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6D060100-Marematika MamanaeiFel  OokbiHmA (PhD) ¢uiocodus aOKTOPHI
FBIIBIMU JOPEKE Ty YIIIH JUCCEPTaLMs

AnRjgarna
9J/IIMOBA OHEJI HYPJIAHBEKKbI3bI

I'NMIIEPBOJIAJIBIK TEHAY YIHNIH KUCBIH/IbI EMEC ECEIITEPAEI'T
OAICTEP/IH CAJIBICTBIPMAJIBI TAJITIAYbBI, "KUHAKTbUIbIT'bI,
OPHBIKTBLJIBIT'BI

JucceprauusviblK  3epTTey  TAKbIPLIOBIHBIH  63eKTijdiri:  XKymeic
Oipesmemail, eKieJIIIeM/l TONKbIH TEHAEY1 YIIIH J{upuxiie ecen meuryiHiH CaHabIK
OMICTEPIH TYPFBI3Y JKIHE 3€PTTEYIe apHAJIFaH.

TonkeiH TeHzaeyi yuriH Jupuxmne ece0l mMareMaTWKalbK (DPM3MKAHBIH aca
Kypaenm wmoaenaepidiy, Oipi  Oosibin  TaObutaabl. TOJKBIH TEHJACYl Ta3aarbl,
CYMBIKTarbl, KaTThl ACHENAErT OOWIBIK ABIOBICTBIK TEPOEHIC, IMEKTErl KOIACHEH
TepOENIC CUAKTBl MEXAHUKAIBIK >KYHEIEe TapanaTblH a3 TepOemicTepAiH OapIbIK,
TYPJAEPIH CUNIATTANIBL.

JKa3bIKTBIKTa MaTeMaTHKAIBIK (U3MKaHBIH 1preii  ecenTepiHiH  Oipi —
TepOenMeNi 1IEKTIH KYPICIH 3€pTTey — KUCBIHABI €MEC, €rep IICKTIK Maprrap
OOJBICTBIH OapJIbIK MeKapaaapbiHaa oepuice, Jlupuxie eceOl TEK TOJKBIH TEHACY1
YLIIH FaHA eMec, COHAA-aK OapiblK rHnepOOIabIK TEHACYJIECP YUIIH A KACHIHbI
emec. byn kepi ecem OEpUITEHACPIHIH BapHUALMIChIHA KATBHICTHI  KATThI
OPHBIKCBI3ABIKTEL TYIBIPAABl YKOHE KYbIK LICIIIM[I, SFHU KOJIIAHBICTA KIPETIH
MOJIIMETTEP XKYBIKTan OCPUINE€HAIKTEH, CAaHABbIK IIEHIM, TYPFbI3Y KE31HAE YJIKCH
KMBIHIIBUIBIKTAPAbl TYABIPAAbl. Y¥CBIHBUIFAH €CENTIH KONTEreH MNPAKTHKAIBIK
KOJIIAHBICHI 0ap, MBICAJIBL, IlyHAMH Macenecl. I¢ xKy3iHae, 3aMaHayu CIy THUKAJIBIK,
CYYCTI, cyacThl Cy O€TiH Oakbuliay Kypajjapbl €peKere cail yakbITThIH OpTYpJil
KE31H/1€ [[yHaMH TOJKBIHBIH (POPMACHI 5KailJibl MOTIMET ana anaabl. OCbl MOJIIMETTED
JKUBIHTBIFbI COHKE MICKAPAJIbIK MIAPTTAPBIMEH KYBIK Tas3 CYJarbl TOJKbIH TCHICYI
YLIiH eKienmeMal Jupuxie eceOlHe allbin KENe 1.

Jluccepranmsiga >KYPri3ulr€H 3€PTTEYJIEp ©3€KTI KOHE COHFbI JKbLIAAPHI
TOJIKBIH TEHACY1 YIIiH J(upuxie eceOl yHaMH TOJKBIHBIH 3€PTTEY KE3IHIE KaHA
KOJIIAHBICKA M€ OOJIFAHIBIKTaH, OHBIH MAHBI3/Ibl KOJIAAHOATBI MAaFbIHACKL Oap.

