lavrentiev will take the form

R ) -
n+l n o4 (IUE + A(k))a)n = f}/(k)
r .

The iteration calculation algorithm is as follows [2]: )
1. The initial approximation is set equal to the right side fy( >

b

2. The accuracy of the calculation ¢ is set, for the condition of the end of the iterative

process |&~)n+1 -—o,|<¢&;
3. The calculation is carried out according to the following iterative process

NN -
n+l n +(,L1E+A(k))a)n = f}/(k)‘
T

The works of many authors [3-10] are devoted to the numerical method for solving
coefficient inverse problems for hyperbolic equations.

Based on the Landweber iteration method for solving a two-dimensional coefficient
inverse problem of source recovery g¢(x, y), an efficient algorithm for numerical
implementation was developed and a program code was written. During a series of numerical
experiments, various functions ¢(x, y) were taken, which will be given below. The initial
approximation was chosen to be equal to the right side of the system of linear equations.
Numerical calculations have been made to find the desired function @ (X, Y,t) ,xe(0,x.) ,
y€(0,%.) and to restore the coefficient g(x, y) from it.
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During a series of numerical experiments, various functions ¢(x, y) were taken.
Figures 3, 4 show the results of numerical calculations by the Landweber iteration
method for e = 0,001 of the function

e
X, ¥) = ’
R (x-0.51)" +(y - 0.51)"
(X, y,x—0)=;(arctg X201 retg =22t ]
4(y—-0.51) y—051 y—051

which is found by formula (33). During the calculation in this example, the number of layers
n was taken equal to 10, the regularization parameter L =0,5 , X, =1 | £=0,000001 and

the following output data were obtained: error ”5) -@ l1p” =0,00031857757 | number of

iterations 245, amount of computer time 6.78 sec.

Figure 3 — Graph of the approximate solution of ¢(x, ) restored by the Landweber method,
atn=10,e=0,001

Figure 4 — Graph of the approximate solution of @(X, Y, X —=0) restored by the
Landweber iteration method, at n = 10, e = 0,001

The results of numerical calculations by the method of conjugate gradients for
e = 0,001 the functions ¢(x, y), @(X, y,x —0), which are given above. The number of layers
n = 10, the regularization parameter p = 0,5, x, = 1, € = 0,000001 and the following data
were obtained: error ”5) - 5)“(“ =0,000004144269 | the number of iterations 3, the amount

of computer time 29.25 sec.
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Numerical calculations are carried out using the square root method for e = 0,001 the
function q(X,y). ®(X,y,x—0), which are given above. The number of layers n = 10, the
regularization parameter 1= 0,5, x, = 1, € =0,000001 and the following data were obtained:
=0,000000014901161, the amount of computer time 4.05 sec.

error H&) - @,

Table 1 — Comparative analysis of the numerical solution of the two-dimensional GLE
equation by various methods with the number of grid nodes n = 10, u = 0,5,
€= 0,000001 for the function ¢(x, y) where e = 0,001

Number of Error rate Amount of
Methods . . ) Convergence
1terations "(I)T _ 6)np computer time

Landweber iteration 245 000031857757 6,78 sec. converges
method

Method of conjugate 3 0,000004144269 29,25 sec. converges
gradients

Quadratic root method - 0,0000000149011 4,05 sec. converges

The table shows that the results of the numerical solution of problem (17) - (21) by
various numerical methods show high accuracy.
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TEJb®AH/I-TEBUTAH UHTEIPAJIIBIK TEHJEYIH KOJIJAHBIII
KEPI KOD®UIUEHTTIK ECENTI IIEITY

Byn oicymvicma envpano-Jlesuman aodicimen eunepbonanvik munmi ken enuemoi menoeynepoi
wewyoiy canoblK 20icmepi YCblHbla2aH dHcaHe dcacanear. I envghano-Jlesuman a0ici kepi ecenmep meo-
PUSACBIHOA KeHIHEH KOLOAHBLIAMBIH 20IC O0IbIN MAOBLIAObL HCIHE CbI3LIKMbL emec Kepi ecenmi Oipinuii
JHCoHe eKiHwl meKkmi Cul3biKmulK Ppedeonvm unmezpaniovly meqoeynepiniy o6ip napamempii mooviHa
Kenmipyoen mypaovl. XKaanvlianean QyHKyusIap KiacblHOa KONemuemol 2unepoonaivly meyoey yulin
bacmankuvl-uiekmik ecen Iypca ecebine xenmipinedi. I'unepbonanviy munmi ken enuemoi Kepi ecennmi
wewty yuin Kocolmuia aknapam axy yuiin mypa I ypca ecebiniy Ouckpemu3ayuscol JHcaHe CaHoblK uewimi
anvinzan. Canowik wewim yuin ap bepineen y I'vpca ecenmepiniy mizoeei naiioananviiaovl. Exi enuemoi
Tenvpano-Jlesuman menoeyiniy candvly macipubenepine canpblcmulpmaivl manoay sxscacanovl. CaHobik
maorcipubenep apmypui y30ixcis q(x, y) QyHKyusnap yuin kecmenep mMer cypemmep mypiHoe YColHbLIAH .

Tyitin ce30ep: repi ecen, mypa ecen, eunepbonanvix mun, Iervgano-Jlesuman menoeyi, Iypcam
ecebl, CaHObIK Weim.
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UHTETPAJIBHOE YPABHEHUE I'EJIb®AHJIA-JTEBUTAHA J1JIs1
PEIIEHUSI KOD®P®UIIMEHTHOMN OBPATHOM 3AJIAYN

B pabome npeonoscenvl u pearuzo6ansl YUCIEHHbIE MEmMOoObl PeUleHUs MHO2OMEPHbIX YDAGHEHUL
eunepoonuueckoeo muna memooom Ienvghanoa-Jlesumana. Memoo [envghanoa-Jlesumana asisemcs
OOHUM U3 HaubONee WUPOKO UCNOLb3YEMbIX 8 MEeOPUU 0OPAMHBIX 3a0ad U 3aKIIOUACMCs 8 C6COCHUU He-
JIUHENHOU 00paAmMHOLL 3a0a4 K 0OHONAPAMEMPUYECKOMY CeMeUCm8y TUHEUHbIX UHMeSPAIbHbIX YPAGHEeH UL
Dpedzonbma nepeoeo u 6mopoco pood. B knacce 0606uennbix QyHKYUL HA4aIbHO-Kpaesas 3a0ada 0is
MHO20MEPHO20 2Unepoou1ecko2o ypagreHus ceooumcs K 3adaue 1ypca. Ilonyuenst ouckpemusayus u
YucieHHas peanusayus npamou 3a0avu 1ypca 0ns noryueHus OOnOIHUMeNbHO UHpopmayuu 0s peule-
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HUsL MHO20MEPHOU 0OpAmHOU 3a0auu 2unepooiIuyecko2o mund. Jis YUCIeHHO20 PeuleHus UCnob3yen-
¢ nocnedosamenvHocmy 3adad Iypca onsi kaxcooeo 3a0anHozo y. Ilposeder cpasHumenvbHvill aHaniu3
YUCTICHHBIX IKCNEePUMEHMO8 08yMepHo2o ypasHenus I envpanoa-Jlesumana. Yucnennvie sxcnepumenmol
npedcmasiiensl 8 gude madauy U PUCYHKO8 OJisk PA3TUUHBIX HENPEPbIHbIX QYHKYULL q(X, ).

Kntouesvie cnosa: obpamuas 3adaua, npsamas 3a0aua, 2unepoonruyeckuil mun, ypagrenue I envgpanoa-
Jlesumana, 3a0aua I'ypca, uucienHoe peutetue.



YIK 519.6
https://doi.org/10.47533/2020.1606-146X.188

A. H. TEMHPBEKOB'*, C. E. KACEHOB'

'Kazaxckuil HayuonanbHulil yrugepcumem umenu aib-Papabu,
Anmamut, Kazaxcman
e-mail: almas_tem@mail.ru, syrym.kasenov@mail.ru

YUCJIEHHAS PEAJIN3ALIUSA METOJIA ®UKTUBHBIX OBJIACTEN
JJIs1 YPABHEHU S QJIVIMITTUYECKOI'O TUITA

B pabome paccmampusaemcs ypagrenue d1IUNMuYecko2o muna ¢ CUIbHO MEHAIOWUMUC KOIPDu-
yuenmamu. [annas 3a0aua uzyyaemcs 8 pamkax UcCie008aHull, 6bINOIHAEMbIX NO NPOEKMY, UHAHCU-
pyemomy MOH PK, epanm AP09058430. Hrumepec Kk ucciedo8anuro makux ypasHeHuil 6b136aH mem, Ymo
VPaBHeHUs. OAHHO20 8UOA NOTYYAIOMCS NPU UCNOTb30OBAHUL Memooa (YUKMUEHLIX obaacmel. YpasHeHus
OAHHO20 MUNA BO3HUKAIOM NPU PeULeHUL MHOSUX NPUKIAOHBIX 3a0al, KI0UAs 3a0ad 2UOPOOUHAMUKU,
meopuu MHO20¢hazHol urempayuy u mMHo2ux opyeux. B 0annoil pabome npeonazaemcs cneyuanbmbwiil
Memoo OJiA YUCTEHHO20 PeUeHUs DITUNMUYECKO20 YPAGHEHUS C CUNLHO MEHAIOWUMUCS KOIDDuyuenma-
mu. [{lokasana meopema 0is OYeHKU CKOpOCMU CX00UMOCMU pa3padomanio20 umepayuoHHO20 npoyeccd.
Paspaboman sviuucaumensHuiil anzopumm u npo8edeHsl YUCIeHHbLe paciensl 015 UATIoCmpayuu dQ@ex-
MUBHOCMU NPeONAcAeMo20 Memood.

Kniouesvie cnosa: memoo gpuxmusnvix odaacmeil, saaunmudeckoe ypasHetue, 3aoada Jupuxie, ypas-
HeHue ¢ ObICMPOMEHAIOWUMUCS KOIDPUYUeHmamu, 8bI4UCTUMENbHBI AN20PUMM, UMEPAYUOHHbI NPO-
yecc, epanuiHble YCI08UL.

