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BBenenue

B macrosiiiiem mocobun paccMaTpUBaIOTCsl COBPEMEHHbBIE ACIIEKThI KOMIIbIO-
TEPHOI'0 MOJEJINPOBAHISI HEJIMHEHHBIX BOJHOBBIX IIPOIECCOB, B YACTHOCTH, Ma-
TeMaTHIecKne MOJIeJIN, OluChbiBaomne pu3ndeckKue Ipoiecchbl. B kadecrse oc-
HOBHOT'O (DU3UYECKOI'0 SBJIEHUsI BLIOPAHO BOJIHOBOE JIBUKEHHE UJIeaJbHOM YKI/I-
KocTr. XOPOIIO N3BECTHO, 9TO HEJIMHEHHbIE 33/ a9l MaTeMaTHIeCKON I Ipo/in-
HAMUKH SIBJIAIOTCS JOCTATOYIHO CJIOXKHBIMI U COJEPIKAIIMU MHOI'O HEpeIeH-

HBIX 3aJa4.

Haumnaem ¢ paccMoTpenns MaTeMaTUIeCKIX MOJesell, OMUChIBAIONINX BOJI-
HOBOE JIBVZKEHWE YKUJIKOCTHU, T0C/Ie 9eTro M3ydaeM KOPPEKTHOCTH TOJTYUEeHHbBIX
ypaBHeHuit. /{11 KoMIIbIOTEPHOr0 MOJICTUPOBAHNST HEOOXOINMO UMETh He TOJIb-
KO pe3yJbTaThbl O CYIIECTBOBAHUH PEIIeHnii, HO U OOOCHOBAHHBIE YHCJIEHHbIE
MeToibl. CTPOUM YHCJIEHHBIE METO/bI, KOTOPhIe MOI'YT OBITH 3 MEKTUBHO HC-

IIOJIb30BaHbI TP KOMIIBIOTEPHOM MOIEJIMPOBAHNN.

Bce mpejicraBiiennble HAMU MOJEIN SBJISIOTCS HEJTWHEHHBIMUI ypaBHEHUSI-
mu. [Ipn MojiemmpoBaHn HECTAITMOHAPHBIX HEJIMHEIHBIX YpaBHEHUIT BOSHUKAET
MPUHIUIHAILHA TTPodIeMa — KOHCTPYKTUBHAs OIeHKa BPEMEHU CYIeCTBOBA-
Hus pertenuil. 3ydaem pasamdyHble MaTeMaTHUeCKUe METO/bI, MTO3BOJISIONINE
[10JIy4aTh OIIEHKY BPEMEHU CYIIECTBOBAHUSI PEIIEHUll ¢ TOMOIIbIO J0KA3aTe b
HBIX Bbraucjenuit. [lpn m3ydenun mecTanmoHApHBIX HEJTUHEWHBIX YpaBHEHUI
pa3BUBAEM TAKXKe U CTATHCTUYCCKIE METOJIbI JIJIsd UCCJIE/IOBAHNA TTPOOJIEM pas-

PEIIUMOCTH 9TUX YPABHEHMUIA.



[Tocne m3ydennss maTeMaTHdeCKUX ACIEKTOB MOJETUPOBAHNS HEJTMHEHHBIX
BOJTHOBBIX ITPOIIECCOB MTPUBOUM OOJTBITIOE KOJTUIECTBO PeaTbHBIX BHITUCTUTE b
HBIX 9KCIEPUMEHTOB.

PaccmoTpum cosiepzkanne mocoous.

[lepBag rnaBa mocsiena N3y4eHUI0 OCHOBHBIX YPaBHEHUI, OMUCHIBAIOITIX
HeJTMHEHYI0 JUHAMUKY WaeadbHOil »kujakoctu. Hauwmmaem ¢ ypaBHeHuit ii-
Jiepa, OMMCHIBAIONINX JTMHAMUKY HECKUMaeMO MJIeaJbHON KUJIKOCTH. 3aTeM
epexo/ MM K pacCMOTPEHUIO MMOBEPXHOCTHLIX BOJIH WAeATbHON YKUJIKOCTH. 3a-
METUM, YTO BCIO/Iy pacCMaTpUBAEM UCKJIIOUNTETHHO MIeaTbHyI0 XKIJIKOCTH Oe3
BaskocTu. [loMrMo Kitaccuiecknx ypaBHEHUI paccMaTpuBaeM YpaBHEHUS, OIN-
CBIBAIOIINE JIMHAMUKY [TOBEPXHOCTHBIX BOJIH B KOH(POPMHBIX IIEPEMEHHBIX. DTH
ypaBHeHus nosydennble, A.V. JIbsuenko, oka3aanch 04eHb yJI00HBIMU KaK J1JIsi

TECOPETUYIECCKOI'O UCCJIEJOBaHUA, TaK 1 OJId IIPOBEACHNA YHMCJIICHHBIX PaCcYe€TOB.

Bo BTOpOil IaBe paccMaTpuBaeM BOIPOCHl KOPPEKTHOCTH ypaHeHwil. Oc-
HOBHBIE ypaBHEHUs IPEJICTAB/IAIOT COOO0il CUCTEeMbI HEJIMHEHBIX WHTErpOud-
depeHnmabHBIX ypaBHEHNI B YaCTHBIX MPOM3BOJIHBIX, JOKA3bIBAEM TEOPEMbI
O CyIIECTBOBAHUN aHAJIUTUYECKNX perrennii. [Ipu paccmoTpenun ypaBHeHwUil,
OTTMCBIBAIONINX TTOBEPXHOCTHBIE BOJIHLI, CBOJAUM HaIly 3ajady K aOCTPaKTHOI
za1ade Kot iyt qudpdpepeHnnabHoro ypaBHeHus B THILOEPTOBOM ITPOCTPAH-

CTBeE.

TpeTbsa Ty1aBa MOCBAIIEHA W3YUEHNIO YNCEHHBIX METOJ0B U PACCMOTPEHUIO
abCTPaKTHOIO BapuaHTa HammMX ypaBHeHnit. OCHOBHBIM YHUC/IEHHBIM METOJIOM
HaMU BbIOpaH ITPOEKITMOHHBII METO/T CBeJIeHNsI aOCTPAKTHBIX YPABHEHUN B THIb-
O6epTOBOM ITPOCTPAHCTBE K CUCTEMaM OOBIKHOBEHHBIX UM DePEHITNATLHBIX YPaB-
HeHwit. Mbl He TOJILKO jtaeM 0O0CHOBaHUE MMOCTPOCHHBIM YNCICHHBIM METOJIAM,

HO 1 paccMaTpuBacM pa3JIMYIHbIC aCIICKTBhI peaJn3alliil 9TNX YMUCJICHHBIX METO-



noB Ha DBM. B wactHOCTH, MBI n3y4YaeM MPoOJeMbl MAITUHHONW TOYHOCTH MPU
IIpUMeHEeHNN X K HeCcTallMOHAPHBIM 3a/ladaM. [akyKe B 9TOI T/iaBe 3aTparnBa-
I0TCS BOIIPOCHI TPUMEHEHUS CILIAiH-UHTEPIIOIAIIH JI/IsT TIOCTPOSHNs TTPUOJIN-
JKEHHBIX pellleHnil Ha HepaBHOMEPHBIX CEeTKaX.

B 4erBepToii ry1aBe MbI pacCMaTPUBAEM Pa3IUIHbIE METO/BI JIJId KOHCTPYK-
TUBHOI OIEHKN BPEMEHW CYIIEeCTBOBAHUS aHAJIUTHIeCKUX pereruii. OCHOBHbBIE
PE3YIBTATHI YeTBEPTOI TJIABLI OTHOCATCA K 00mnM cucteMam Kormm-KosaseBckoit,
OJIHAKO MBI IIPUMEHsIEM UX K HAIIMM YPaBHEHUAM, OINCHIBAIOIINX TTOBEPXHOCT-
HbIE BOJIHBI UJIeaIbHOI YK1JIKOCTH. PaccmaTpuBaeMble METO/IbI OTIEHKN BPEMEHN
CYIIIECTBOBAHUS peINIennii peaJm30BaHbl 1 UCIOJIB30BAHbI B TJIaBe, TJle MPUBO-
JIATCA BBIYUC/IUTE/IHHBIE SKCIIEPUMEHTHI.