3eprrey HbIcaHbl. OCBI YKYMBICTA 3€PTTEY HBICAHBI TOJIKBIH TEHJACYl YIUIH
Jlupuxiie eceO1H1H ecen KOWbUTBIMBIHBIH KU CHIHIBUTBIFbI, CAHIBIK ICIIIMIH TYPFbI3Y
anroput™i OOJBIN TaObLIAIBI.

3eprTey nmoHi. 3epTTCY MOHI KEP1 €CENKE KENTIPUINEH, TOJIKBIH TEHJEY1 YIIIH
KHCBIH/BI €Mec, OacTamKkpl-IIEKTIK €ceOl, KUCBIHIBI €MEC >KOHE KEepl ecentepil
HICIITY ITH OHTAHIIBL SICTEPI.

3epTTey MaKcaThl MEH TaNChbIpMaJiapsl. J(lccepTalMsHbIH 3€PTTEY MAKCaThl
MEH TalchbIpMajapbl TOJIKBIH TeHACYl yuiiH Jlupuxiie eceOiHIH MIeImiMi KOHE
HICIIIMHIH CaH/BIK OHTAMJIBI 9HICTEPIH TYPFBI3Y; OCBI QHICTEPIIH CAIBICTBIPMAIIBI
TanAaybl, OJAPAbIH OPHBIKTBUIBIFBl MEH YKUHAKTBIIBIFBL, KbIJIIAM TYCY OHICIMEH,



JlanaBeOep omiciMeH Oip, €Kl oJIlleM >KarJaiblHIa KApacTHIPBUIFAH €CENTIH
HICIIIMIHIH CAHIbIK aJITOPUTMIH 931pJiey, COHBIMEH O1pre (YHKIMOHAIA TPAAUCHTIH
TYprbI3y Oombinm  TaObutamel. TONKeIH TeHAeyl yunH Jlupuxie eceOiHiH
OarKapaaMaiIbiK MAKETIH 931piey. KapacThIpbUTFaH €Cen YIiH 931pJEHTeH CaH IbIK
AIITOPUTMACPAIH CATBICTHIPMANBI TATAAYBIH KYPTi3y.

3eprTey amicrepi. Jluccepranusiga KUCHIHABI €MEC €CEM MICIIMIHIH CaHBbIK,
o/CTEPl, WTEPAUMSIBI OHTAMNBI SIICTEpP, TPATMEHTTIK dmictep, Dypbe amici,
aKbIPIBbI-alBIPEIMIBIK SICTED, JIaHABEOEP UTEpaUMsIBL 9MICI, JKBULIAM TYCY SMICI
A JaJIbIHBLTAIBI.

3eprTeyiH FHUIBIMH KaHAIIBUIABIFBL. J[HCCEPTALMIIBIK >KYMBICTA KENEC]
YKaHA HOTUIKEIIEP AJTBIHIBL:

— TonkpiH Tenaeyl yuriH Jlupuxiie eceOlHIH KUCBIHABUIBIK MACEeCl
3ePTTENL;

— TonkeH TeHaey1 yuniH J{upuxie eceOlHIH CaHIbIK OHTANUIBI 9/IIC IICHIIMI
TYPFBI3BULIBI,

- JlanaeeOep utepaiusuibl 9AICIMEH O1posIIeM 1, €KIOIIIEMIl KaF1aibIH A
TOJIKBIH TEHJCY1 YUIiH [lupuxiie eceO1HIH CaHIbIK AJITOPUTM LIEMIIM1 TYPFBI3bIIIBL;

- Ksegam Tycy 9aiCIMEH O1peslieM/l, €KIeImeM Il *KaraaibiHaa TOJKbIH
TeHAEY1 YIiH J(upuxie eceOiHIH CaHABIK AITOPUTM MICIIIMI TYPFBI3bLIIBL,

— TonkeiH TeHaey1 YiIiH Jupuxiie eceOiHIH 1Iennmi yiniH OaraapiaMabIk,
NAKETI A31PICHIL;

— TonkpH TeHaeyi ywiH Jupuxie ecedi yunH (yHKOMOHAN TPaaUuEHTI
TYPFBI3BULIBI,

— bipenmemai, exienmemal >karAaibIHAA TOJKBIH TEHAEY1 YIIiH J(upuxie
eceOiHiH O1piHII PET CAaHABIK ECENTEYEPI KYPIi3ULL,

— TonkeiH TeHaey1 yuniH Jupuxie eceOinin JlanapeOep urepamusibl 9ICl,
JKBIIAAM TYCY 9JI1CI MICIIM >KHHAKTBUIBIFBIHBIH CATBICTBIPMAJIBI TAJIJAYbI 5KACAJIIBL.