BBenenue. /[ 9ucieHHOTO pemieHUs YpaBHEHUN AIUTMIITHYECKOTO THTA B O0JACTIX
cnoxHOU (HopMBI 23PHEKTUBHO MUCTIOIL30BaTh METOA (PUKTUBHBEIX obOmacteir. B padote [1]
TpejyIaraeTcst SJKOHOMUYHAst (TI0 YHCTy JEWCTBUI) pa3HOCTHAS CXeMa BTOPOTO IOPSIKa
TOYHOCTH TIOTIEPEMEHHO-TPEYTONbHAS CXeMa JIJIsl YHCIICHHOTO PEIICHUS DITUITHYECKOTO
ypaBHeHUsA. B pabote [2] mocTpoeH MOAMQHUITMPOBAHHEIN MOMEPEMEHHO-TPEYTOMBHBIN
HATEPAITHOHHBIN METOJT ¢ YeOBIIIIEBCKUMH TTapaMeTPpaMy PEIIeHUs pa3HOCTHOH 3amaun Jlu-
pUXJie I SJUTUITHYECKOTO YpaBHEHHUSI BTOPOTO MOpsKa TOYHOCTH. B MoHOTpadun B.U.
Jlebenena [3] paccMOTpeHBI MPUMEHEHUS METOIa KOMITIO3UITUH TSI HAXOXKICHHSI PEITCHUH
3a/1ad Ha COOCTBEHHBIE 3HAYCHMSI, HECTAIIMOHAPHBIX 3aa4, 3a1a4u Jupuxie s Ourapmo-
HAYECKOTO YPaBHEHUS M CETOUHBIX 3amad. B pabore [4] paccMmaTpuBaeTCsl CTallMOHApHAS
pa3HOCTHas 3aa4a Uil ypaBHeHus [lyaccoHa ¢ KyCOYHO-TIOCTOSHHBIMA KOd(hdUItneHTaMu
B noo6mactax. YpaBHenue llyaccoHna Ha rpaHuIe paszena cpej ammpoKCUMHUPYETCs CIie-
HATEHEIM 00pa3oM, T.e. KO3 (OUIIMEHTH Pa3HOCTHOTO YpaBHEHHS BRIOMPAIOTCS KaK 9acT-
HOE B 3HaMEHaTele, KOToporo cymma kodddunuerToB B mogodmactax. [locTtpoeH nByxcTy-
TIeHYaTHIH UTEPAMOHHBIN IMPOTIECC OCHOBAHHBIN Ha METOIE pa3AciieHUs 00IacTH.

Meton QUKTHBHBIX 00JIACTEH MPUMEHSIETCS /IS PeIIeHUs] MHOTHX 33134 BEIYUCIIUTEIb-
HOH TuapoauHaMuKH [5-16].

JIJ1sT 9UCIIEHHOTO pelieHusT BcroMorareabHoi 3amaun MPO mns ypaBHeHuit HaBbe-
CToKca MCTOIB3yeTCsl METOI pacleIUICHHsI 110 (pu3ndeckuM mporeccoM [17-18]. Bropoit
9Tarn ajJropuT™Ma YHCICHHON peann3annuy JaHHOTO METO/Ia IIPUBOINT K PEIICHHUIO AITHIITH-

* E-mail xoppecmonaupyromero apropa: almas_tem@mail.ru
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YECKOTO ypaBHEHHUSI JJIsl HAXOXKACHHUS JIABICHUS C CHIBHO MEHSIOIUMHUCS KO3 PUIICH-
TaMH.

Jannas pabota siBiseTcsl npojobKeHneM padoTsl [19-20], B KOTOPBIX OMHMCHIBACTCS
JAHHBIA MeTofl, 0€3 BBIYMCIUTEIBHBIX SKCIEPUMEHTOB. HTEepeC K UCCIeJOBAaHUIO TaKUX
ypaBHEHUH BBI3BAH TE€M, UYTO YpaBHEHHs JaHHOTO BHJA MOJYYaIOTCS MPH WCHOIb30BAHUN
MeTona PUKTUBHBIX 00acTeH.

B nacTtoseit pabote mpenaraercs CueualbHbINA METO ISl YUCJIICHHOTO PEIICHUS DI~
JUNTHYECKOTO YPaBHEHHS C CHIIBHO MEHsIoIMMUCS kodddunuentamu. B ocHoBe mpesyia-
raemMoro MeTo/ia 3aJI0)KeHa CIel[ialibHas 3aMeHa IIepEMEHHBIX, KOTOpast IPUBOIUT 33/1a4y C
PasphIBHBIMU KOA(PHUIMEHTaMU BTOPOTO Pojia K 3aj1aue ¢ pa3pbIBHBIME K03 dUImeHTaMu
nepBoro poaa. [locTpoeH uTepaoHHBIN Mpolece ¢ AByMs MapaMeTpaMH U YUUTHIBAIOIIU I
oTHolIeHHe K03()(HUIIMEHTOB ypaBHEHHsI B mogobnacTsx. Jlokazana Teopema Jjisl OLICHKU
CKOPOCTH CXOAMMOCTH Pa3pabOTaHHOTO UTEPAIIMOHHOTO Mpoiecca. Pazpaboran BeIYHCIH-
TEJIHBIN alTOPUTM M TIPOBEICHBI YHCIICHHBIE PACcUYeThI ISl WILTIOCTpannu 3)HEeKTHBHOCTH
MpeyIaraeMoro MeToia.

IMocranoBka 3agaun. [Iycts Q-orpannyeHHas oonacth U3 R? ¢ KyCO4HO-TIa KO rpa-
nunen 0Q. Jlna onpenenennoctn nonokum Q=0Q,0Q,,Q NQ, =T, Q, -ctporo BHYy-
TpeHHsIs oj1o0nacte. B Q paccMOTpUM IIUNTHYECKOE ypaBHEHHE

—div(kVu) = f (%), X e Q (1)

C 'PaHUYHBIM YCJIIOBUEM

u(x)=0,xe€oQ , (2)

. = const, X [Q]
(X) - % = const, (X), X EQ;I

e

®Oyuknus f(X) mpenmonaraercs npuHamiekariei ruib0epTOBOMY IIPOCTPAHCTBY Be-
1ecTBEHHbIX (QyHKImii L (Q2) u B mompobnactax onpeensercs cieayomum oopazom

0P (x), x Q)
=5l o

Crnenaem B (1) 3aMeHy nepeMeHHBIX U = 2v/K, , HECTIOXKHbIE MPEOOPa3OBaHUsI U IO-
JIyYUM

f(%)

AV + div(wVVv) = — f (X) 3)
2K(x) 2k

—1. O6o03HaunM O = —2 —1.
1 1

e =

B 5 5= L1 ov © ov 3
BEACM OOO3HAYCHHC - S, ‘WS M YPAaBHCHHUC 3alIuIIeM B BUAC CUCTEMbI
%) ox,  0x, E

ypaBHEHUH
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Av+Vp=-1(X),
ov
[fo——=0,
plo- )
ov
fo——=0.
™

3. BeruncanTeJbHBIH aIrOpuT™M
JUJ1 YMCIIEHHOT 0 pelleH s CUCTEMBI YpaBHEHNUH (4) ¢ TpaHUYHBIMU YCIIOBUSIMHU V| =0
PaccMOTPHUM UTEPALMOHHBIH METOJ

Bv/™ + A V™ + [ Al = - f(X), ®)

=n+l

B(p-n+l _ rjn) + p(o _ thn+l — 0

1€ B omeparop UTEpaliOHHOTO METO/Ia, [3 — UTEPAIlMOHHBII apaMeTp, HHACKC /1 03HaYaeT
Pa3HOCTHBII aHaJOT AU QepeHIIHANTEHOTO OIepaTopa.
Omnepatop B B uTepaiitoHHOM MeTo/ie (5) BEIOEpEeM CIEeIyIOIUM 00pa3omM

B=(1-7)4, —tdiv,(pV,) , (6)

e P=(B +1/ @)™

0ol ol
0 0
[Ipeanonoxum, uro V eW,(Q) up =Vdq, e q eW:z. Bro YCIJIOBHUE, B YACTHOCTHU
0 0y —
soimonueno, ecu (V-, P°) =0.
ol

B nanpHeiimem Oymem cuantars, 9to B >0 wa W2 . [Iiist 9TOTO 10CTATOUHO BEITIOITHEHHE

HEpaBEHCTBA

T
1-t——>0. (7
. B
0
B atom ciyuae B Ha W2 ynoBieTBOpsieT onepaTOpHOMY HEpPaBEHCTBY

XA SBS—),A (8)

TIOCTOSHHBIE ¥, U ), MOXHO BEIOpaTh He 3aBucamumu oT 0 21. IloxcTapnss oneparop B
orpeeneHHoi B Buae (6) B (5), momyuum

ANV =F(x), )
p" =Ppp" +p L7, (10)

F(X)=(1-1)AV" —div, (BpV,v") - tdiv, (Bpp") (11)

e
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[IpuBegem anropuT™ unciaeHHoU peanuzanuu Metoaa (9), (10). Oqun mar uTepamnnoH-

+1 =
Horo meroza (9), (10) coctout B HaxokaeHuH 3HadeHus V' 1o uzBecTHhIM V', P" . g
aTOoro Tpedyercs pemnth 3ana4dy Jupuxie s ypasaenus [lyaccona (9) B Q. Ilocie storo

=+l = n+l
3nadenue P" o u3BecTHBIM P" V' mepecumThiBaercs 1o Gopmyie (10).
4. UccaenoBanme cXoAMMOCTH. J{oka)keM HEKOTOpbIE BCIIOMOTAaTeIbHbIE OIIEHKH, KO-
TOpbIe TOTPeOYIOTCA NPU UCCIIENOBAHUM MTepalnoHHoro merona. Ilycrs H(Q,) — 3ambI-

xatue B Wy (Qz) MHOKECTBO [IajIKHX (ynkuuit, oproronansubix enunuie Ha I, a H(Q)

— 3aMbIKaHUE B W 2 (Ql) MHOKECTBA TIIAJAKUX (PYHKIMH, 00paliatonuxcs B HyJIb Ha . Hopmy
B H(Q) BBEIEM crietyromum 0bpasom

12
2
Mgy =¥Vl =| J19¥] dx
Ql
Iycts ¢ onpenenena va I u (9,1). J.(pdS 0.
O6o03HaUNM
”(p”—l/zoi - nflij(%i)((p’n)l“/nvn”(?i (12)

1
Jdemma 1. Iycts V, €W, (Q,) — 0606menHoe pemenne 3amaun

AVZZO,)*(GQ2 (13)
v, _
on Ir=0
a v, — 0000IIEHHOE PENIEHNE 3a/1a9H
Av,=0,xeQ (14)
%h =0, V[ =0.
Toraa , ,
[V fle. < Cq [V, (15)

rie C, He 3aBUCHT OT @
Joka3zareiabcTBo. BBeieM HopMy

ol yor = sup (0.w), /vl (16)
yew; *(I)

O6o6mennoe pemenue 3anaun (13), sto Gpynkuus uz H(Q,) kotopas ynoBIeTBOpseT
COOTHOILICHUIO