[Iarasg ryiaBa mocBsiena MPUMEHEHNIO METOJIOB CTATUCTUKU JIJIS MCCJIEN0-
BaHUs BOIPOCOB Pa3pelmMOCTH HEeJTMHEHHBIX IBOJIIOIMOHHBIX ypaBHeHnit. B
9TOII IJ1aBe MpeJICTaB/IeHbl pA3JINYHbIe TTOX0/IbI, CBA3aHHBIE CO CTATUCTUYECKNU-
MU TIOJIXOJIAMU, JIJIs PEIIeHN Psijia aKTyaJbHBIX 1 CJIOXKHBIX 3a/a4 MaTeMaTH-
YeCKON THAPOIMHAMUKH.

B mnocienneit mecToil ryiaBe NPUBOIUTCA OOJIBIIOE KOJUYECTBO peasbHbIX
BBIYHMC/TUTE/THHBIX SKCIIEPUMEHTOB B MATEMATUIECKON THIPOJNHAMUKE U OKe-
AHOJIOTUU. DTU SKCIEPUMEHTHI CIJIAHMPOBAHLI TAKIM 00pPa3oM, ITOOLI Mpojie-
MOHCTPUPOBATH BCE OCHOBHbBIE MAaTEeMaTUIeCKNE aCTIeKThI, N3yUeHHbIE B MIPE/IbI-
JyIUX TyiaBax. PaccmaTpuBaioTess pas/indyHble PesKUMbl BOJTHOBOTO JBUZKEHUS
JKIJIKOCTU: OT CTAIlMOHAPHBIX W CTOSYUX ITOBEPXHOCTHBIX BOJIH JIO0 MOJEIUPO-
BaHus HeycroiunBocTu Pejes-Teitsiopa 1 MojaempoBanus BOJIH-YOUIII.

3aMeTuM, 4TO BCE IIPOrPaAMMbl, KOTOPbIE MbI HCIIOJIB30BAJIN MIPU ITPOBEJIC-
HUU BBIYUCTUTETbHBIX SKCIIEPUMEHTOB, a TaKzKe JIpyras 1moJie3Hast mHQOopMaIns

JIOCTYIIHBI Ha clienajbHoM HTepHeT-1opTaJie rpymibl « JKCIepUMeHTaIbHOM



MaTeMaTHKI» WWW.calcs.ru, pa3zpaboTaHHBIM aBTOPOM JIJIsl HOJJIEPIKKH KC-
cJIeIOBaHUIT B 00JIACTH BBIYUCIUTEIBHBIX IKCIEPIMEHTOB.

ABTOp BhIpaxkaeT riybokyio dsarogapaocTsb mpodeccopy Asekcauapy Jleo-
aHuoBrnay CkybaueBCKOMY 3a IOCTOSTHHOe BHUMAaHIE K padoTe.

ABTOp ¢ 0J1ar0JAPHOCTHIO NMPUMET IOYKEeJAHUT U 3aMedaHNs 110 aJpecaM:

roman@shamin.ru, www.shamin.ru.



I'maBa 1

YpaBHeHUud WJIeaJbHOI >KNJIKOCTH

1.1. YpaBHeHHus JBUKEHUA HJAeaJbHON >KNJIKOCTHI

Harmra pabota rocssiniiena MaTeMaTHiecKo I IpoInHaMUKeE, TT03TOMY OyJ1eM
pacCMaTpUBATD JIBUXKCHIE KIUJIKOCTH MCKJIIOYUTE]BLHO ¢ MEXaHUIeCKOil TOYKH
3peHust, UTHOPUPYSI XUMUYeCKUe 1 Jipyrue (pu3ndecKue Mpolecchl U CBoiicTBa
»kukoeTu. Haunem ¢ psijia yIpoImaonyux IpeinoiozKeHnil, KOTOpbIe II03BOJIST
IHOCTPOUTDH MATEMATUYCCKYIO MOJIE/b JIBUMKCHUSI KIJIKOCTH. Bo-11epBhIxX, Oyem
CYNTATH KUJIKOCTD CILJIONTHON M OJHOPOJ/HON CPeJIoil M ONNCLIBATH COCTOAHIE

i1 06 R3, 6 i
JKUJIKOCTH, 3aHuMaromneii oobem () C R”) OyieM ¢ TOMOIIBIO MOJIsT CKOPOCTEI:
— —
v(x) = (vi(x),v*(x),v*(x)), v = (11, 22,73) € Q. [lepemennvle v () Ha-
3BIBAIOTCH ITepeMeHHbIMI Ditiepa. [TockoabKy OyemM paceMaTpuBaTh HeCTalll-
OHApHOEe TeYeHUe YKUJKOCTH, TO II0JIe CKOPOCTeil OyIeT 3aBUCeTh OT BPEMEHU

— —

: U = v (x,t), 00beM 00JACTH TAKXKe MOXKeT 3aBHCeTb OT BPEMeHH (B 4acT-
HOCTH, B 33JIa9ax CO CBOOOJHON MOBEPXHOCTHIO): () = (Q(t). Bo-BTOpBIX, Gy1em

CUYNTATDh YKUJKOCTh HeCzKNMaeMoil. B TepMuHax 1oJist ckopocTeil 3ToT (haKkT Bbi-

paxkaeTrcst (popMyJIoit:

div ¥ (z,t) = vy +03, +0d =0, x€Q(1). (1.1)
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Yenosue (1.1) mocrapisieT 3HAUUTEIBHBIE TPYTHOCTH TIPH TEOPETUIECKOM H3Y-
YeHNU ypaBHEHNI, a TaKxKe TP TPOBEJIEHNN YNCIEeHHBIX PACieToB. B-TpeThux,
OyJieM paccMaTpuBaTh YKUJIKOCTH TPU OTCYTCTBUM BaA3KocTH. Vckiiouenne n3
PACCMOTPEHUS BSI3KOCTH KUJIKOCTH O3HAYaeT He TOJbKO M3MeHeHue Kodddu-
[IeHTa B YPaBHEHUSX, HO U U3MEHEHUEe caMUX ypaBHEHUII U I'PAHUYHBIX YCJIO-
Buii. CjieJloBaTe/ibHO, MpeHedpezkeHne Ko UIMeHTOM BI3KOCTH MOZKET I10/I-
BEPraThbCd KPUTHUKE, OJIHAKO HAIIEll 1eJIbI0 dBJIdeTCd U3y YeHne MOBEPXHOCTHBIX
BOJIH U/JI€aJIbHOI KUJIKOCTH.

[TockobKy OYyIyT M3ydaThCs MOBEPXHOCTHBIE BOJHBI, TO pacCMaTPUBAETCS
TaKesas KIUJKOCTh, HAXOAIIAsACS C OJJHOPOJIHOM I0Jie CUJIbI TdxKecTn. Harma
JKIJIKOCTH OyjieT 00J1a/1aTh OJTHOPOJIHOM IJIOTHOCTHIO. B HEKOTOPBIX pasjesax,
MOCBSAIIEHHBIX HeycToiunBocTu Peses-Teitmopa, OyjiemM paccMaTpuBaTh JIBUKE-
HU€e KUJIKOCTU B OTPUIATEIBHOM I10JIE€ TAZKECTH.