3eprTeyiH TEOPHSIBIK MAaHBI3ABLIBIFbL J[MCCEPTALMSIIBIK >KYMBICTBIH
HOTHXKETIEP] KEP1 JKOHE KUCBIHIBI €MEC €CENTEPAl IEHTYAIH CAHIBIK aIrOPAUTMIH
TYPFBI3YJa €Neyl YAECIH KOCABI.

3eprTeyliH NPAKTHKAIBIK MAHBIBABUILIFbL. JKYMBICTBIH MPaKTUKAJIBIK,
MaHBI3ABUIBIFBl  3€PTTEY  HOTWKENEPl  LyHAMH  KYOBUIBICBIH — 3€PTTEYAC
KOJNJAHBLIAJbl. O3IPJICHIeH aNrOpuUTMICP OEpUIreH JKarajlay MaHbIHAAFbl
aiiMakTapia IyHaMu TapalyblHbIH OOJDKAMBIH KOHE CAJIIapbiH O0JDKay KYWECIH
KETUIIIPYTE, KYPYFa KOMEKTECE .

KyMBICTBIH KYPBLIBIMBI MEH KeéJieMi. JlucceprauusblK >KYMBIC €Kl
OOJIMHEH, KOPBITHIHJBIAAH, NalJalbIHBUTFAH  9NCOMET KO3JEP TIZIMIHEH,
KochIMIIaJiapAaH Typaabl. JKymbeic MammHaMmeH TepuireH 106 OeTTi MOTiHAe
MasMyHAaFaH, 97 cypet skaHe 13 tabnuua Gap.



AHHOTAIMS

JUCCEpTAM HA COMCKAaHWE YYEHOH creneHn Jokropa ¢uimocodpum (PhD) mo
cnenuaibHOCTH 6D060100—-Maremarvka

AJIMMOBOI1 AHEJIb HYPJIAHBEKOBHBI

CPABHI/IIEJII)HI)Iﬁ AHAJIN3 METOJ10OB, CXOAUMOCTHU N
YCTONYNBOCTHU B HEKOPPEKTHBIX 3ATAYAX JJIA
T'HIEPBOJINUYECKHNX YPABHEHMI

AKTYaJIbHOCTH T€MbI JUCCEPTALUOHHOIO Hcc/aeaoBaHuA: PaboTa mocesuicHa
NOCTPOCHHIO M MUCCIICIOBAHUIO YHCIEHHBIX METOAOB pEIICHUs 3a1a4un Jlupuxiie 1ist
BOJIHOBOTO YPaBHEHHUS KaK OJIHOMEPHOIO, TaK U ABYMEPHOTO.

3amaua Jlupuxiie [uisi BOJHOBOTO YPaBHEHMS SIBIISIETCS OJHON W3 HamOosee
CIIO’KHBIX MoOjeNeit Maremaruueckoi (u3uku. BoJHOBOE ypaBHEHHE OMKMCHIBACT
NOYTH BCE PA3HOBHUIHOCTH MaNbIX KoJieOaHUil B pacmpelesieHHbIX MEXaHUYECKUX
CUCTEMAX, TAKUX KaK MPOJIOJbHBIE 3BYKOBbIE KOJ€OaHUs B ra3e, sKUIKOCTU, TBEPIOM
TEJE; MONEPEYHBIC KOJIeOaHUsl B CTPYHAX U T. 1.