(Vv,, Vn)= (9, )y, Vne H(Q,) (17)
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B cuiy Teopemsl BioxkeHus npasasi yacTh (17) mpeacrasisieT co00 IMHEHHBIN orpa-
HudeHHbId Gynxiuonan na H(Q). Ilo teopeme Pucca cymectsyer dynkuus Vo € H(Q,)
Takas, 4To

(@) = (Vvy, V),

(@, m);

Vy,||= su 18

V] neH(gz) IV, (1%)
Torna u3 (17) u (18) nmeem

Vo =V U ||VV2||Q2 = ||(p”_1/2Q2‘

AHaJIOTHYHBIM 00pa30M J10Ka3bIBAIOTCS, YTO

”VVl”Q1 = |(p||—1/2Q1'
Hopwmsr (12) mpu i = 1, 2 3KkBUBaJIeHTHBI MEeXAY cO00H. [lelicTBUTENbHO, U3 TEOpEM

BJIO’KCHUS UMECM LICIOYKY HECPABCHCTB

|((P1 W)r| < "(p”—l/Zl" "W”AIZF
[V, [Vl

<clely. -

C nmpyroii cTOpOHBI, Besikast GyHKIAS EW11/2(F) (B cmygae i = 2 dyHKIUSA Y yHO-
sretopset ycaosuio (V1) =0 ) moxer 651Th mpogomKeHa Ha O, Takum 00pasom, 4TOObI

nponoskennas Gpyukims ¥ npunamiexana H(Q) u

[Vl <clwly.r

Taxum o6pazom,

(0, )| Scl(w, W)
vl e IV,

Otcrofa ciemyer, YTO0 HOPMbI ||(P||71 120 OKBHUBAIEHTHBI MEXITy cO00M. B cuiy paseHcTs

”VVi ”Qi = ||(P||_1,2Qi nonay4daeM oneHky (15).

JlemMma nokaszana.
Onenum ckopocth cxoaumoctu Metofa (9), (10). O6o3nauum

{y. k=" ry={v-v’, p-p'}
{9, F}:{yml' rn+l}

Torna ypaBHeHus (5) nepenuiryTcs B BUJe
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01

(Byt,v)+(Vhy,V v)+(V, r, v)=0,VveW,, (19)

B +r/0-V,y=0, (20)

ol ~
0 0
{y, r'YeW:xL,, sgecs Y =(y-y)/t
HazoBeMm ¢yHKIHIO ¥ U3 L, XyCOYHO-TPaJINCHTHOM, €CITM OHA TIPEICTABUMA B BUJIC

\p:Vgi BQI_; rae 9 EWzl(Qi) (21
O |s0000, =0, i=1,2,.,N
1 Ha30BeM (DYHKIIHIO Y TPATUCHTHON, €CITH OHA UMEET BUJT

1
y=Vg BQrueg eV(\)lz(Q) .
01
Tax kak P°=VQ,geW, U ® — KyCOYHO MOCTOSIHHAs, TO /° SIBISIETCS KyCOYHO-
TpaieHTHOM.
VYmuo)uM 00¢ yacth ypasuenus (20) ckanspHo B L, Ha 2Tr u MOJIOKHUM V = 2Ty B CO-
otnomenu (19). CxiaapiBas moay4eHHBIE paBeHCTBa I/IMeeM

. -yl + < + 22V, 5|+ Bel| -~ pelieff + et + = H ['=0.

Uccnenyem Bun . Tak kax
N B 1 ~
T= r+ \Y%
p+lo  prio

U 7 SIBIISIETCSI KyCOUHO-TPaIUCHTHBIN QyHKIMEH, To U T OygeT KycouHO-TpaJueHTHOH. Ta-
KHUM 00pa3oM, Bce 7" SIBISIOTCS KyCOUHO-TPaJCHTHBIMH.

ITycts G — mpOCTPaHCTBO KYCOYHO-TPAAUEHTHBIX, (G, — MPOCTPAHCTBO I'PAJAUEHTHBIX
Gynxuuii. Ouesunno, urto G, < G. Ilokaxem, 4TO UMEET MECTO CTporoe Bloxkenue G, < G
¥ HalijleM opToroHanbHoCTh B L, nononnenus G, x G. Ecium y oproronansHo B L, ko Bcem
snementaM G, To 11 moboro snementa Vge G, nmeem (y, Vg), = 0.

Ecnu dynkuus Vg 10CcTaTouHO MIagKas ¥ MIMEET HOCUTENb B O, TO

(v, V0)o = (W, V0)q = —(divy, 9)q =—(Ag;, 9)q =
Tax Kak g — IPOU3BOJIbHASL, TO TIOCIIEAHEE COOTHOILICHHE 03HAYAET, YTO

Ag, =0 B O, (23)

SIcHo, 4TO cooTHONIeHHe BhImomHeHo B kKaxaoil Q, 1 =1, 2. Takum o6pazom, snemMeHT
yeG, OpTOroHanbHbIl BCeM dnementam G, npeacrasum B Buae (21), rae g, — rapMonu-
yeckass B O, Qynkuus. Halizem ycnoBus, KOTOPBIM JOJDKHA YJIOBJIETBOPATH (QYHKIHUS Y,
oproronanbhas G, mal .



174 Becmnux Hayuonanvhoti unsceneproi akademuu Pecnyonruxu Kazaxcman. 2022, Ne 3 (85)

ITycts Vq €G, , Torma
0=(y, Va), =(Va, Vq)Q1 +(Va,, VQ)Q2 =

o0, oq, (aql BqZ]
=|g—ds+|g—ds=|g| ———=[ds
Jr. on, -r[ an, 1 on,  an,

(3mech n, — BEKTOPBI BHEMIHEH HOpManu Ha 0Q,); TO €CTh 3HAYE€HUs HOPMAJIBLHBIX COCTAB-
msrommx W, = VO n W, =V0, ma ' cosmagator. TakuM 06pa3oM, HOpMaTbHAsI COCTAB-
JSIOIAsT BEKTOP-(QYHKIMK \y HENpPEphIBHA (B MHTETPAJILHOM CMBICIIE) IIPH MEPEXOe uepes
I' . Orcrona cnenyer, uro oproronanbueie B L, nononnenne G, npocrpanctsa G, k G co-
CTOMT M3 BCEX BEKTOP-(yHKIMH Buaa (21), HOpManbHas cOCTABISIONIAs KOTOPBIX HEIpe-
PBIBHA IIPH TIEPEXOJIE YEPE3 CMEKHBIE TPAHMIIBL, @ 00pasyromue ux GyHKIUU g, ABJIAKOTCA
rapMOHMYECKUMU B 0.

HpOI[OJ'I)KI/IM HCCTIEN0BaHHE CXONMMOCTH HTepauHOHﬂoro metoxaa (9), (10). Kak Obu1o

YCTaHOBIIEHO, reG. I[IpencraBum r B BHJIE r=q+h , TIE 4eG,, aheG, . Coornome-
Hue (19) B 3ToM citydyae nmpuMer BUA

(Byt,v)+(V§/,Vv)+(a,Vv)+(ﬁ,Vv):O, (24)

0
s Vv e W,

[Tocnennee cxansaproe npoussenenue B (24) paBHo Hymo, T.K. Vv e G, . Paznenus 06e
gacTH (24) Ha ||VVH U OLICHUB WIEH COACP KAl q , IOTY4YUM

@) By |79 V)] _

W ] W <t %l [V

ol
Taxk xax HpaBaH 4acCTb 3TOFO HEPABCHCTBA HE 3aBUCUT OT veW 2 ,4d q € Gl , T.C. IIpeacra-

BUMa B BUJIC q Vg(g GWZ) TO Oepst TI0 B JICBOI YaCTH HEPABEHCTBA, [TOTYYHM OLICHKY

| <Vl +[ vy

e[V Y] =

|-

Bossenem 06e wacTu 3TOro HEpaBEHCTBA B KBAAPaT U OLEHUM IIPABYIO 4aCTh

A2

<20, |yl + [V ¥

2
VMHOXKHUM mocnenee HepaeHcTo Ha BT°A (A > 0 -npousBonbHOE) 1 CoKUM ¢ (22) .
B pesynbrare numeem
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[, + e a-2rlu + 2sa-pefe, i +
s 2o 8 e <o e @

Ouenum ckansipaoe npoussenenue (I, /o ). Tlpu mo6om 8, 0<d<1 cmnpasemtnBo
HEPaBEHCTBO

e
(O] ® ® (O]
- (4 D\oer (26)
> (1‘5)(6’ ] (1—5)[— QJ (- 5>[H“HQ1 e”“” ]*(1‘5)”“”
Tax xak h € G , TO COINIACHO JIeMMe | MMeeT MeCTO OIlCHKa
HG“QZ <c,[h Z
Taxum obpazom, R R R “
I =[FL, + Al <a+eafl,
mo3ToMy 13 (26) ClieayeT OoIleHKa
[5 ;]2c4<1_5)\\a\\2 (-2 = e
Hcnonk3ys nocieiHee HePaBeHCTBO, MpuBeaeM (25) K BUIY
3], + 7 a-28mx )l + 2xa- B3], +
+BTHFH2 + Btzxua“z +21(1-8)c, Hﬁ”z + 27)

ss(1- 2 Iyl + el

3adukcupyem 3 > 0 u 1o HeMy BbiOepeM T > 0 Tak, 4To0b! JyIs Bcex 0 > () BRINOJIHSIIOCH
ycioBue P > 0. Beioepem A, yIOBIETBOPSIONIEE YCIOBUSIM

1-2Bxy, >0, 1-PBtA>0

4 Bth Pt°A
1 2 — = 25— —_— = 1-0=
4+Btk< . Torma Bt*A+21(1-1/8)=Pt°A—-21 1 5 ,1-0=.

n IOJOXHUM o=

Pt
4+ PBtA
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Hepasenctso (27) npu TakoM & UMEET BHT

] 1 2 o
g g, e ool sl pelef o5
2
A 2¢,A
e G = T(L—2BAy,), ¢, = mln{? m}

HeTpynHo BUIETH, 4T0 TOCTOSHHBIE 3, T, X210 A MOXKHO BHIOpaTh OXHUMH M TEMH JUIS
Bcex 0, 1<0 < oo | Takum 00pa3oM, oKa3aHa Caeayromias Teopema.