[lepeiieM K OCHOBHBIM ypaBHEHUs, OMUCHIBAIONIUM JIMHAMUKY HIEAJILHOIM
HECXKUMaeMoil YKUJKOCTU. i onucanns TedeHust YKUJIKOCTH HAMKU BBbIOPAHDbI
9I1IEPOBBI KOOP/IMHATHI. B 9TNX KoopAMHATAX JUHAMIKA UIeaJIbHON KUJIKOCTH

OIMCBIBACTCA CUCTEMOI ypaBHEHUI Jiljiepa:

1, 1,1 2,1 3,1 _
v + vy, vt + vy, + pe, = F (1),

v + v+ 0Pl + 002+ P, = FP(a,1),
(z.t) € Qt),  (1.2)

3 4 1.3 2,3 3,3 _ 3
vp vty vy, vty + pe, = FP (1),

1 2 3 _
Uy, + 05, T U5, =0,
Il 1 2 3 N
rae F(x,t) = (F', F?, F?) ecTb BHEIIHsISA CUIIa, JIEHCTBYIONAS Ha KIJIKOCTb,
ckasgpaast Gyukiws p(z,t) HaspBaeTcd gasienneM. HemsBecTHBIME B 9TOM

o » —
crucTeMe ypaBHEHHUI sIBJISIFOTCs 110J1e cKopocreli v (x,t) u nasienue p(x,t).
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Cucrema ypasaenuit Ditiepa (1.2) mo/KHa OBIT JOMOTHEHA IPAHIIHBIMU I
HAYAILHBIMU YCJIOBUSAME. [Ipe/imoiozKumM, 410 00beM AKUJKOCTH OCTACTCS Her3-
MEHHBIM BO BPEMEHU U OrPaHiyieH IPaHulieli, CKBO3b KOTOPYIO KIUJIKOCTh He MO-
JKeT MPOoTeKaTh. DTy rpaHuily oboznadum I'. ByjieM cuntarh, 4To MOBEPXHOCTD
' He umeeT camoriepecedeHnit. 3a UCKJIIOUCHUEM CIIEIIaILHO OTOBOPEHHDBIX CJTy-
qaeB, OyJIeM IIPEeJIIoIaraTh, 9To MOBEPXHOCTh | SIBJISIETCS KYCOTHO-TJIA KO, I
pu ouTH BeexX ¥ € I ompejiesien BeKTop BHemmeil nopMaam 7 (). Yeaosue
HEIPOTEeKAHUS Uepe3 IPAHUILY 03HAYACT, YTO HOPMaJbHAst CKOPOCTDb HA TPAHUIIE

paBHA HYJIIO:

(7 (x), V' (x,t))gs, x€l. (1.3)

['paHu4aHbIe yCI0BHUSI Ha CBOOOIHOM I'PAHUIIE CYIIECTBEHHO OTIMYAIOTCSI OT YCJIO-
BIIT HEIIPOTEKaHUs. DTH YCIOBUs ITOAPOOHO OOCYIIM I1032Ke. 3aMEeTHUM, 9TO IIPU
pPacCMOTPEHUN 3aJ1ad T'UJIPOJMHAMUKN, BO3HUKAIOIINX B OKEAHOJIOI'MHU, 00JIa-
CTHU, 3aHUMaeMble KUJIKOCTHIO, YaCTO UMEIOT OI'POMHBIE pasMephbl, II03TOMY [IPHU
YUCJIEHHOM MOJEJINPOBAHUH YI0OHO UCIIOJIB30BATH IEPUOINIECKIe I'PAHIIHbIE
YCJIOBUSI.

Hecmorpst Ha 1O, uT0 B cucremy (1.2) He BXOJUT MPOU3BOJHASI [0 BDEMEHN
OT JIaBJIeHUsI, YpaBHEHUsI Diljaepa siBJISIOTCsS SBOJIIOIMOHHON CUCTEMOIl ¢ Bbljle-
JIEHHOI TIepeMeHHoil ¢, o3Havdalomeil Bpemd. [Ipn n3ydennn JuHaAMUKHI 9BOJIIO-

IMOHHBIX CHUCTEM H€O6XO,Z[I/IMO 3alaBaTh Ha4daJIbHbIC YCJIOBUA:

v (2,0) = Vo(2),
(gj e Q) (1.4)
p(z,0) = po(z).
[TockosbKy nasiienne p(x,ty) MOXKET OBITH OIPENEJIEHO MO TOJIF0 CKOPOCTeil
_
v (x,tg) npu ukcupoBaHHOM ), TO HaYaJbHBIE yCa0BUst (1.4) MOKHBL yI0-

BJICTBOPATH COOTBETCTBYIOINM YCJIOBUAM COIJIaCOBaHMA.
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Cucrema ypaBHeHHnit Diijiepa mpeJcTaBiasgeT codOi 0UeHb CIOKHYIO MAaTEeMa-
TUYECKYIO 3a/la4y KakK B IJIaHe JIoKa3aTeJbCTBa TEeOpeM O CYIIECTBOBAHUU U
€/IMHCTBEHHOCTN PENIeHUil 3TO CUCTEeMbI, TaK 1 C BBIYUC/IUTEIHLHON TOYKHN 3Pe-
Husi. B aByMepHOM ciiydae pe3yJsbTaTbl O Pa3permMocTi ypaBHeHuit Ditaepa
noJiydenbl B paborax [35], [39]. B TpexmepHOM citydae j1o HACTOSIIEr0 MOMEHTa
Pe3y/IBTATOB O TI0OAIbHOI (110 BpeMeHU) pa3permMocTi ypaBHeHusl Diljiepa
Hew3BecTHO. CylliecTBOBaHUE PEIIeHni Ha JIOCTATOYHO MaJIOM BPEMEHHOM WH-

TepBajie B TPEXMEPHOM CJIydae paccMaTpuBasoch B paborax [11], [40].

1.2. JIBymMmepHOe TedeHue

JIByMepHBIT cydail CyHeCTBEHHO OTJINYAETCA OT TPEXMEpPHOro ciaydasd. B
JIBYMEPHOII CUTYyalln MOYKHO BBECTH JIPYTHE IepeMeHHble, 3HAUNTEIHLHO 0oJee
TIOJIXOJIATITIC JJIe THCIICHHOTO cueTa. 11pesmnomoxum, uto v3 = 0, Dus = 0, TOrIA

UMeEeM CHCTEeMY ypaBHEHUIA:

Utl + Ulvil + UQ[U:%z + Pxy = Fl(x7t)7
vi + 0ol + 02, e, = FR(20t), (1) € Q(1), (1.5)

1 2 _
v, vz, =0.

Beejiem BUXpb 110 popMmyiie:

=0l —u,. (1.6)

€2
[Ipeanosrarast, 9To Bce PYHKINN UMEOT HYKHYIO TJIAJIKOCTH, UCKJIOUUM J1aB-
JICHIe U3 CHCTeMbl ypaBHeHuil (1.5), yIuThIBast, 9TO Py zy, = Puyz,- LJIA ITOTO
nepBoe ypapHeHue auddepeHnupyeM 1o rmepeMeHHoil Ty, BToOpoe — 10 T, U

BbIUNTAaEM IIepBoe ypaBHeHHe 13 BToporo. [losydaem ojiHO ypaBHeHne:
1 1 2 2 _ ol 2
S+ v, §+v & +v,8+0v 8, =F, —F;.
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Tenepn, yIuTbIBag ypaBHEHNE HECKMMAEMOCTH YKUJIKOCTH, UMEEM yDABHEHHE
1 2 1 2
v, +v&, =F, —F,. (1.7)

st pemenust ypasHenusi (1.7) HEOOXOIMMO yMeTb BOCCTAHABIMBATH BEKTOD
— o
ckopoctit v 110 BUxpIo €. C 970ii 11e/1bI0 BBeieM (DYHKIHIO TOKa 1(z, t) ciey-
IOIIM 00pa30oM
_ 1
w.’ﬂz = )
(1.8)
— 2
/(,bxl — _U .
Huddepeniupys mepBoe COOTHOIIEHHUE 10 T9, & BTOPOE — II0 T, MOCJE Yero

CKJIaJdblBasd 3TU YpPaBHEHHN:A, I10JIyIacM

A =€ (1.9)

C ypasuenuem Jlamiaca (1.9) Hy»KHO CBSI3aTh COOTBETCTBYIOINME I'DAHUYHbBIE
YCJIOBHS, HalpuMmep rnepuojundeckne. [locie gero sry 3ajady MOXKHO PEIIUTH
YUCEHHO, a WHOTAA U TOYHO.

B kadecrBe mpumepa TOYHOIO HETPUBHAILHOTO PEIIEHNsT PACCMOTPHM CTa-
nuoxapHoe periene 3agaqu (1.7)—(1.9). Ilycrs Q = (0, 27) x (0, 27) ecTb KBajI-
pat. [IpeamosoxKum, 9To Hallle TedeHne 27-11epuoJINIHO 110 IePeMEeHHBIM I, To,
TaKIM 00pa3oM OyJlieM pacCMaTpUBATDh IIEPUOIMYECKNe IpaHuIHbIe yeaoBus. B

Ka4ecTBe HAYAJILHOIO YCJIOBUS BhIOEDEM
&o(w1, T2) = sinxq sin xs. (1.10)
A BremHO0 cujty GyjleM CUUTATh PABHOI HYJIO:
Fi=0 F=0.
13 ypaBHeHuUsI, yIUTHIBasI IEPUOJNIECKIE I'PAHIIHbIE YCIOBUS, IOy IaeM, ITO

Y = sin xq sin s.
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ANYIECKUX I'PaHUYHbIX YCJIOBUAX.