Ha niockocty ogHa U3 (yHIaMEHTAIBHBIX 33/1a4 MaTeMaTHYECKON (PU3UKH —
U3YYCHHE MOBEACHUS KONEOMIOIENCS CTPYHBI - HEKOPPEKTHA, KOrAa KpacBbie
YCIIOBUS 33JIaHbl HA BCEH rpaHuile 00JacTH, 3a1a4a J{uprxie HEKOPPEKTHA HE TOJBKO
JUIs. BOJIHOBOTO YPAaBHEHHUS, HO M Il OOHIMX TUNEPOOJUYECKUX YpaBHEHHH. DTO
MNOPOKAAET CUJIbHYIO HEYCTOMYMBOCTH MO OTHOUICHHUIO K BapualusaM JaHHBIX
oOpartHoii 3aauu 1 O0JIbIIKME TPOOIEMBI MIPU MOCTPOCHUN MPUOTUKEHHBIX PEUICHUH,
TO €CTh YMCJIEHHBIX PELICHUA, TTOCKOJIbKY HAa MPAKTUKE BXOTHBIE TAHHBIE U3BECTHBI
OpUOIMKEHHO. YKa3aHHBIE 3aJaud MMEIOT MHOIO MPAKTHUUYECKUX MPUIIOKEHUH,
HanpuMmep, mpodsema IyHamu. Jlelo B TOM, YTO COBPEMEHHBIE CIYTHUKOBBIE,
HAJBOJHbBIE U MOABOJHBIE CPEICTBA HAOMIOCHHUS BOJHOM MOBEPXHOCTU B MPUHIIUIIE
NO3BOJISIIOT TOJyYaTh JaHHbiE O (OpME BOJHBI I[yHAMH B PA3JIUYHBIE MOMEHTHI
BPEMEHU. DOTWU JaHHBIE B COBOKYMHOCTM C COOTBETCTBYIOUIMMHU TPAHUYHBIMU
YCJIOBUSIMUA TIPUBOJSAT K ABYMEPHOU 3amaue lupuxje 1Jis BOJIHOBOTO YPaBHEHHUS B
NpUOSIMKEHUN METTKOM BOJBI.

Hccnenopanus, MPOBEJACHHBIE B AUCCEPTALMM, AKTYAJIbHbI U MMEIOT BAKHOE
NPUKIAJHOEC 3HAYEHHWE, TMOCKOIbKY B TOCIAEAHWME Tonabl 3amavya Jupuxie s
BOJIHOBOTO YpaBHEHMS MOJY4YWSa HOBbIE MPUMEHEHUS MPH KCCICIOBAHUU BOJH
I[yHaMHU.

O0bekT uccaenoBanns. B nanHoi padoTe 00BEKTOM HMCCIICIOBAHUS SBIISIETCS
3amavya Jlmpuxie A BOJHOBOTO YPaBHEHMS, BOMPOCHI KOPPEKTHOCTH MOCTAHOBKH
3a/lauu, AJITOPUTM MOCTPOCHHU S YACTICHHBIX PEIICHUIA.

Ipeamer ucciexoBanus. lIpeaMeToM UCCICAOBAHUS ABJIAETCA HEKOPPEKTHASA
HaYaJIbHO-KpacBas 3ajJaya Jjs BOJHOBOIO YPAaBHEHHWs, CBEIACHHAas K OOpaTHOMA
3aja4e, ONTUMHU3ALIMOHHBIE METO/IbI PELICHHSI HEKOPPEKTHBIX U 0OpaTHBIX 3a/1a4.

Henr wm 3amaum  wucciaenoBanms. lLlenplo W 3amavaMu  MCCNEAOBAHUS
JMCCEpPTaluU SBJISICTCS pelieHue 3anaud Jupuxsie [uisi BOJIHOBOTO YpPaBHEHUS U



MOCTPOEHUE YHUCIICHHBIX ONTUMHU3AUUOHHBIX METOAOB PELICHUS, CPABHUTEIIBHBIN
aHAJIN3 3THX METOJAOB, UX YCTOHYMBOCTM M CXOAMMOCTH, pa3paboTKa YUCIICHHBIX
AITOPATMOB PELICHUS PACCMATPUBACMON 3aJa4M B OJHOMEPHOM M JBYMEPHOM
cllydasix METOJOM HAMCKOPEHWINEro Crmycka W MeToaoM urepaumii JlanneeOepa, a
TAK)KE€ MOCTPOEHUE rpajueHTa (PyHKIMOHANa. Pa3paboTka MpOrpaMMHBIX MAKETOB
JUIs  pelleHrs 3anadu  Jupuxiie s BOJIHOBOIO  ypaBHEHHWs. lIpoBeneHue
CPaBHUTEIBHOIO  aHAM3a  Pa3pa0OTaHHBIX  YWCJICHHBIX  QJITOPUTMOB  JUIs
paccMarpuBaeMon 3aJa4u.