Teopema 1. Jlis mo6oro B>0 cymecrsyer T=T(B) , ne 3aBucsamee or ®>1, Takoe

A<SB<—y,A

aro K1 npu T<T moctosausie X1’ X2 He 3aBucar ot . B ToM ciyuae

urepannoHHsli mporuecc (9), (10) cXoauTcst CoO CKOPOCTHEO TEOMETPUYESCKON IPOTPECCHH U
CKOPOCTb CXOAMMOCTH HE 3aBUCHUT OT .
3ameuanne. HetpynHo 3aMeTHTh, 4TO TeopemMa | MMeeT MECTO U B TOM Cilydae, Korjaa
N N
Q= UQi i ke Q1 = UQi . IIpu 5TOM MOK0GNACTH . TOKHBI GBITH TUIIONOTHYECKH
1 1

OTJIEIMMBI C KyCOYHO-IJIaIKUMK FpaHuIaMu. B mepsom ciydae, B mogobnactsx £ u €2

COBIIAJICHUE ITapaMeTpa » He 00S3aTeIbHO.
5. Uncnennsle pacyeTbl. BrImen3nokeHHBIM METOZIOM pelieHa TecToBas 3a1ada (1)-

(2). lomobnacTe Q, BEIOMpanack B BUJE KBaapara Q, = {ka1 SX S X5 Ko S Xy S X2,m2} ,

2,m,

e X, =0:25, %, =0,75, %, =0,25, %, =0,75. Ognacts Q noxpbiBaer mogo6racTs

0,Q={0<x<L0<x,<1}.

ozo6macts Q, onpenensiercs tak Q = Q\Q,. Tlpasas gacts 3aana B O, CIEAYIOUIIM
obpazom

f(x, %)= 2(X§ - (Xz,m1 + Xy m, )X, * X, m, X2,m, )+

2(%7 = (Xyp + Xy )X+ Xy Xy )
re Xy, =0,25,%, =0,75,%,, =0,25,%, =0,75.

B nopobnactu O, dyHkuus f(%,%)=0. Hrepaumonnsiii mapamerp T BBIOHpasCs
1=10°+10"°, mapamerp [ ompenenseTcs Tak, 4TOObI BHIMOMHsIOCH ycnoBue (7). [pu

3TOM HEOOXOIMMO CJIEMTH 3a 3HAKOM TapaMeTpa ® B mogodmnactsx, T.k. —1< o <1.
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a) BHJ[ COOKY

Pucynok 1 — T'padux Tounoro penienus mpu yziax cetku 101x101.

a) Buz cOOKy

0) BUI CBEpXY

0) BUJ CBEpXY

Pucynok 2 — I'paduk npuOIMKEHHOTO peleHns mpu y3iax cetku 101x101.

Tabnuya 1 — CpaBHUTEIBHBIN aHAIIN3 YUCIICHHOTO PEIICHHS YPABHECHHUS IUIHITHYESCKOTO
THIIA C CHIBHOMEHSIOIMMHUCS KOI(POHUIIHEHTAMH Pa3IMIHBIMU METOAAMU [P KOJIUYECTBE
y3moB cetku 71 = 100x100, TourocTs perierns € = 107"

KommuecTBo
KonngecTtro Hopwma mo-
MCTOJIBI o MAIIUHHOI'O CXO}II/IMOCTL
HATEepalun IPEIIHOCTH
BPEMEHU
PaspaGoranmbiit 5000 0, 0000000001 | 5,18 cek CXOIUTCS
BBIYHUCIIUTCIIBHBIN aJ'IFOpI/ITM
MeTtoz BepxHEH penakcanuu 5000 0, 0004882813 6,40 cex CXOITUTCS
Merton HIDKHEH penakcanuu 5000 0, 0000000154 6,41 cex. CXOIUTCS
Mertopn 3elinens 5000 0, 0000000001 7,27 cex. CXOJIUTCS
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[locraBneHHast 3aaya UIMITHYECKOTO THUMA C CHIBHOMEHSIOIUMHCS Ko PUIeH-
TaMH ObIJIa peIIeHa METOAOoM (DUKTHBHBIX OOJIACTEH ¢ MPOMODKEHHEM IO CTapIIuM KO-
s dunmentam. Ha pucynkax 1-2 mpeacTaBieHbl COOTBETCTBEHHO PE3YNIbTAThl TOUHOTO M
MpUOIIKEHHOTO perieHust pu y3nax cetku 101x101. B pacuerax ncnonb3oBaiach paBHO-
MepHas cetka pazmepamu 101x101, 501x501, 1001x1001. YucineHHBIH SKCIIEPUMEHT OBIT
MIPOBEJICH HAa COBPEMEHHBIM IEPCOHAIBHOM KOMIIBIOTEpPE CICIYIOIMMH XapaKTepPHCTH-
kamu Intel(R) Core(TM)i9-10900F CPU@2.80GHz, O3V 32 I'b. Pa3paboranHbIii METO
OCHOBAaH Ha MOCTPOCHUH BBIYUCIUTEIHHOTO AITOPUTMA ISl SJUTUIITHYECKOTO YPaBHEHHS C
cuIIbHOMEHsoMMuUcs kodddunuentamu. [IpoBenen cpaBHUTENBHBIN aHAIN3 YUCICHHO-
T0 pCHICHUA YPaBHCHUS SJIIMIITUYCCKOIO THIla C CUJIIbHOMCHAIOIIUMUCS KOB(i)q)I/IHI/IeHTaMI/I
pa3IMYHBIMUA MeTo/aMH. Pa3paboTaHHBIN aJrOpUTM PABHOMEPHO CXOJMTCS MpPU ONpe/ie-
JICHHOM KOJIMYECTBE UTEPAIMU U TOIYYAOTCS Pe3yAbTaThl ¢ TOYHOCTBIO 10 10710 (Tabnu-
ua 1). [Momy4yenHsle pe3ynbTarsl OyAyT WCIONB30BaHbI P PEIICHUH ypaBHEeHUH HaBbe-
Crokca MeTofoM (PMKTHBHBIX O00JIaCTEH.

Pabora BbINOJHEHA NpPU MOLAEP)KKE MPOCKTa I'PAHTOBOrO (MHAHCHPOBAHMS MOJIO-
JIBIX YUYEHBIX 10 HAay4YHBIM U (MJIM) Hay4yHO-TeXHUYecKUM mpoekTam Ha 2021-2023 roasl
Komutera Haykn MunmCTepcTBa 00pa3oBanus U Hayku PecryOmmku Kazaxcran (rpant Ne
AP09058430).
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A. H. TEMHUPBEKOB, C. E. KACEHOB

on-Dapabu ameindaevt Kazax yammelx yHueepcumeni,
Anmamol, Kazaxcman

SJIJIMNITUKAJIBIK TEHJEY YIITH )KAJIFAH AUMAKTAP 91ICIH
CAH/JBIK XKY3EI'E ACBIPY

Kymvicma  ocoinoam  o3eepemin  Koduyuenmmepi  6ap IAIUNMUKAILIK  mMunmei  menoey
Kapacmuipwinaosl. byn ecen AP09058430 epanmuin KP BFM Kapoicbiianovipamsii s#co6a 60UbIHULA OPbIH-
danamuln 3epmmeynep aicblnoa sepmmenedi. Mynoaii menyoeynepoi 3epmmeyze 0e2eH Kbl3bl2YUlblLIbIK
ocbl munmezi menoeynep JHCANaAH auMaKmap 20icin KONOaHy apKbiibl albIHAMbIHObIELIMEH OAlNAHbI-
cmbl. Byn munmeei menoeynep Konmezen Konoanoanvl ecenmepoi, COHbIY iWiHOe 2UOPOOUHAMUK, KON
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Gazanel cy3y meopuscel Jcane masvl b6acka ecenmepoi weuly Kesinde naiioa 6onaowl. byn scymvicma
HCOLLIOAM 632epemin Kod(hpuyuenmmepi 6ap S1TUNMUKATBIK MeHO0eyOl CaHObIK ulewyoiy apHativl 20ici
YCOIHBIIAObL. O3ipreneen umepayusiivlk Ypoicmiy JCUHAKMATY AHCLLIOAMObIbIH 6aanay yulin meope-
Ma 0anendenoi. ¥YcolHbligan 20icmiy muiMoiniein Kepcemy yuin ecenmey anopummi Hcacaivli, CaHObIK,
ecenmeyiep JACypeizinoi.

Tyitin co30ep: scanzan aumaxkmap a0ici, SIUNMUKALbLIK meHoey, lupuxie ecedi, Hcoblioam e32epemin
Koahpuyuenmmepi bap menyoeynep, ecenmey aneopummi, umepayus ypoici, ueKkapanvly wapmmap.

A. N. TEMIRBEKOYV; S. E. KASENOV
Al-Farabi Kazakh National University, Almaty, Kazakhstan

NUMERICAL IMPLEMENTATION OF THE FICTITIOUS DOMAIN
METHOD FOR AN ELLIPTIC TYPE EQUATION

The paper considers an elliptic type equation with strongly varying coefficients. This problem is being
studied within the framework of research carried out under a project funded by the Ministry of Education
and Science of the Republic of Kazakhstan, grant AP09058430. Interest in the study of such equations is
caused by the fact that equations of this type are obtained using the method of fictitious domains. Equa-
tions of this type arise when solving many applied problems, including problems of hydrodynamics, the
theory of multiphase filtration and many others. In this paper, a special method is proposed for the numeri-
cal solution of an elliptic equation with strongly varying coefficients. A theorem for estimating the con-
vergence rate of the developed iterative process is proved. A computational algorithm has been developed
and numerical calculations have been performed to illustrate the effectiveness of the proposed method.