1.3. IloBepxHOCTHBIE BOJIHbI UA€aJIbHOI >KNAKOCTH

C »sTOoro momeHTa OyleM paccMaTpuUBaTh JIBYMEPHOE TedeHHe HeaJIbHOi
JKIJIKOCTH €O CBOOOJHOM rpaHuieili u 6ecKoOHeIHO IVIyOOKHM JHOM. KOHKpeT-
Hee, ITyCThb HjIeaJbHast HeCKIMaeMasl KIJIKOCTh 3aHIMAaeT 00JIaCTb B IJIOCKOCTH

(x,y), orpaHImIeHHOI CBOOOIHON MOBEPXHOCTHIO
—oo <y < n(z,t),

—oo < T <oo, t>0.

ByaeM cuuTaTh, 4TO ABMZKCHUE KUJKOCTU FABJISICTCS IIOTCHIMAILHBIM, T.C.
“~ —

cymectByer dyukimst P(x,y,t) Takas, 9ro noje cKopocreii v 3ajaercs Mo
dopmyite:

—

v (x,y,t) = VO(z,y,t).

. —

13 yesoua HeczkuMmaeMocTu kujkoctu div v’ = 0 cjejyer, 4To MOTEHINAJ

CKOPOCTeil y/I0BJIeTBOPsIeT ypasiennio Jlammaca:
Ad(z,y,t) =0. (1.11)

Bynem paccmarpuBaTh JIBUXKEHHE YKUJKOCTU B OJHOPOJIHOM TIOJI€ TSXKECTH C
yCKOpeHueM CBOOOTHOTO IMaJIeHus g.

Ypasuenue (1.11) siBjsiercst IPOCTERIITNM JIMHEHBIM yPABHEHIUEM B YACTHBIX
MIPOU3BOHBIX, OJIHAKO 0C00asi CJIOKHOCTD B M3YUEHUN MTOBEPXHOCTHBIX BOJIH 3a-
KJII0YAeTCsd B HeJIMHEHHBIX TPAHMIHBIX YCJIOBHUAX. TeM Oosiee, UTO HEN3BECTHOI
(I/I HCKOMOﬁ) dyHKIMEH gBJIsieTcsT He TOJbKO IOTEHIUAJ CKOPOCTell, HO U IPO-
b BOJTHBI — CBOOO/HAST TOBEPXHOCTH, KOTOPas 3aaercs dyHKiwuii n(x,t).

Paccmorpum rpanndnabie ycIoBHs. Bo-1epBBbIX, 9TO TaK Ha3bIBAEMOE KUHE-

MaTHUY€ECKOE YyCJIOBHUE!

(7715 + ®ump — @y)|y=n(x,t) = 0. (1~12)
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Bo-BTOpBIX, AUHAMUYECKOE YCJIOBUE:
1 2
(D¢ + §|V<1>| + 9Y)|y=n(z.) = 0 (1.13)

DTO ycJI0BHE O3HAYAET, UTO JIABJICHIE Ha CBOOOIHOI ITOBEPXHOCTH JIOJIZKHO ObITh
paBHO HYyJI10. HalloMHIM, 9TO paccMaTpUBAIOTCs HCKIIOUNTEIBHO I'PABUTAIIOH-
HbIE [IOBEPXHOCTHbIE BOJIHBI, HCKJ/II0OUas U3 Halllell MOJIeJI BHeIIIHee BO3/IeiicTBIe
(Berep, dhrorupytorue 00 beKTh). B-Tperbux, Ha /1He M0KHO ObITH BBIIOJTHEHO
yCJIOBIE HEIPOTEKAHNU:, T.e. BePTHKAJIbHAs KOMIIOHEHTA CKOPOCTH 2 JOZKHA

OBITH paBHA HYJIIO IIPH Y — —OO:
Byl o = 0. (1.14)

ITo nmepemennoii x OyneM paccMaTpuBaTh IEPUOANYECKNIE KPAEBbIe YCJIOBHUSI.
[TockoIbKYy paccMaTpuBaeM HeCTalMOHApPHYIO 3ajady, TO HEOOXOJINMO 3a/1aTh

HaYdaJIbHBIC YCJIOBUA IJIA ® n n:
CI)|,5:0 = (I)()(l‘,y). (115)

Nli=0 = no(z). (1.16)

Bamada (1.11)—(1.16) mpejcrasisier coboil 3aMKHYTYIO CHCTeMY ypaBHeHwuil. B
pasIMIHbIX (PYHKIMOHAJIBHBIX KJIaccax 3Ta 3ajada n3ydaaach BO MHOIMX pa-
borax. PaccMmarpuBasinch TakzkKe 00OOIIEHIST 9TOM 3aa491 Ha TPEXMEPHBIN CJIy-
vait. He nperengyst Ha 1MoJIHOTY OnOIMOrpadnIecKnX CChLIOK, IPUBEIEM JIUIIh
HekoTopbie paborsr: [19], |21], [20], [46], [37]. B mHux paborax mokaszana Kop-
pekrHocTb 331a4un (1.11)—(1.16), B gacTHOCTH, OBLIO JOKA3AHO CYIIECTBOBAHIE
peliennii 3Toil 3a/1a4n Ha JI0CTATOYHO MaJIOM BPEMEHHOM MHTepBaJie. PeajibHble
1 YUCJIEHHBIE 9KCIIEPUMEHTDI yOeuTe/IbHO OKA3bIBAIOT, YTO SIBJIEHHEe 00pYIie-
HUsT BOJIH 1/ Ui 00pa30Batis 0COOEHHOCTEl 38 KOHETHOE BpEMsl BOSHUKAET JIJIsl

OoJIbIIMHCTBA BOJIH. [IoaTOMY Ipob/ieMa OlleHKKM BPpEMEHH CYIIeCTBOBaHUs pe-
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IEHN T, ONUCBIBAIONINX HEJMHEHHYIO TMHAMUKY TOBEPXHOCTHBIX BOJIH, SIBJISICTCS
IPUHITUTIINAJIBHOT.

Cucrema (1.11)—(1.16) stBisteTcsi KOHCEPBATUBHOI, T.€. COXPAHAIOMNIEH MOJI-
HYI0 MeXaHIIecKy1o sHepruio. [losHas sHeprust cocTonT M3 CyMMbI KHHETHYe-

ckoit T' u norennuasabaoit U suepruii. Ilpuegem dopmysibl /st BEIYUCIECHUST

2 n(w,t)
T:%/da: / IV ®|dy,
0 —00
27

/nQ(x,t)dx.

0

SHEPIUu:

U =

N |

Ynobuo Beectn Besmuanny V(xz,t) = ®(x,n(x,t),t), KoTopas ABseTCS 3HA-
JeHMeM MOTEeHIaIa Ha ¢BOOOIHOf moBepxHocTH (cM. [12]).
B patore [28] cucrema ypasuennii (1.11)-(1.16), Bkiiouast rpaHuTIHbIE YCIO-

Busd, II0JIY4I€Ha U3 BapUallMOHHDBIX IIPUHIINUIIOB.

1.4. YpaBHeHus B KOH(POPMHBIX IIepeMeHHbIX,
pa3pelleHHbIX OTHOCUTEJIbHO TPOU3BOAHBIX

II0 BpeMeHun

Bamada (1.11)—(1.16) stBisiercst 1OCTATOYHO CJIOKHOIT [JTsT HETOCPEICTBEHHO-
ro nsydenusi. Ciejyst pabore [12|, meperumem 3amady (1.11)—(1.16) B apyrux
obosHaueHnsx. B 91oil riaBe OyjieM paccMarpuBaTh 27-IEPHOMIECKUE I'Pa-
HUYHBIE YCJIOBUsI 110 TiepeMenHoil . [IpejcraBiientble ypaBHeHUust MOIYT ObITh
3armcanbl n 6e3 nepexo/ia K epro I IecKuM TPAHUTHBIM YCIOBUSIM, OJTHAKO [IPH
PACCMOTPEHHN YHCIEHHBIX METOJIOB PEIIeHNs] TUX YPABHEHUH MepUOInIeCcKe

YCJIOBHSI TOpa3/I0 yaoOHee. 3aMeTUM, UTO JjIsi MOJAETUPOBAHIS MEJIKOMACIITa0-
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HBIX ¢BJICHUIl B OKeaHe Iepexo/i K IepruoJuIecKoMy CIydalo He OrpaHnvuBacT
OOII[HOCTN.