Mertoasl uccaenoBanusi. B auccepranmuu MCIONb3YIOTCS YUCICHHBIE METOBI
PELICHUS HEKOPPEKTHBIX 3a1a4, WTECPALMOHHBIE ONTUMHU3ALUOHHBIE METO/BI,
IPAJMEHTHBIE METOABI, MeTon Dypbe, KOHEYHO-PA3HOCTHBIE METOABI, METOM
utepauunii Jlanaeebepa, METO HAMCKOPEHIIIETO CITYCKA.

Hayuynasi HoBH3HA uccieaoBanusi. B nuccepraunoHHol paboTe MONMy4YeHBI
CJIEIYFOLIUE HOBBIC PE3YJIBTATHI:

— HCCIIEN0BAaH BOINPOC KOPPEKTHOCTH 3ajgauv Jlupuxmne s BOJHOBOIO
YPABHEHUS,

— TOCTPOEH YMCIIECHHBIM ONTUMU3ALMOHHBIA METO PELICHUS 3a1auu [lupuxie
JUTsl BOJTHOBOT'O YPaBHEHUS,

— TOCTPOEH YMCJICHHBIA QJITOPUTM PEIICHUA 3aAauu J(Uupuxie uisi BOJTHOBOTO
YPaBHEHHUS B OJJHOMEPHOM M IBYMEPHOM Cllydae METOJ0M uTepaumii Jlanneedepa,

— TOCTPOEH YMCJICHHBIA QJITOPUTM PEIICHUA 3aAauu J(Uupuxie uisi BOJTHOBOTO
VPABHEHUS B OAHOMEPHOM M JIBYMEPHOM CIIy4ae METOJIOM HAUCKOPEHILIETO CIyCKa,

— pa3paboTaHbl MPOTPaAMMHBIC MAKETHI A PELICHHs 3anayu upuxie ams
BOJIHOBOT'O YPABHEHUS,

— MOCTPOCH TPaaUeHT (QYHKUHMOHANA Ui 3a4aud JMpuxje aas BOJHOBOTO
YPABHEHUS,

—  BIEPBBIC MPOBEACHBI YMCIICHHBIE PACUETHI 3a4auu J{UpUXie 1isi BOJIHOBOTO
VPABHEHUS B OJHOMEPHOM U B IBYMEPHOM CJIyy4ac;

— MPOBEJEH CPABHUTEIIbHBIN aHanu3 MeToaa urepauuii Jlanasedepa u Meroaa
HAMCKOPEHIIETO CNYCKA, PELICHUs CXOAMMOCTH 3a4auv JIMpHXje s BOJHOBOIO
VPAaBHEHUSI.

Teopernyeckass 3HAYUMOCTb HCCJIeI0BaHMA. Pe3ysbTarsl NUCCEPTALMOHHOM
paboTBl BHOCST CYIIECTBEHHBIH BKJIaJ B TOCTPOCHUE AITOPUTMOB YMCIICHHBIX
METOJI0B PEUICHHsI OOPATHBIX M HEKOPPEKTHBIX 3a/1a4.

IIpakTH4yeckast 3HAYMMOCTH HCCIeAOBaHHUs. [IpakTMyeckas 3HAYMMOCTH
paboTBl COCTOMT B TOM, YTO PE3YJIbTaThl HCCIAEAOBAHUN MOTYT OBITH MPUMEHCHBI B
W3YYCHUU SIBJICHUH IyHamu. Pa3paboTaHHbIE anrOpuTMBbl CIIOCOOCTBYIOT CO3/IAHUIO U
COBEPILECHCTBOBAHUIO CUCTEM MPEICKA3aHUs PACIIPOCTPAHEHHUS LyHAMHU W MPOTHO3a
NOCJICACTBHA B 3a/IaHHBIX PaifoHax OEPEroBOi 30HBI.

Crpykrypa u o00bem palGoTbl. JluccepraumoHHas padoTa COCTOUT U3
BBCJCHMS, ABYX PAa3ACiiOB, 3AKIIOYEHUS, CIIMCKA HKCIIOIb30BAHHBIX MCTOYHUKOB.
PabGora m3nokeHa Ha 106 cTpaHMIAX MAIOWHOMHACHOTO TEKCTA, COAECPKUT 97
PUCYHKOB ¥ 13 Tabnui.