Key words: fictitious domain method, elliptic equation, Dirichlet problem, equations with rapidly
changing coefficients, computational algorithm, iterative process, boundary conditions.
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BIPTEKTI EMEC HbIOTOH/IBIK EMEC CYIBIKTAPIBIH ChI3bIKThI
EMEC TEHJIEYIHEH KbICBIM/Ibl AHBIKTAY

Byn makanaoa 6ipmexmi emec (mulevi30bi2bl O€N2iCi3 api MYPAKMbL eMec) ColebLIMAUMbIH MYMKbID
cepnimoi HbIOMOHObIK eMeC CYUbIZbIHbIH KO32ANbLCLIH CUNAMMAMbIH OEUCHI3bIKNbL P-TLANAACUAHObL QUG-
QDy3UsLIBL JiCoHE CHIZLIKIMDBL eMeC 0dpedicei MyLueni menoeyaep ACyuect Yulin Koublizan 6acmankbl-uemmix
ecebi Kapacmuipuliadsl. Ooemme, CHlRLLIMAUMbIH CYULIKMAP YUlin 2UOPOOUHAMUKA MeHOeynepiHil
HCANNBINAMA ICI3 WEWIMI CHIRLLIMAUMBIHObIK (Y3inicci30ik) menoeyine 6aliaHbiCmbl CONeHOU0anI0bl
Keyicmikme KapacmulpbliamulHObIKMAH, CYUbIK KblCbIMbL JHCAINBLIAMA 2CI3 WeWiM AHbIKMaMacbiHOd
Kapacmuipblimaiiovl. Knaccuxanviy eudpoounamuxa menoeynepi yuiin CYUbIKMulY KblCbIMbl OHbIH
JICLLIOAMObIZb MEH MbIEbI30bI2bL AHBIKIMASAHHAN Kellin kKoncagdatiiapowt L (Q) kenicmizininy opmozonan
ekl [WKi KeyiCmIKmiy mike KOCbIHObI2A JHCIKMELY Meopemachl apKblibl AHLIKMANA0bL. Al p-1aniacuanobl
JiCoHe Oe CbI3bIKMbL eMec OeMnupieyuli Myuienep apKblibl JHCAyapmbvliean meyoeyiep Ke3inoe KblcbiMObl
anvikmay orcayawa 20icmepdi manan emeodi. Ecenminy 6epineendepi catikec xaxcemmi wapmmapobsi
KaHA2ammanowblpeau Kezoe, Ho2apblodebl amaiean oipmexkmi emec (Mulebl30bi2bl Oen2iciz api mypakmol
emec) CuleblIMAtmull MYMKbIP Cepnimoi HbIOMOHObIK eMec CYUbIZbIHbIY KO32ANbICHIH CUNAMMAlMbIH
Oeticvl3bIKMbl P-1aniacuanobl OUPQY3usibl HeaHe Col3bIKMbL eMec 0apediceli Myuleni meyoeyiep Heyueci
Yuin Koublian 0acmanxvl-ulemmix ecenmen CYublKmoly KblCbIMbl OIpMaHOI AHBLIKMATYbL 021€10eHOL.
Heezizei Konoanvinzan keyicmikmep men Kasjcemmi myogicvlpbimoap eneizinoi. Kamnviriama anciz wewim
Kenicmizi aHblKmManviHobl. KeiceimObl 6ipmanodi anvikmay Oencini de-Pam nemmacein Koi0aHy apkbiivl
OpHaAmMwlIObL.

Tyitin co30ep: Kenveun-gpoiiem, 6ipmexmi emec cyibikmap, Kplcblmoblt mady, p-Jlaniacuan, oe-Paam
eMMACHL.

Kipicne. byn makamana OipTexTi emec (TBIFBI3IABIFBI Oenrici3 opi TYpakThl eMmec)
CBHIFBUIMAMTBIH TYTKBIP CEpPITiMJII HBIOTOHJBIK €MEC CYHBIFBIHBIH KO3FAJILICBIH CHUIIATTAM-
ThIH OCHCBHI3BIKTBI p-Jariacuanibl Ju(Qy3usuIbl 5KOHE CBI3BIKTBI €MEC JPEeXerl MyILei
TEHJCYJIep JKYyHeci YIIiH KOWBUIFaH OaCTamnKbI-MIETTIK €CeOiHEH CYHBIKTBIH KbICHIMBIH
OIpPMOH/II aHBIKTAY MACEJIECi KapaCThIPHLIAIBL.

Ecentin KoibL1bIMbI. AliTanslk Q — RY, d > 2 eBKIUATIK KEHICTITIHIET! LIEHENreH,
1meKapachl 0€2 JKETKUTIKTI JKaThIK 0071bIC 60chiH. bekirinren akpipabl 77> 0 canbl ymin Q. :
= Q x (0,7) apKpLIBI HIEHETEH WHIMAPIIK 00JBICHIH, an ' : = 0Q x (0,7) apKbUIbl OHBIH
Oy#ip Oerin Oenrineiik. Ocbl O, UMIKMHAPIHAE OIPTEKTI €Mec (THIFBI3IBIFBI OENTiCi3 opi
TYPaKThI eMeC) CHIFBUIMaUTBIH TYTKBIP cepriMIi KenbBuH-DONIT CYHBIFBIHBIH KO3FaIbIChIH
cunaTTaiThid [1-3] Keneci ChI3BIKTBI eMec, p-JaruiacHanabl TUQQy3usITbl )KOHE CHI3BIKTHI
eMeC JI9pEKeINi MyIeni

p(V, + (V- V)V) = pf — Vi +div(u|D(v)|"* D(v) + kD(v,)) +y|v["* v, (1)
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divv(x,t)=0,(x,7) € O, )
p,Tv-Vp=0 3)

TEHJIEYNep KYHeCiH,
Vp=V,p, P, ) =p, x € Q, =0 4)

0acTankpl IIAPTTAPHIH KOHE
v(x, 1) =0, (x, 1) € FT (5)

HIeKapaJbIK MAPTTapblH KaHAFaTTaHABIPAThH (V, VT, p) QyHKUMSIApBIH aHBIKTAy eceOiH
KapacThIpailblK. MYHIAFbI V = V(X, ) - BEKTOPMOHII (QHYKIUS CYWBIKTBIH JKbUIIaMIbIFbIH,
aJl CKaJIsIp MOHIL p = p(X, £) )KoHE T = T(X, #) PYyHKIMSIIAPHI COMKEC CYWBIKTBIH THIFBI3IBIFbI
MeH KbICBIMBIH Oenrineiini. CoHbIMEH KaTap OacTamKpl KbLIIaMIIbIK v, = VO(X), CBIPTKbI
Kymrepain TeiFbI3AbIFbl f = f(x, 7) KoHe GacTankpl THIFBI3ABIK P, = P (X) Oepinren QyHk-
musiap 0oJica, TYTKBIPIBIKTHIH KHHEMATHKAIBIK )KOHE pelakcalusuIbIK KodpPHULIUEHTTEepl
OonarbiH L, K > 0 oHe KepceTkimTep p > 1 xoHe m > 1 canmapsl OepinreH oH Oenriii
TypaxTbuiap. Tenaeyaeri Y koo GuureHTi oH 1a Tepic Te 00Iybl MYMKIH 9HE 0 OH 0oJjca

oHJIa Y|V|m_2 V' MyIireci CBI3BIKTBI €MeC CHIPTKBI KYIII, al Tepic 6ojica abcopOIMsIIBIK acep
, 1 T oV,
ereni [1]. Conbiven Karap, D(V) = E(VV +Vv'), Vv= BTI » KBIIIAMIBIKTBIH Jehop-
]
MaIys TeH30PBbI.

JKammer OipTeKTi eMec CYWBIKTap YIIiH THAPOAWHAMHKA TEHICYJICpiHe, OHBIH IMTiHIC
HBIOTOHBIK CYHBIKTap, atam aiTkanma HaBbe-CTOKC TeHICyNIepi YIIiH KOWBLIFaH opTYpIi
KOWBUTBIMIAFBI OACTaNKBI-IIIETTIK €CENTep KONTETeH >XYMBICTApAa 3epTTETIHIN Keei.
OnapaeIH HETI3T1 KoHE aJfFallKeuIaps! petiaae [4] -[7] skyMbIcTapas! aiiTyFa O0Ia bl

COHFBI KBUIIAPHI FRUIBIM MEH TEXHUKAaHBIH KapPKBIHIBI 9pi KaH )KaKThl 3epTTeyIepiHe
OaTaHBICTBI CYUBIKTHIH CEPITIMIUIIK, pelakcarusuIblK >koHe T.0. Oipmama KacuerTepi
€CKepllylHeH TyBIHJaFaH >KaHAPTBUIFAH CHI3BIKTHl €MeC THUIAPOIWHAMHKA TeHJeYepi
3epTTenmine 0acTaapl. MyHaal cyHbIKTapFa HEIOTOHIBIK CYHBIKTapAaH ©3TelIe, «HbIOTOHIBIK
eMec» Jen arajaThlH CYHBIKTap »Katajbl. MyHAall HBIOTOHIIBIK €MeC CYHBIKTap/bIH
TeHIEYiHIH KapamaibiM Oip Typi KenbBuH-DOUTT TeHAeymep JKyheci KOHE TBHIFBI3IBIFBI
TYPaKTBI OOJFaH Ke34eTi KOMBIIFaH opTypdIi Typa ecentep kebinme OckomkoBTHIH [8]-[10]
JKYMBICTAPBIHIIA KONTEH 3epTTEIiHml. AN OIpTEKTI eMec CYWBIKTap YIIiH p-JariacuaH
KOHE JIEMIUPIICYII MYIIENep apKbUIbl MOAU(UKAIVIIAHFaH CHI3BIKTHI emec KenbBUH-
DoirT TeHmeylIepi YIIH KOWBUIFaH Typa ecernrep aBTopablH [11]-[12] yMbpIcTapbsiHIA
KapacThIPBUIIBEI. ATam alTKaHna, skorapeiaarsl (1)-(5) xyieHin p = 2 xoHe ¥ = 2 O60onFaH
Ke3meri OIpMOHII IICHTIMIUTITI, IICIMIIMHIH PEeTYISpIbIFBl aBTOpAbIH [12] OipieckeH
MakaJiacbiHaa xapbelk kepreH. A [11] 6ipiecken makanama (1)-(5) sxyieHiH kammbuia-
Ma QJICi3 IMICMIIMIiHIH XoHE Y KO3PHUIINEHTIHIH TaHOAChIHA OAIIAHBICTHI JTOKAJIBIIBI JKOHE
m1o0ansap! Oap 00Tyl OpHATBUTFAH. Aaina, THAPOINHAMUKA TeHICYICPiHiH KaaIblIaMma
o7ci3 memnriMi (2) TeHaey OOHBIHIIA COMEHOMMANARI KEHICTIKTE KapacThIPbUIATBIHIBIKTAH,
KBICBIM MICIIIM PETiHAE KapacThIPBUIMANABI. OJNIETTe, KBICHIM CYWBIKTBHIH JKBUIIAMIBIFBI
MEH THIFBI3IBIFEl AHBIKTAFAHHAH Keilin Kiaccukanbik skaraiina L () =H(Q)®G(Q)
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KEHICTITIHIH TiK€ OPTOTOHAJ KCHICTIKKE JKIKTEIy TEOPEMAachl apKbLIbl aHBIKTAJIAIBI. AJl
p-lanacuaH/bl J)KOHE € CBI3BIKTBI eMeC ASMITUpIIeyl MyllenepaiH OonFaH kesie Oy
KJIACCUKAJIBIK 9]1iC KOJIAHBIHBIC Tarmai ibl. JKorapeiaarsl [ 11] )KYMBICTa KBICBIM/IbI aHBIKTAY
MOceJieci alblK cypak peTiHae Kanasl. Mine OyJ1 )KyMBICTa OCBI CYpaKKa jkayarl OepijieTiH
0oajbl, CYHBIKTap MEXaHUKACBIHBIH MaTEMaTHUKAJIbIK TCOPHSICHIH/IA JKUi KOJIaHbLIAThIH
[13-14] TemMeHer1 KEHICTIKTEP MEH OJIAPJIBIH OCITUIeyIepl KO IaHbLIa bl

Ecenteri OepisireH CBIPTKBI KYIITEP/IiH THIFbI3IBIFbI

f € L(Qr) (6)

KEHICTIriHae OOJICHIH Ael KaObUIIalbIK.