CriestaeM HECKOJILKO TPEJITOIOXKEeHN OTHOCUTEILHO 00JIaCTH, 3aHIMAeMOil
JKUJIKOCTBIO B HadasbHbIT MoMeHT Bpemenn (¢ = 0). B mpespiayrmeii riase
IIPEJII0JIArajI0Ch, YTO CBOOO/IHAs TOBEPXHOCTH HJICAJBHON KIJIKOCTH OTPaHMU-
YeHa OJHO3HAYHOI HelpepbIBHON (yHKINET n(x, t). Ecin ycinoBue HenpepbiB-
HOCTU ABJIsIeTCs (PU3NIeCK HeoOXOIUMbBIM, TO TpeboBaHne 0JITHO3HAYHOCTH TOI
dbyukimn Bosuukio u3 ypasuenuii (1.11)—(1.16). B To ke Bpemsi BOJIHOBOE [IBH-
JKEHHE YKUJKOCTH MOYKET UMETh CBOOOJIHYIO TTOBEPXHOCTH, Y KOTOPOH HET OJI-
HO3HAYHOI npoeknun Ha ochb r. OJHONI 13 BayKHBIX 0CODEHHOCTEN IOIX01a K
TEOPUHN BOJIH UJI€AJTHHON YKUJKOCTHIO C MOMOIIBIO KOH(OPMHBIX TEpPEeMEHHBIX
SIBJISIETCA TO, UYTO ypaBHEHUs B KOH(POPMHBIX MEPEMEHHBIX JIOIYCKAIOT Iapa-
MeTPHUIECKOe 3a/IaHe CBOOOIHOI MOBepXHOCTH. V] TaK MpeIIoIozKIM, 9To Hallla
JKIJIKOCTL OTpaHnvdeHa CBOOOJIHOM MOBEPXHOCTDHIO, 33 JaHHON reoMeTpIIecKIM
MEeCTOM TOYeK:

{(x(u,t),y(u,t)) : u € [0,27],t > 0},

rie x(u,t), y(u,t) — cyrb HenpepbiBHble dyHKIUK. CanTaeMm, 9TO CBOOOIHASI
IIOBEPXHOCTD SABJISCTCA 27T-IePUOJANIHON BIOIL OCH . B CBA3M ¢ 9TUM I10J1ara-
eM, 4To:

z(0,t) =0
x(2m,t) = 2m,

y(0,t) = y(2m,1).

[Tomumo nenpepbiBHOCTH (DYHKIUN T, ¢y Oy/ieM Ipejno/araTb, 4To CBOOOIHAS
MOBEPXHOCTH HE MMeEEeT TOUEK caMolepecedennii. B naabHeiiieM yTOTHUM TJ1a/1-
KOCTH (PYHKIUN T, ¢, a ceffdac 3aMeTuM, 9TO B CHJIy TeOpeMbl Pumana MOxK-

HO COBEPIINTH KOH(MOPMHOE 0TOOpazkeHne 00JIacTi, 3aHIMAEMOM XKIJIKOCTHIO B
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JIOCKOCTH (Z, ), B HIYKHIOIO MOJIYIIJIOCKOCTD B TTePEMEHHBIX (U, v):
0 <u<2m,

—o00o < v <0.

[Tocsie mpeobpasoBanust MOBEPXHOCTH 1)(x,t) MOXKET OBITH IPECTABICHA B Ia-

PaMEeTPUIECKOM BUJIE:
y =y(u,1),
r=u+ x(u,t),

rie T(u,t) u y(u,t) cst3anbl oneparopoM ['mibbepra;

(1.17)
7 = —Hly].

Omneparop I'mipbepTa npejicTan/isier codOi CUHTYJISIPHBIN HHTETrPaJIbHBII o11e-

paTop, ompejieeHHbIil (/15T epronaeckux (byHKIWA) 10 hopMmyie:

B obpaszax kosdpdunmnenron Pypbe oneparop I'mibdepTa uMeeT oUeHb IPOCTOil

BUJI;
o0 o0

H Z ape™ | = Z i sign(k)aye™.

k:—oo k:_oo

B riaBax, MOCBSINIEHHBIX YUCJEHHOMY MOJIEIUPOBAHUIO, OY/IyT PACCMOTPEHBI
3P deKTUBHBIE CITOCOOBI MPUOJNXKEHHOI'O0 BBLIUKUCJIEHUS oleparopa ['mindbepTa
Ha PABHOMEPHDLIX U HEPABHOMEPHBIX CETKAX.

Kak mokazamo B padore [12], nepementbie y(u, t) u V(u, t), rae V(u, -) sais-

eTcsl 3HaUYeHue [MOTeHIIa/Ia CKOPOCTell Ha CBOOOIHOI TOBEPXHOCTH, IIOJIHOCTHIO
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OIINCBIBAIOT ABMZKCHUE 2KMAKOCTHU M ITOAYMHAIOTCA CJIG,ILYIOHLeﬁ cucremMe MHTe-

rpojinddepeHIabHbIX YpaBHEHMIT:

yr =y H H[;I'“] — qu[}p“], (1.18)
U, = vt (21{{][\11“])2 +H @ U, + @H[\IJU] — gy, (1.19)

e J = 22 + y2 — sxobuan orobpazkenns. C ypaBHEHUAME CB3bIBAIOTCS 27T-

nepunogndeCcKue rpaHn4Hublie yCJIOBHA 110 HepeMeHHOﬁ U 1 HaYdaJIbHbIC YCJIOBU:

y(u,0) = yo(u), (1.20)

U(u,0) = Uo(u). (1.21)

3amernm, aTo B cuity coorrormenuit (1.17) dyuxknns x ns seraucienns J oji-
HO3HAYHO BoccTanaBimBaercs 1o dynknnn y. Heemorpst ma mexkotopyio rpo-
MO3/IKOCTD ypaBHenuit (1.18)—(1.19), 5Tu ypaBHEHUs pa3perieHbl OTHOCHTE b
HO MPOU3BOJHBIX 110 BpeMeru. Cie/IoBaTeIbHO, IMeeM SBOJIIONHOHHYTO 38,189y,
KOTOPYIO MOZKHO YHCJIEHHO IBITATHCS peraTh MeTonoMm Pypre. OHaKo, Kak 1mo-
KA3aJIl BBIYNCIUTEILHBIC OIBITEI, IPUMEHEHNE CTAHIAPTHBIX THCICHHBIX CXEM
K 9THM YPABHEHUSAM HATBHIKACTCS Ha CEPHE3HBIC TPYIHOCTH, CBSI3aHHBIC C THC-
JIEHHOf HEYCTOMIBOCTHIO BLIMUCINTEIBHOTO Iporiecca. B mynkTe 3.3 mokazkem,
9TO 9TH TPY/HOCTH CBSBAHDI IVIABHBIM 00PA30M C HOIPENTHOCTSMU MAITHHHDIX
BhIUnCIeHnil. B ToM ke myHKTe 3.3 PACCMOTPHM CIIOCOOBI PEryJIsipU3aIlii Bbl-
GUCTUTEILHOTO TPOIEcca B YCJIOBHUSIX MAITHHHON TOYHOCTH.

Hasiee OyyT m3ydaThcs ypaBHEHUsI, Ha3BaHHbIE ypaBHEHUSME Jbs9IeHKo,
KOTOpbIe sBJIsAIOTCA coeqcrBueM ypasrennii (1.18)—(1.19). Ilpu stom HOBBIE
ypaBHEHHsI OY/IyT NMETh 3HAUNTEIHHO O0JIee MTPOCTOM BU I 3HAUNTEIHHO OoJiee

INOJAXOJNTD JJJId TEOPETUIECKOI'O N 9YUCJIEHHOT'O aHaJINn3a.
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1.5. YpaBHeHuda JIpssueHKO

Kak oxazasnoch (em. [48]), ypasmenus (1.18)—(1.19) moxKHO mepernmcarsh B
6oJ1ee ya00HOIT opme.