ABSTRACT
to the doctoral thesis for scientific degree Doctor of Philosophy (PhD)
on the specialty 6D060100-Mathematics
Alimova Anel Nurdanbekovna

THE COMPARATIVE ANALYSIS OF METHODS, CONVERGENCE AND
STABILITY IN IIL-POSED PROBLEMS FOR HYPERBOLIC EQUATIONS

Relevance of thesis theme research: The work is devoted to the construction and
sudy of numerical methods for solving the Dirichlet problem for the wave equation as a
one-dimensional and two-dimensional.

The Dirichlet problem for the wave equation 1s one of the most sophisticated
models of mathematical physics. The wave equation describes almost all varieties of
small vibrations in distributed mechanical systems, such as the longitudinal sound
waves in gases, liquids, solids, transverse vibrations in the strings, etc.

One of the fundamental problems of mathematical physics on the plane - the study
of vibrating string behavior - 1s ill-posed, when the boundary conditions are given on
the entire boundary, the Dirichlet problem is not well-posed, not only for the wave
equation , but also for the general hyperbolic equations. It gives rise to a strong
instability with respect to data variations of the inverse problem and a big problem in
the construction of approximate solutions, that is, numerical solutions, so far as in
practice the input data are known only approximately. These problems have many
practical applications, for example, the problem of the tsunami. The fact that modern
satellite, above-water and underwater surveillance tool allow to obtain information
about the shape of the tsunami waves at different times. These data, together with the
appropriate boundary conditions lead to a two-dimensional Dirichlet problem for the
wave equations in the shallow water.

The research conducted in the thesis are relevant and have important practical
meaning, because in recent years the Dirichlet problem for the wave equation has
the new application in the study of tsunami waves.

The object of research. In this work, the object of study is the Dirichlet
problem for the wave equation, correctness questions of the problem formulation, the
algorithm for constructing numerical solutions.

The subject of research. The subject of the research is ill-posed initial boundary
problem for the wave equation, reduced to the inverse problem, optimization methods
for solving ill-posed and inverse problems.

The purpose and task of research. The purpose and task of thesis research is to
find the solution of the Dirichlet problem for the wave equation and the construction of
numerical optimized solving methods; comparative analysis of these methods, their
stability and convergence , the development of numerical algorithms of solution of the



considered problem in one-dimensional and two-dimensional cases by the steepest
descent method and Landweber iteration method, and construction of functional
gradient. Development of software packages for solving the Dirichlet problem for the
wave equation. Carry out the comparative analysis of numerical algorithms for the
problem.

Research methods. There are numerical methods for solving ill-posed problems,
iterative optimization methods, gradient methods, Fourier method, finite-difference
methods, Landweber iteration method, steepest descent method in this thesis.

Scientific novelty of research. The following new results were obtained in this
thesis:

— the question of correctness of the Dirichlet problem for the wave equation was
researched;

— the numerical optimization method was built for solving the Dirichlet problem
for the wave equation ;

— numerical algorithm was built for solving the Dirichlet problem for the wave
equation in one-dimensional and two-dimensional case by Landweber iteration;

— numerical algorithm was built for solving the Dirichlet problem for the wave
equation in one-dimensional and two-dimensional case by the steepest descent method;

— software packages were developed for the solution of the Dirichlet problem
for the wave equation;

— constructed the functional gradient for the Dirichlet problem for the wave
equation;

— numerical calculations for solving Dirichlet problem for the wave equation in
one-dimensional and two-dimensional case were carried for the first time;

— carried out a comparative analysis of the Landweber iteration method and the
steepest descent method , the convergence of solutions of the Dirichlet problem for the
wave equation.

The theoretical significance of the research. The results of the thesis make a
significant contribution to the algorithms construction of numerical methods for solving
inverse and 1ll-posed problems.

The practical significance of the research. The practical significance of this
work 1s that research results can be applied to study the tsunamis phenomena. The
developed algorithms allow for creation and improvement of prediction systems of
tsunami distribution and forecast consequences in specified regions of the coastal zone.

The structure and scope of work. The thesis consists of an introduction, two
chapters, conclusion, list of sources, applications. The work is on 106 pages of
typescript, contains 97 figures and 13 tables.