AnbIKTama 1. Aiimanvix d > 2 gicone 1 < p, m < o boacein, oyrapea xoca (1.4) wapmol
opuiHOancwin. (v, p) ocyowl (1)-(4) bacmankpl wiemmik eceOinin HCATNbLAAMA dNCI3 WeiMi
den amanaovl, ezep Oy YHKYUSLAD Keaecl wapmmap OpblHOAICA:

1. v € L”(0,T; V(Q)) N LP(0,T; V, (V) N L™(Qr);

5 p>06.1Qr, p € C([0,T]; L*(Q)) VA € [1, ) xome
p|v|* € L*(0,T; L*(Q));

3.v(0) = vy, p(0) = pg, po = 06.1. Q o6nbichHma;

4. Ke3 xenreH ¢ € V tect GyHKUIUACH KoHE 0apibIk Aepiik (0.1.) ¢ € [0,7] yumin
e i . .
- (J, pP@OV(E) - @ dx + 2k [, D(V(1)): Vep dx) +
2u [, ID((t)[P~*D(v(1)): Ve dxred — [ p()V(t) @ v(t): V@ dx = (7)
Jo POF®) - @ dx+y [, VO™ 2v(D) - @ dx;

xoue ke3 kenrel ¢ € Cg’ () byskumsics! sxone Gapisik gepiik (6.1.) ¢ € [0,7] ywin

= [ PO dx+ [, p()V(E) - Ve dx = 0. ®)

KochiMma kaxeTTi MastiMmerTep.

Byran jieifiHri jxapblK KOpreH aBTOPJIbIH MaKajiachiHaa skorapiarbl (1)-(4) eceOiHiH
JKaJIblIamMa 9JICi3 MIeIiMiHIH Oap OOybI JQJICIIEreH, SIFHU Kellecl TeopeMaiap ajlblHFaH:

Teopema 1 ([11]). Alitanbik ecenTid Oactankbl Oepiirenzepi (7) »oHe Kejecl mapr-
Tap/pl KAHAFaTTaHBIPCHIH:

AM,M,, M; < M,: 0 < M;:= iggpo(x) < po(X) < suppy(X) =:M, <, V X€Q, 9)
X XEQ
Vo € V(Q) N V,(Q) NL™(Q). (10)

Bynapra koca, y < 0 ke3/ie Kejeci mapTTap/IbiH 0ipi OPhIHIAJICHIH:

2<d<4xome p>1, (11)



Xomnoviw X. Bipmexmi emec HblOMOHObIK emec CYUbIKMAPObIH CbI3bIKNbL eMeC MEHOCYIHEH ... 185

d
d>4 )KQHCpZE, (12)
d <m xoney#0, (13)
Erep,
24 14
max{2, p} > — (14)

bosca, onna (1)-(5) ecebiniy eH OonMarana Oip (v, p) wIemIiMi TaObUIA Bl XKOHE OJ1 YIIIH
Kesieci Oarasaysap OpbIHIBI O0JIA b

O0<M; <pxt)<M,<oo V (xt)EQrT, (15)

sup (Il v(®) 5,0 +I TV 150)HNVVID o +HI VI o, < C  (16)
te[o,T]

sup (Hwv(e) 15 o+ v(E) I o)+ Ve 150, HI VW 150,< C; (17)
tefo,T
myHparsl C, sxone C, ecentin OepiireniepiHeH FaHa TAyeli OH TYPaKThl CaHaap.
Teopema 2 ([11]). Adiransik, y > 0 OonceiH. byn ke3ne ne xorapbiaarsl (6), (9)-
(10) xone (14) yitrapeiMaapsina Koca (11)-(13) maprrapeiabie Gipi opbiHAaNCHH. Erep
OyJtapMeH Karap
m < 2 xoHe 2(m — 1) < p* (18)
Hemece
2<m<p, (19)

IapTTapbeIHBIH Oipi opeiHAanca, oHaa (1)-(5) ecebinin eH OonMaranna Oip (v, p) menrimi
TabbUIa B! XKoHe o1 yiIiH (15)-(17) Oaranaynapbl OpbIHIbI OOJaIbI.

KpIchbIMIBI aHBIKTAY Keneci je-PaaM jieMMachiH KOJaHy apKbUIbI JOJICICHEI JKOHE
Oys1 nemmanbiH nanenaeyin borosckuiiain [15], [uneckacteiy [16] sxone ammumin [17]
(macenen, Theorems 111.3.1 and II1.5.3) >xympicTapsiHan TaOyFa Ooa bl

!
Jlemma 1 (ne-Paam) Aiimanvix 1 < 1 < o xcone @ € (W(l)'77 (.(2)) = W_l'n’(.(l)
6oncvin. Ezep kes keneen @ € V' ywin

* ’ — ’r’
(‘P :(p)w—l,n (Q)XWOI'W(Q) 0: V(P eV ’ (20)

.. —Wi1(Q) . L. )
TeHiri opbiHaanca, myuaarsl V7 := P V kenicririnin WM (Q) xenicririnaeri

TyibIKTaybl. OHza IQ udx =0 maprer operEaanaTsiHgaii 6ip U € L'(€2) | pynxuusce TabwI-
JIBIIL, KeJIeCi TeH TIK OPBIHJIBI 00JIa IbI

(9", <P)w—1ﬂ’(n)xw§"'(fz) = [yudivedx VeE€ W (Q).

YKOHE OJ1 YIIiH KeJeci 6arayay OpbIHIBI
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Il u ||LTI(Q)S Cll @* "W‘lﬁl’(g)'

Herisri noru:xe. byn 6enimae (1)-(5) ecebiniH KoMbUIbIMBIHAH, SFHU (7) TEHAIKTEH T
KBICBIM/TbI OIPMOH/II aHBIKTAY 3€PTTEIIHE/I.

Teopema 3. AliTanbik Q-R%,d>2 , Keyicmieinoeei uieneneen scane 0C2 uwexapacol
Junmwuy-ysinicciz 6onamoin obavic, an (v, p) acyoor (1)-(5) ecebiniy Teopema 1 sncone 2
0a/1e10eH2eH Jicannvliama aacis wewimi ooncwvin. Onoa, oapnvix t € [0,T] ywin kanoail oa

0ip r canvl (momernoe (25) hopmynacvimen aHbIKMANZAH) CAHbL HCIHE JQ n(t)dX =0 meyoioi

opwindanameindaii 6ip zana T € C, ([0,T]; L" () dyHKryuscol madvlLIbLIN

d
| p@v@ - @ + 2xD(v()): V] ax +
Q

Jo, [2u[DV[P=2DV — p()v(t) ® V()]: Vep dx — 1)

fﬂ [o®F(E) + ¥ VO™ ?v(D)] - @ dx = fﬂ r(O)dive dx, V@ €W (Q)

tene-renAirin [0,7] apanbirbiHaa yiecTipy (9JCi3) MarbIHACKIH/A KaHaFaTTaH bIpaabl. Co-
HbIMEH Koca, C = C(M2, d,p,r,m, &, p, Q, T) oH caHbl TaOBUIKIIN, KeJIeCl Oarajiay OpbIHIbI
Oouaaml

N7 o g oy <
L®(0,T;L" () (22)

_1 —_
c (u Vo w2y +IV oo rwizgay I YV 1o+ V11V Igngg,y +I f ||Lz(QT)).

Jlonenoeyi. Korapoinaret (7) tenuirin & € C3°(0,T) bynxumsicoina keOeTin
HotmwkeciH [0,7] apalibIFbIH/a HHTErPAIacaK

~J, a¢'dt =[] Bt a,
aIlaMBI3, MYHJIAFBl &' — & (DYHKIHSCHIHBIH TYBIHIBICHI JKOHE
a(t):= [, pOV(E) - @ dx + 2k [, D(v(1)): Ve dx, 23)
B(t):= — [, Q(©): Ve dx, (24)
Q(t): = 2u[D(V()) P> D(v(1)) — p(O)V(t) @ v(t) + F(t), t€[0,T],
mysarsl F(7) kenecizneit eximuti perti Ten3op MoHi (yHKIs

div F(t) = p(OE(t) + ¥[v(O)|™ 2v(), t € [0,T].
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bi3 ana

Qe LT'(QT), r = max{2, p,r;, r,} erep d> 2, (25)

OpbIHAAJIaTbIHBIH TaJ1all CTeMiS, SFHU KGpCCTeMiS, MYHJarbl

. pd m } ,
2ry = min {pd—z(d—z)’m—z if vy#0 xoue m>2,
HeMece
= __pd__ ere = (0 "emece m <2;
17 pa-2(da-2) p vy -
HeMece
7, = mi {L }ere #0
2 = M o D@—2)’ M TPV
r,=lerepy=0

Erep d =2 6onca, onna (25) enrizyi 6apiblk » > max {2, p} yIIiH OpbIHIaa/bL.
By (25) enrizyin kepceTy yuIiH napadoaliblK HHTEPIOJISLIUSIAH [IbIFATHIH

L*(0,T; W-2(Q)) N LP(0,T; Wy P () & 1A(Qr), A:= ;;_‘12 d > 2. (26)

y3imicci3 eHri3yiHiH OpbIHAANIaThIHBIH eckepeMis. by (25) enriszyi d = 2 xaraaiiga ke3 Ke-
TeH A > yuIiH opbIHbl Oonankl. Exml (26) sxoHe (15) ManmiMeTTepiH eckepe OThIPbII, [ enb-

JIep TEHCI3/Iiri apKbUIbI KeJIeCl TeHCI3MIKTEP/Ii allaMbI3

[ |DV|p Zpv ”LT’(Q )<|| Dv "L(p DI (Qp) = C1 I Dv ”LP(Q K r2p, (27)

2 pd
G vy T2 i 2z Hemece
lpv@v "LT on= <M, Illv ”LZT ©r )_ Cp ll v "Lm(QT)' r> %, m> 2, (28)
” pf ”Lr'(QT)— Mz ” f ”L"'(Q )_ C3 ” f ”LZ(QT) y T = 2: (29)
m-1 pd
2 m-1 GVl =2 pd-(m-1)(d-2)’ 0
m— -
IV o SV Biintom oy S 3 ¢y, v IS, T2 m, (39)

M¥H'HaFLI Cl = C(p’ r, Qa T)’ Cz = C(Mza da p,r, Qa T): Czr = C(M25 r, m, Q’ T): C3r =
CM,, r,Q,T),C,=Cd,p,r, Q T) xone C, = C(r, m, Q, T) TypaKThIIapbl OH KOHE
ecernTiy OepinreHiepineH rana Tayenai cannap. Exinmrigen, (26), (15)-(17) Ooitprama (1)-
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(5) ecebinin Ke3 kenreH v ancis memimi y = 0 6onca L*(Q,) kenicriringe, an y # 0 Gonranza
L*(Q,) A, = max{\, m}, KeHiCTirin/e meHeNreH O0nabL.