ObpazyeM napy KOMILIEKCHBIX (DYHKITHIT:

z(w, t) = z(w,t) + iy(w, t)

M(u,t) = ¥(u,t) + iH[Y(u,t)],

riae w = u + 1. Beegem woBble nepementbie R(w,t) u V(w,t) no ciempyromum

dopmynam:
1
R(w,t) = —
(w,t) = —
u
I1
V(w,t) =i—.
(w,6) = i~*

Oyukmym R n V' aHaJuTuIdabl B HIDKHENH MOJYTJIOCKOCTH U YIOBJIETBOPAIOT

CJIEJTYEOITIIM YCJIOBUSIM:
R(w,t) = 1, |w| — o0, Imw <0,

V(w,t) =0, |w|—o00, Imw<O0.

Kak nokazano B pabore [48|, dyukuuu R u V' yjIoBIeTBOPSIOT CJie/Iyomieil

cucreMe nnTerpojnddepennaIbHbIX ypaBHeHnii:
Ry =i(UR, — Uy,R), (1.22)

Vi=i(UV, — ByR)+g(R—1), (1.23)

rie

U=P(VR+VR),
B=P(VV),
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1

OTH ypaBHEHUsI HA3BIBAIOTCA YpaBHEHUAMN JIbaIeHKo.
Ypasuenust (1.22)—(1.23) crpaBei/iiBbl B HIZKHE{T MTOJTYILIOCKOCTH KOMILIEKC-
HOIT 0bstacTy, ofHaKO HAC Oy/IyT HHTEPeCOBATh PEIIeHNs NI Ha BEIEeCTBEHHO

oCcH IIpA UV = 0. HpI/IBe,ZLeM OKOHYaTeJIbHYIO IIOCTaHOBKY 3aJda4M:

Ri(u,t) = i(U (u, t)Ru(u,t) — Uy(u, ) R(u, 1)),
Vi(u, t) = i(U(u, ) Vi (u, t) — By(u, ) R(u, 1)) + g(R(u,t) — 1),
O<u<2m 0<t<T, (1.24)
R(0,t) = R(2r.t), V(0,t) = V(2m,t), 0<t <T,

R(u,0) = Ro(u), V(u,0) = Vy(u), 0 <u < 27.

Pemas cucremy (1.24), nomyaaem dyukimu R(u,t) u V (u,t). Ilokaxem kak
C TIOMOIIBLIO 3TUX (PYHKIUIT BOCCTAHOBUTH CBOOOAHYIO IIOBEPXHOCTL U 3HAMCHIE
HOTEeHIAIA Ha CBOOOJHON moBepxHOCTH. Bociosb3yemest cieayiomumM Ipe/-

craBjenneM i pyHkiuit R, V:

R(u,t) =1+ zoo: r(t)e ™,
V(u,t) = v(t)e ™.

1

TOFﬂa JJIA Cb}/HKLLI/II/I % nMeeT MeCTO IIpeacCTaBJICHUE:

=14+ cp(t)e ™

WE

1
R

e
I

1
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Snadennsi KO3MOUINEHTOB € HECTOXKHO MOJTYUNTH PEKYPPEHTHO U3 COOTHOIIIE-

HUA: ~
L+ (e ™ | [ 14 r(t)e ™) = 1.
k=1 k=1

YMHOKEHIEM DSII0OB MOYKHO IOJIYYUThH Pa3/IOzKeHue:
V(U, t) . —tku
k=1
Tenepnb BoccTanoBuM GYHKINIO z(u, ) CIeIYIONIIM 00pa3oM:

z(u,t) = u+ Z ——cp(t)e ™,

CBOOOJIHYTIO TTOBEPXHOCTH MOJYINM KaK T'€OMETPUUIECKOe MECTO TOYeK TI0 CJie-

JYIOIEMY [PABUILY:
['(t) = {(Rez(u, t),Im z(u,t)) : u € (0,2m)}.
BHaueHue oTeHInaIa Ha CBOOOIHOI MOBEPXHOCTH HAXOIUTCS 110 (DOPMYJIe
U(u,t) = Rell(u,t).

Yupaxkuenue 1.2. [losryunTs nepsbie KOOMMUIIMEHTHI ¢ B Pa3/I0XKeHNN PYHK-

unn R.

B nasmbreiiiem #e pas ybeaumcs, aTo ypaBHeHus (1.24) SBJISIIOTCA OY€Hb
YIOOHBIMU JIJISI TEOPETUIECKOr0 I YNC/IEHHOIO aHaM3a. 3aMeTHM, 9TO BIJL STUX
ypaBHEHUI TOJIYyYEH B IPEINOJIOXKEHNN OECKOHEUHO TIyOOKOi BOJbI. PopMmy
9TUX YPaBHEHMIT MOXKHO PACIpPOCTPAHUTh Ha CJIydail KOHeUHO IJIyOuHbI, OHAa-

KO ITIOJIy49a€MbI€ IIpU 9TOM YypaBHCHUHA TEPAIOT MHOI'ME «XOpPOoHIINE KadeCTBa», B
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YaCTHOCTHU, YCTOHYNBOCTD BHIYUCIUTE/ILHOTO IIPOIECCa IIPU YUCIEHHOM MOJIe/ -
pOBaHNN. 3aMeTHM TaKKe, YT0 (PyHKIN R 1 V' XOTs 1 MOJTHOCTHIO OMUCHIBAIOT
JIMHAMUKY YKUJIKOCTU CO CBOOOJIHOI ITOBEPXHOCTHIO, HO HE UMEIOT IPSIMOIo (hu-
3UYECKOT0 CMBIC/IA, U KaK CJIEJICTBIE 3aKOHBI COXPaHEHMUsI (HAIIPUMED, SHEPIHN )
HAITPSAMYIO He MOTYT ObITh 3amnucanbl B niepemeHHbIx R, V. XoTs uepe3 repe-
Mennble W u 2z, KOTOpble TaKxKe SBJIAIOTCH KOH(OPMHBIMI, MOYKHO BBITHICATH

3aKOHBI coXpanenus sueprun. [Ipusegem 3t (hopMyJibl B CIeIyIONIEM pas/iee.

1.6. YpaBHeHUd A KOHEYHOI TJTyOUHBI

[TepeiiieM K paccMOTPEHUIO HECTAITMOHAPHOTO TEUEHUs Uea bHON YKUIKO-
CTU CO CBOOOJIHOI IMOBEPXHOCTHIO M KOHEYHOI IJTyOMHOII.
[TycTh maeanbHast Hec2KMaeMast YKIJIKOCTh 3aHIMaeT 00J1aCTh B ILJIOCKOCTH

(x,y), OrpAHIYEHHYIO CBODOJHON MTOBEPXHOCTBIO:

—h <y < n(z,t),

—oo < T <oo, t>0.

CunTas ABMzKEHUE YKUJKOCTU II0TeHIMaIbHBIM, HMeeM
v(z,y,t) = Vo(r,y,t),

rie v(x,y,t) — aBymeproe nosie ckopocreit; ®(x, y,t) — norennuasn. U3 yco-
BUsI HecxKnMaeMocTu kuakocru dive = 0 ciepyer, 9To HOTEHIMA CKOPOCTeil

yI0BJIeTBOPsieT ypasHenuio Jlamaca:
Ad(x,y,t) =0.

C sTtum YpaBHEHHEM CBA3LIBaAIOTCA CJIEAYIOIINE I'PaHMYHbIC 1 HadaJlbHbIE YCJIO-

BUA:
(7715 + ®pny — @y)|y=n(x,t) =0,
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(@04 5[V + g5y = O,
®,[,— 7=0,
Nli=o = no(),
Plimo = o(z,y).

31echb ¢ — YCKOpPEHHUe IOJIsT TSAXKECTH.

Ynobuo Beectn Besmunny V(xz,t) = ®(x,n(x,t),t), KoTopas ABJseTCS 3HA-

JeHreM MOoTeHIna a Ha cBoboHON moBepxHocTH (cm. [12]). B.E. 3axaposbim

OBLJIO YCTAHOBJIEHO, UTO ITepeMEeHHBIE ) 1 W SIBJIAIOTCA KAHOHUIECKHU COTTPSIZKEH-

HBIMM BE€JIMYMHaMM, T. €.

o _ ot
ot oU’
ov _ o
ot on’

rje raMuibToHnal H cosnajiaer ¢ nojiHoil sueprueit xxujgkoctu H =1 + U,

oo 77(957

t)
1
T:§/daz / IVO|*dy,

h

U =

N |

/ n*(z,t)dx.

Cremyst pabore [12], coepim KoHbDOPMHOE 0TOOpazKeHne 00JIACTH, 3aHI-

MaeMoii KIJIKOCTBIO B IJIOCKOCTH (X,%y) B HOJIYIIPOCTPAHCTBO B ME€PEMEHHBIX

(u,v):

—00 < U < 00,

—h <v<O.
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[Tocste mpeobpasoBanust TOBEPXHOCTD 7)(x, 1) MOXKET ObITH MPEJCTABICHA B Ta-

paMeTpU4eCKOM BHJIE:

y=y(ut),
r=u+Z(u,t).
[Tepementbie Z(u,t) u y(u,t) cBsi3aHBI COOTHOIIEHIEM
y = R[z],

rje oneparop R — WHTerpaJibHbIil ollepaTop BUJIA:

I O N () ,
Bljl(w) = 5po-p. / s (2R — )

—00

Obparublit Kk R onepatop 1" umeeT BU/I:

o0

1 /
Tfl(u) = VP / = efixg(uw))du’.

—00

Kak nokazano B pabore [12], mepemenubie y(u,t) n W(u,t) mogamocThio onu-
CBIBAIOT JIBUZKCHNE JKUJKOCTH U MOJMUHAIOTCA CJICYIONIEH CICTeMe MHTerpo-
mnddepeHIaabHbIX YPABHEHNUH, Pa3peNIeHHbIX OTHOCHTEIBHO TPOU3BOJHBIX

110 BPEMEHU:

RV, ] RV, ]

ytz—yuT{ b ]eru 7 (1.25)
sz—@i_g?%MQ—T{RSM]Wu—mh (1.26)

e J = 22 + y2 — axobuan oToOpaskeHus.

Ypasuennus (1.25)—(1.26) Oymem paccMaTpuBaTh ¢ TEPUOIITICCKUMI TPAHITT-
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ubiMu yestousimu. [lyers u € (0, 27), a dyukiwnm y, ¥ npejcraBieHbl B BUJIE:

y(u,t) = Z ye(t)e™,

k=—0o0

U(u,t) = i Wy (t)e,

k=—00

Omneparopsl R u 1" B dpypbe-1IpecTaBIeHun UMEIOT IIPOCTON BIJIL;

yr = RiZp, Ry = itanhkh

i‘k = Tkyk:; Tk = —icoth kh
Omnepanus guddepennnpoBanns 110 1epeMentoit u B Oypbe-1pecTaBIeHIn
nMeeT OOBIYHBIN B
Dy = k.
s Beraumcsienus oneparopos R, T, D MOXKHO TpuMeHSTH ObIcTpoe mpeobpa-

zoBanne Pypne.

Yupaxkuenue 1.3. [lokazarb, uTo ipu h — 0o oneparopbl R u T’ crpemsiTcst

(B kakoM cmbIcze?) K onepaTopam H n —H.

1.7. YpaBHeHUsd, OIMCHIBAIOIINE CTAIIMOHAPHbIE BOJIHBI

Cpeir TOBEpXHOCTHBIX BOJIH HANOOJIEE UCCICTIOBAHHBIMU SIBJIAIOTCS CTAIINO-
HapHbIe BOJIHBI. IIpuBejieM ypaBHeHUs B KOH(POPMHBIX IIePEeMEHHBIX, PACCMOT-
PEHHBIX BBIIIE, JIJIsI OlpeJie/IeHns] TPOMUIIs CTAIMOHAPHBIX BOJIH.

[Toy crarmoHapHbIMU, WU OET'YIIMMU, BOJTHAMUI OyJ/IeM ITOHUMAaTh TaKKe pe-
IIeHNs yPaBHEHUI, ONMMCHIBAIONINX TOBEPXHOCTHBIE BOJHBI UJICAJBHON KUJIKO-

CTU, KOTOPbIE MOT'YT ObITH 3allicaHbl B popMe:
flu,t) = F(u —ct),
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rJie ¢ — CKOPOCTL OeryIeil BOJHbI.

[TapamMeTpamMu JJjis1 CHMMETPUIECKUX CTAIIMOHAPHBIX BOJH ABJIAIOTCS MEPH-

0J1, KOTOPBIil OyJieM CUUTATh paBHBIM 2%, rjie k — 1eJsioe 9ucsio, 1 IMOCTOSTHHA

CKOPOCTH CTAI[MOHAPHON BOJIHBI, KOTOPYIO 0D03HAYNM C.

[Ipoduiib cramumonapHoil BOJIHBI OyJIeM UCKATH B BHUJIE:

o0
Yy =ag+ Z a, cos nku.

n=1

Bsejem obo3nauenune

1
S, = —.
kn

Kak nokasano B pabore [12], koapduienTsbl a,, yI0BIETBOPSIOT CJIeyoIIeit

cUCTeMe HeJIMHEHHDBIX YpaBHEHUI ¢ TapaMeTpoM A:

g = Sl(Sm + Sm+1)
)\2 - S - = 1 mY¥m+1, 127
( gS1)ay 2; < + S 5 A Q41 ( )
2 . 9 - Sn(Sm + Sm—i—n)
(A —gSn)a, = 577; (1 + S Uy Qtm++ (1.28)
n—1
g Sn Sm + Snfm>
- 1 mUn—m, = 27 37
1 2. ( S5 A n
Koadbdurment ag Bbraucsiercs mo gopmyiie:
1 o= a2
= —— =, 1.29
ao 5 nz:; S ( )
[TapameTp A cBsizaH CO CKOPOCTBIO CTAIMOHAPHOI BOJIHBI C CJIEYIONINM OOpa-
30M:
1
M= (1-2(1- 2 1.30
(1-201 - et (130

rJIe YIVIOBBbIE CKOOKI O3HAYAIOT YCPEHEHNUE 110 [EePUOLY.
[Tocsie pemenus cucrembl ypapruenuii (1.27)-(1.29) maxoaum y, a cooTBeT-
crBerHo u z = u — Hly] + y. BnHag z u napamerp A MOXKHO U3 COOTHOIIEHMUSI

(1.30) maiiTu cKOpOCTH C.
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[Tocste Toro kKak HaiijieH TPOQUIL CTAIMOHAPHON BOJIHBI, MOYKHO HafTH U

3Hadenne MoTeHIrala Ha rpannie u3 Gopmysnt (M. [12]):
cy, = HY,,. (1.31)

Kak usBectHo, pererue cucrembl (1.27)—(1.28) cymecTByer He Jijist Beex 3Ha-
yenuit napamerpa. Emie B paborax CTokca ObLT MOJTyYeH pe3yJibTaT O Mpe/le/b-
HOM BoJtHe. VM OBLIO MOKA3aHO, UTO IPH YBEJIMIEHNN CKOPOCTH CTAIIMOHAPHBIX
I'PaBUTAIIMOHHBIX BOJIH MPOMCXOJIUT 3a0CTPeHrne rpedHell n obpasyercs yro,
paBubIit 120°.

Ypasuenust (1.27)—(1.29) npejcraBisitor coboit 6eCKOHEUHYIO CUCTEMY HeJIH-
HellHbIX ypaBHeHuit. Perenns 9Tux ypaBHeHUl SBISIOTCA KoM PUIMEHTAMN
dypue. B ciiyuae JOKPUTUYECKOTO 3HAYEHUS CKOPOCTU MPO(PUIH TOBEPXHOCT-
HOI BOJIHBI SBJIIETCS aHAJUTUYIECKOl (pyHKImeit, n KoadpurumenTsl psaga Dy-
pbe CTPEMSTCS K HYJIIO C 9KCIOHEHIHAIbHON cKopocThio. [ToaTomy st mpu-
OsmyKeHHOTO perienus ypasuenuii (1.27)—(1.29) MoxKHO 1M0JI0KUTD @, = 0 1pn
n > N Uit JOCTATOYHO OOJBIIOro 3Hadenmnst [NV .