Conpaii ak, CoOonestiH eHrizyin (29) xone (30) teHciznmikrepimen Oipikripin, F
¢yukuusaceieie L7(Q,)-ne meHenrenin kepyre Oonanbl. bynan sorapeiiarsl (25) Ta-
Na0bIMBI3 OpBIHIANIFAHbI IbIFabI koHe e B € L7(0, 7). Jemek, o € W''(0, T) xone
o' = B. Hepbec xarnaitbiana, o- CoOOJICBTIH €HY TeopeMachl OOWBIHINA KaWTalaH o
apKbUIbl OCNTUICHTeH Y3iicci3 (QyHKIUSIMEH OpHEKTeyre 0omiajibl, siFHU O = [3 TCHJIITIH
WHTErpaigacaK

a(t) = a(0) + [; B(s)ds vte (0,T) (31)

anmambI3. Keneci pyHKIMSHBI KapacThIPalbIK

R(t):= [, Q(s)ds, t€[0,T].
Ke3 xenren Tanman ansiarad ¢ ymniH Oy yHKuusHe! (23)-(24) 6ipre xonmansi, (31)
KalTa ’a3aThIH 00JICaK, OHIa

f [p(®)V(E) - @ + 2kD(v(t)): Ve — (p(0)v(0) - @ + 2xkD(v(0)): Vep) +
Q

+ R(t): V] dx = 0.
TeHJIiriHe KejeMis. byran n = 7/, mynzaa » xxorapbiaa (25) ¢hopmynaMeH aHBIKTAJIFaH CaH,
KOHE

@*:= p(t)v(t) — p(0)v(0) — 2xdiv(D(v(t)) — D(v(0))) — div(R(t)),

yurie  ge-Paam  semmackiH  KonmaHcak, oHma Jlemma 1 TYXKBIpBIMBI  OOWMBIHIIIA
fﬂ n(t) dx = 0 xoHe

Jo Io@®)v(®) - @ + 26D (V(L)): Ve — (p(0)v(0) - ¢ + 2kD(v(0)): Vep) +

+ R(t): Veldx =
(32)
Jo mdive dx V@ € Wy ().

TEHJIrl OpbIHAANaTbiHAak Oip rana 7(t) € L”(.Q) (yHKIMACH TaObuTamel. COHBIMEH
Karap oJ YIIiH

I 72(E) Nlprr gy < (33)
c(I p@OV(®) = P(OIV(O) llrriay +I DV(D) = DEV(O) lhrcay +1I R(E) o)

Baranaybl OpbIHAaIa b,
Eckepry. JKannvl cyiivik mexanukauviy Heeizei Konoanvlcmapwl yuin (1) meyoeyindeai
v = 0 orcagoativl maywizovipax bonvin xkenedi. byn ocazoaiioa Teopema 3 myocoipoimbl d >

pd

__pd _ § .
pd —2(d - 2)} s and =2 boneanda r = max{2, pj canvt yuin

2 6onzanoa ¥ 2 maX{Z, p,

OpPbIHObL OONLIN KAAAODL.
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byn xymeic KP BFM FK Homepi AP08052425 rpaHTTBIK X00achl aschIHAA
Kap>KbIIaH I PBUTBII, OPBIHIAIIbI.
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X. XoMIIbII
Kaszaxckuii nayuonanenvlll yrusepcumem umenu ano-Papadu, 2. Anmamul, Kazaxcman

OIIPEJIEJIEHUE JIABJIEHUS U3 HEJJMHENHBIX YPABHEHUI
HEOJHOPOJIHBIX HEHBIOTOHOBCKHX KUJIKOCTEM

Paccmampusaemcs HauyanbHo-Kpaeas 3a0auda 018 CUCTHEMbl HENUHEUHbIX MOOUPUYUPOBAHHBIX C
p-raniacuan oughgyzueil u HetuHeunbiM 0eMNPUPYIOWUM YIeHOM YPAGHEHUL, ONUCHIBAIOUUE OBUICE-
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HUe HeOOHOPOOHOIU (C HEU38eCMHOU U HENOCMOSHHOU NIOMHOCIbIO) HECHCUMACMOLL 653KOYNPYeoll He-
HbIOMOHOBCKOU dHcuokocmu. OObIYHO npu onpedeneruu ciadblx 0000 eHHbIX peuleHUll YPAeHeHULl 2U0po-
OUHAMUKY OJIS1 HECHCUMACMOL JHCUOKOCIU OdGlleHUe He 8KTIOUAemC s 8 OnpedeneHue, NOCKOIbKY ciabvle
PpeuwleHus. paccmMampusaromes 6 coONeHOUOANbHOM NPOCMPAHCIEEe 6 CULY YPAGHEHUS HEeCHCUMAeMOCHU
(nepaspvignocmu). B knaccuueckux ypagHeHusx euopoOUHAMUKYU NOCie Onpedeienuss CKOpoCmu U niom-
HOCMU 0aslieHie Onpeoensiemcs, UCnob3ys meopemy o npeocmagienue npocmpancmea L*(Q) na npsamyro
CyMMY 08YX OPMOLOHANLHBIX NoOnpocmpancme. OOHAKO 60CCMAanoseHue 0aseHus U3 HeTUHEUHbIX YPas-
HeHUll 2UOPOOUHAMUKU, MOOUDUYUPOBAHHBIE D-TIANIACUAHOM U HETUHEHbIM OeMIQUPYIOUWUM YTIEHOM,
mpebyem HO8bIX H0OX0008. 30eCh, npu NOOXOOSUWUX YCILOBUSX, HA OAHHbLE 3A0aull OA6LeHUe OOHOZHAUHO
onpeoeneHo u3 HauaIbHO-Kpaegol 3a0ayu 015l CUCTEMbl HETUHEUHbIX MOOUPUYUPOBAHHBIX YPAGHEHUL,
onucwvlgaioujue 08UNCeHUe HeOOHOPOOHOIL (C HeU38ECMHOI U HENOCMOSHHOU NIOMHOCHIbIO) HecocuMae-
MOl 8A3KOYNPY20Tl HEHbIOMOHOBCKOU dicuokocmu. Onucanvl OCHOGHbIE PYHKYUOHATbHBIE NPOCMPAHCINEA
U Heobxo0umbvle gcnomMozamenvHvie ymeepoicoenus. Onpedeneno npocmpancmeo ciadvix 0600ueHHbIX
pewenuil. C nomowbo uzeecmuoil 1emmvl de-Pama 0asnenue 00HO3HAUHO 60CCMAHOBEHO.

Knrwoueswie cnosa: Kenveun-@otiem, HeoOHOpOOHbLE HCUOKOCTIUL, OnpedeneHiie 0a8Ie s, P-Taniacuatn,
nemma oe Pama.

KH. KHOMPYSH
Al-Farabi Kazakh National university, Almaty, Kazakhstan

DETERMINATION OF PRESSURE FROM NONLINEAR EQUATIONS
OF NONHOMOGENEOUS NON-NEWTONIAN FLUIDS

In this paper, the initial-boundary problem for a system of nonlinear equations modified by p-lapla-
cian diffusion and nonlinear damping term, in which describe the motion of a non-homogeneous (with un-
known and non constant density ) incompressible viscoelastic non-Newtonian fluids is considered. Usually,
a pressure does not include in the definition of weak generalized solution to equations of hydrodynamics
for incompressible fluids, because weak solutions consider in the solenoidal space due to the incompress-
ibility (continuity) equation. In the classical hydrodynamic equations, after determining a velocity and a
density, a pressure can be determined by using the theorem of a representation of the space L*(Q) into
the direct sum of two orthogonal subspaces. The recovering of a pressure from the nonlinear equations
of hydrodynamics modified by p-laplacian and nonlinear damping term requires a new approches. Here,
under a suitable conditions on the data of the problem, a pressure has been uniquelly determined from the
initial-boundary value problem for the system of nonlinear modified equations describing the motion of
nonhomogeneous (with unknown and non constant density ) incompressible viscoelastic non-Newtonian
fluids. The main functional spaces and necessary axuillary conclusions are introduced. A space of gener-
alized weak solutions is identified. The pressure uniquelly recovered by using the known de-Ram lemma.

Key words: Kelvin-Voigt, nonhomogeneous fluids, pressure, p-Laplacian, de Raam's lemma.
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Tapasckuii pecuonanvusiii ynusepcumem um. M. X [ynamu

BJIMSTHUE MPEJIBAPUTEJABHOM TPEHUPOBKH
HA COIMTPOTUBJIEHHUE YCTAJIOCTHU METAJIJIOB

DKenepumenmansHo YycmanosieHo 6lusaHue mpeHuposKu oopasyoe cmanel 45 npu yukauieckom na-
epydIcenul Hudice npedend GbIHOCIUBOCU HA YUKAUYECKUE 001208eUHOCTU NPU HEKOMOPIX CLOMCHBIX
PedACUMAX HASPYICEHUS, NPUYeM NPeodlodceH cnocob yuema maxoll mpeHupoGKl 6 IHep2emuueckoM ypaes-
HeHuu nospedcoenil, 0 KOMopo2o NOCMpPoeH COOMBEEMCmMayIouull PyHYUOHATLHBIL NAPAMEmD.

Knioueswie cnosa: yuxnuueckoe nazpysicenue, 001208e4HOCHIDb, CILOACHOE YUKIULECKOE HANPAICCHHOE
cocmosnue, IHePeeMuUiecKas Mooelb MHOLOYUKIOB0U YCIMAI0CTU.

TpeHnpoBKOH Ha3BIBACTCSI TOBBIIICHWE COMPOTUBICHHUS YCTaJOCTH B pe3ylbTare
MPEABAPUTEIBHOTO LUKINYECKOT0 HArpy>KeHHUsS HUKE Mpefena BbIHOcIuBOCTU. Kccne-
JIOBAHUIO BIMSHUS TPEHUPOBKU IMOCBAIICH HEIbIH psit pa0oT [ 1-4] u ap. Pe3ynbrarst 60I1b-
LIMHCTBA U3 HUX YKA3bIBAIOT HA TO, UTO MPEIBAPUTENHHOE IIUKINICCKOE HATPY>KEHUE HIDKE
npezesia BRIHOCIUBOCTH YBEIMYMBACT IUKINYECKYIO JOJTOBEYHOCTh MHOTHX CTalei Ha
OoJiee BHICOKMX YPOBHSIX HampspkeHWH. B pabote [3] yka3biBaercs, YTO CyIIECTBYET KpH-
TUYECKOE HAIPsUKEHUE HEAOTPY3KH, OTENsIoNee 00JacTh HaPsKeHHUH, COBEPIIEHHO He
BIIUSIIONIUX HA COMPOTUBIICHUE YCTAIOCTH, OT HAPSDKEHUH, TIPH KOTOPBIX HEAOTPY3KH T0-
BBIIIAIOT TIPEEI BRIHOCIMBOCTH. Ha nuarpamme, mpeacTaBieHHON Ha pucyHKe 1, mMmeercst
JIB€ 00JIaCTH, TepBasi M3 KOTOPHIX HE OKA3hIBACT BIUSHIE HA COMPOTHUBIICHUE YCTAIOCTH, a
BTOpasi yIpOUHSET MaTepral.

I'I'. [ToroB [6] oT™Me"aeT, YTO MaKCUMAILHBIN 3(DPEKT qaeT TpeHUPOBKA MPH HATIPSDKE-
HHUSX, OJIM3KKX K NPEEIY BBIHOCIMBOCTH, €CIM Hanpsbkenus Hike (0,8 +0,9) |, To Tpenu-
poBKa oka3biBaeTcs Oe3pe3ynbrarnoit. Mapunen T.K. [5] uccienoBai BiusiHIE TPEHUPOBKH
B YCIIOBUSAX CBEPXUIUTEIBHBIX UCIBITAHUN. V3 €ro OmbpITOB CIEAYET, UTO C YBEIUYCHUEM
YHCIIa IUKJIOB PEABAPUTEIILHOTO HATPYKEHUS d3PPEKT TPEHUPOBKU YBEITUIUBACTCS, IIOKA
9TO YHCIIO HE JOCTUTHET 25 M. i ctanei 20 u 25 25 MITH IIUKIOB 00€CIIeYnBaeT MaKCH-
MaJbHYIO BEJINYMHY CONPOTHBIIEHHS YCTaJIOCTH, a JlajdbHENIIIee MOBBIIIEHHE ITOr0 Yucia
o 1500 MiH IMKIIOB OKa3alnch Oe3pe3yasTaTUBHBIMU. B padore [ 1] mmerorcs naHHBIE
(Tabu. 1) s 06pasuos crami ¢ coneprkannem 0,015% C, ¢ npenenom npounoctu 6, = 310 Mlla

* E-mail xoppeconaupytomero apropa: tar-ti@mail.ru



JKynucoeros C. u Op. Brusinue npedsapumenvHol mpeHuposku Ha conpomuegienue yemanocmu ... 193

Pucynox 1 — O6nactv ynmpodHeHHsI Ha TUarpaMMe BBIHOCTMBOCTH

¥ BbIHOCIHMBOCTH G| = 183 MIla), a Takke CBUIETENLCTBYIOIIME 00 YBEIMYEHNH MIPEIENa
BBIHOCIIMBOCTHU B 3aBUCUMOCTH OT YHCJIA IIUKIIOB MPEJABAPUTEIILHOTO HATPYIKECHHUSI.

Taonuya 1

YKo UMKIIOB IIOBTOPEHHS HE-
JIOTPpy3KHy npu Hanpsbkeann 140 | 0,5 - 107 | 1 - 107 2107 3-107 410" | 6-107
MIla

VBenuueHue mpenesa BBIHOC-
JIMBOCTHU B %

6,1 6,1 6,9 8,0 19,0 23

HyXHO OTMETHTB, YTO BBHIIICYNOMSHYTHIE UCIBITAHHS TPOBOAMUIINCH B YCIOBHAX JIH-
HEeHHOTo HampspkeHHOTo coctosiHus. C menbto omnpeneneHus dGdexTa TPSHUPOBKU B UC-
MBITYEMBIX CTAJISX B YCIOBHAX CIOKHOTO HANPSHKEHHOTO COCTOSHUS W TIPU HATPSIKEHUSX,
cocrapistronux (0,8 +0,9) 6 |, HaMU IPOBOMIIMCH UCTIBITAHUS HA YCTAHOBKE, ONIMCAHHOM B
pabore [7], a ONBITHI P JTHHEHHOM HAINPSKEHHOM COCTOSTHUH TIPOBOJIUIIUCH HA MyJIbCATO-
pe ¢upmer Jlozernraysen. [lpy mpoBeaeHNN OMBITOB HCIIOIB30BAINCH TPYOUAThIe U IINITHH-
Jpudeckre 00pasibl. DKCIIEPUMEHTATbHBIE KPUBBIE YCTAIOCTH U JAarPaMMBbI ITPeIeIbHbBIX
amrumatya 1151 R =—1 n R =-0,1, orBewaromue oOpas3am, IpomeannM IpeaBapruTebHY 0
TPEHHUPOBKY, MPEICTABICHBI HA PUCYHKE 2 W TIPUBEACHBI B pabote [8]. Jlns cpaBHEeHUs Ha
TOM K€ PUCYHKE HaHECEHBI KPUBBIE YCTAIOCTH IS TOTO e Marepuaia 0e3 TPeHUPOBKH.
Pe3ynbTarsl OMBITOB CBHICTEILCTBYIOT, 4TO TPEHUPOBKA B TeueHue 10 - 10° nukiioB yBenu-
YUBaja YECIIO IUKIIOB 110 pa3pyrieHus mpumepHo Ha 20+30 % mo cpaBHEHUIO ¢ 00pa3IiaMu,
HE TPOIIEANTNMH TaKOW TPEHHUPOBKH.

Juns yaera addekra « TpeHUPOBKH METAIIOBY B SHEPTETHUECKOM YPABHEHUH IOBPEXKIe-
HUiL, pazpadoranHoM B CankT-IleTepOyprckom nmomurexandeckoM yansepeutere (CIIOITY)
[Terpa Bemukoro [8], ¢ WCMONMB30BaHNEM KPUBBIX yCTAIOCTEH M JAMArpaMM IpenelbHBIX
aAMILTUTYT, MOXET OBITh TIOCTPOCHA CEPHSI YCTATIOCTHBIX KPUBBIX JIJISl PA3HBIX KOAQPHIINECH-
ToB R ¢ yuerom TperupoBku. [1iist onpeneneHus QyHKIUH yAeIbHOW HeoOpaTuMoit paboTh
nedopmuposanus Q(k, R) Haxomumu napameTp
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Pucynox 2 — Kpussle ycTanocTu ajs ctain 45

Pucynok 3 — Oysakuus ynenbHON paboThl 1eOpMUpOBaHUS st cTaimu 45

(%)
x;z(% —1), (1)

2

Bennunna C, B 3TO# 3aBUCUMOCTH SABJISETCS SKCIIEPUMEHTAIBHOM MOCTOSHHOM Mare-
pHana, COOTBETCTBYIOLICH €ro MmpearojaracMoMy abCOTIOTHOMY TIPE/IeTy BHIHOCIUBOCTH.
Orta BenuunHa npuHsaTa paBHoi 90 MIla qis ctanu 10 u 135 Mlla ans cranu 45. OyHKIHUS
¢o(k,R) ompenensiercs o popmyie [8]

o 1
max
O(R,R) =|1—-—t | — 1
6, IN M

p p
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IJie G, — MCTHHHOE conpoTusienue paspriBy (680 MIla s cramu 10 u 1430 MIla nis cra-
mu 45). 3HaueHus 6, U N CHUMAJIHCh C COOTBETCTBYIOIINX YCTATOCTHBIX KPUBBIX (PHC. 2).
Ha rpaduke (puc. 3) OTJIOKEHBI 110 BEPTHKAJIU B JOrapu(hMUICCKOM MACIITA0e 3HAUCHUS
¢(k,R) 1o ocu abeuuce — 3HAYCHUS BETHUHH S .

Takum oGpasom, ucrosb3oBanue rpadukos Gpyukuuu @(K,R) , mocrpoenusie ¢ yve-
TOM TPEHHPOBKH TIPH Oma = (0,8+0,9)0_; mosBonser cymecTBeHHO yIydmuTh Iporuo3
Pa3pyIIArONIETO YKCIa [UKIOB MPU HECTAI[MOHAPHOM PEKHUME HArPyKEHHsI, BKITFOYAIOIEM
TaKWe CTYNEHH, Ha KOTOPBIX MaKCHMalbHOE 3a TEpHOJ LUKIIA HANPSHKCHUE COCTaBHIIO
(0,6+0,9)6_, . (r.c. GblIa HECKONBKO HIIKE HIIH TOTO XKe MOpsKa, 4to 1 C,).
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M. X. [[ynamu ameindaeet Tapas aumaxmolk yrugepcumemi

METAJIJAPABIH HTAPIHAYFA TO3IMAIITTHE AJIZIBIH AJIA
KATTBITYIbIH 9CEPI

Bonam yneinepiniy Kypoeni acykmeme percumoepinoe anobli-aia mo3iMOLIK we2iheH moMeH YUKIOIK
JicyKmemeney apKblibl YUKIO0iK Kadxicy 6epikmiziniy Jco2apuliaysl IKCNepuUMenmanobl mypoe anblKmanobl
Jicone muicmi  QQYHKYUOHAnObl napamemp MypPebl3vblabll, OCbIHOAU «AN0bIH-ANA JICAMMBIKINBIPYOLLY
3AKLIMOAHY OblY dHEPLEMUKANbIK MeHOeYiHOe ecenke ally 20iCi YCbIHbLIObL.

Tyitin ce30ep: yukiovl dcykmeme, mo3IMOLNIK, Kypoeri Yukiovl KepHEYIl KYU, KON YUKIObL KAXCY
KUPAybIHbll IHEP2eMUKAIbIK MOOEJI.

S. ZHUNISBEKOV; S. ZH. ZHASHEN, D. K. DZHAKIYAEYV; B. D. DZHAKIYAEV
M.H.Dulati Taraz Regional University

THE EFFECT OF PRE-TRAINING ON METAL FATIGUE RESISTANCE

The influence of training of samples of steel 45 under cyclic loading below the endurance limit

on cyclic durability under some complex loading conditions was experimentally established, and a

method was proposed for taking into account such training in the energy damage equation, for which the
corresponding functional parameter was constructed.

Key words: cyclic loading, durability, complex cyclic stress state, energy model of high-cycle

fatigue.
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