Ypapuernust (1.27)—(1.29) zarmmcansl B hopme, yIoOHOM JIjisi pEIeHus nre-
PAIMOHHBIMI METOJAaMHU, OJHAKO Ha 9TOM IIyTH BO3HUKAIOT BBIUNCIUTEIbHBIE

TPYJAHOCTH.
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I'1aBa 2

PazpemmnmocTs ypaBHeHMId,
OIICHIBAIOIINX ANHAMUKY
nJ1eaIbHON >KNJIKOCTH

CcO CBODOOJIHOI IIOBEPXHOCTHIO

2.1. IlIxagbl GyHKIIMOHAJIBHBIX IPOCTPAHCTB

[Iycts Qs = {w =u+iv: 0 <u <27, |v| < s} —obmactb BC, 0 < s < 0.
Beesem 1mikaJsy 0aHAXOBBIX IIPOCTPAHCTB HPOCTPAHCTB Fy cieayiomuMm obpa-
30M: IIPOCTPAHCTBO Fs cocTouT n3 cyxkeunit Ha )y PYHKINI aHAJTUTHIECKUX B
nosioce {w € C : |Imw| < s}, 27-nepnouaecKnx 1Mo mepeMenHoi u 1 Belre-

CTBEHHBIX 1IpU v = 0, ¢ KOHeYHOiT HOPMOIi

1/2
B = <sup If%vg(om)) ’

|v|<s

If]

rie W4(0, 2m) — npocrpancrso CobojieBa HepBoro nopsiaka. s coKpaleHust

MUCbMa HOPMY B mpocTpancTBe Fy Oyinem obosnadarh depes || - ||s.
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Jlemma 2.1. Ilycmo f,g € Ey, moada

fg € K,

1£glls < ellfllsllglls

Jloxasameavcmeo. Onennm mvopmy || fg||s:

Hfgﬂg < SUP(HfQH%Q(o,%) + ||f/9|‘%2(0,27r) + HfQIH%g(o,Qw))-

lv|<s

OnennM oTe/IbHBIE cjlaraeMble ¢ IIOMOIIBIO TeopeMbl BioxkeHust CoboJieBa

Sup HfQH%Q(o,Qw) < €1 sup ||f||%2(072ﬂ')HQH%’[O,QW] < C2||f‘|§”9”§

lv|<s lv|<s

OcrajabHble ciraraemble oleHnBaloTCA aHaJIOI'MYHO:

sup || 9117, 0.2m) < 35D | F' 17, 0.2m 91E10.2m < call IS

lv|<s lv|<s

Sup Hfg,H%Q(o,%) < G5 sup ||f||20[0,27r]HQIH%Q(O,%) < CGWHiHQH?

vl<s vl<s

[]

Jlemma 2.2. [lycmo f1, fa, g1, go npunadaesrcam wapy paduyca M > 0 6 npo-

cmpancmee E. Tozda umeem mecmo nepasencmaeo

| f191 = fagells < c(M)([[f1 = folls + llg1 — g2lls)-

oxazamesvcmeo. B cuny memmbr 2.1 nMeem:
11191 = fogolls = L frg1 = frga+ frg2— fagolls < | f1(g1—g2) ls + 1 (f1 = f2)g2lls <

c(M)(Ilfr — folls + lgr — g2lls)-
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Paccmorpum oneparop I'mibbepra, KOTOPBIH, HATIOMHIM, JJIsSI TTEPUOITIC-

CcKUX (DYHKINI BBOJUTCS CJIEIYIONINM 00pa30M:

H{f](u) = % v.p.7f(u') ct <“ - “) .

Jlemma 2.3. Onepamop [uavbepma nenpepoisen 6 npocmpancmee Eg u

IHSf]ls = [ £1ls
oas aoboti f € E.

Jloxasamenvcmso. Ilycrs f € Fg, torna jjist HopMbl || f||s umeem cresytoriee

InpeacraBJ/ICHUE:
00

113 =sup( D (L+ k22| fif),

lv]<s k=—00

rie fr cyrb Koappunmentor Pypbe. [TockoabKy
H[e™™"] = isign(k)e™,

TO
o0

A = sup( ) (14 k)% —isign(k) fil*) = || 13

vl <s k=—o00
[]
Beejiem npoctpancTBO Ej, cocTosinee n3 (pyHKINI aHATUTUIECKNX B 00J1a-
cTH

M=Aw=u+iveC:0<u<2nm|v| <s}

1 27-11epUoJINIeCKNX 110 IePeMEHHOMN % CO CKaJIsIPHbIM IIPOU3BE/IeHNEM:

(f,9)5 = / F(w)glw)duw.

[Ipocrpancrso Ej siiisieTcst ruib0epTOBBIM TPOCTPAHCTBOM (CM. Teopemy 1, T
L, [9]). OueBumno, uro Bioxkenne Fy C Ey sBisercs wenpepbiBHbiM. C 1pyroit

CTOPOHBI, Jis JI0ObIX 8 > 0 u s > § uMeer MeCTO HEIPEPBLIBHOE BJIOYKEHIE

E,C E,.
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2.2. CymecTBoBaHNE N €IMHCTBEHHOCTH peHieHuit

Pacrmiem ypasuenusi (1.24) B BerecrBennoii opme npu v = 0. Ilycrs

R =R+ 1Ry, V = Vi + V5, Torna umMeem cucremMy ypaBHEHMUIT:

Ry = U|Ry + UyR, — U\R, — U R},

Ry = U\R, + Uy Ry, — U/ Ry + ULRs,
(2.1)

Vi = B\Ry + ByR, — U\VJ — UV 4+ g(R, — 1),

Vo = UiV{ + UsVy — B{Ry + ByRs + gR»,
e

Ui = RiV1 + RoVs,
Us = H[R1 V1 + RoV5),
| 2
Bi= (V2 +V3),

1
By = SHIV? + V).

. 4
Banurmem ypaprenus (2.1) B Bekroproit dpopme. Hepes ES obosHadum mpo-
4
crpanctBo || Es, vie [ [ o3ragaer npsimoe npousse/ierne npocTpascTs. Beegem
=1
orobpazkenne F @ EY — Bl nopoxjennoe npasoii yactbio ypashenuit (2.1).
Beegem obosnauenne W = [Ry, Ry, Vi, Vo]T. Torma unmeem ciieyiomniyto 3ammch

YPpaBHEHUIA:

W =FW). (2.2)

YpasHenue (2.2) 6yjieM paccMaTpUBaTh ¢ HAYAJIbHBIM YCJIOBUEM

W(0) = W, (2.3)
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U Kpa€BbIMHI YCJIOBUAMUI

RlO = 17
Ry =0,
v (2.4)
‘/10 = 07
‘/20 = 07

rae R].O) R2O7 ‘/107 ‘/20 CyTb KOSCbeI/H_[I/IeHTbI q)ypbe (bYHKLH/Iﬁ R17 R27 ‘/17 ‘/27 CO-

orBercTBytoIue k = 0.

Onpegenenne 2.1. Oynxuusa W (t) = [Ri(t), Rao(t), Vi(t), Va(t)]T anamurnu-
nas na [0,7) co snauenusmu B B2 (s > 0) naszbiaercss aHaJIUTHIHBIM pellie-

rneM 3aja4an (2.2)—(2.4), ecoin W ynosiersopsier (2.2)—(2.4).

Teopema 2.1. I[Iycmv Wy € E;ll u Wy ydosaemsopsrom ycaosusm (2.4),
mozda Odan aobozo sy € (0,s1) cywecmeyem T = T(s9) makoe, wmo npu

t € (0, T) cywecmsyem eduncmesennoe anarumuyeckoe pewenue 3adadu (2.2)-

(2.4).

Jokxazamesvcmeo. Beibepem mpomnsBosibHbIE S, 8" Takue, uro 0 < &' < s < 5.
[Tycts Wi, Wa € Ef u [|[Wi|lps < M, ||Wa||g: < M. Iokazkem, 4To oneparop

F' ynosieTBopsieT yca0BUIO

W1 — Wa|gs

s — s

[E(W1) = F(Wa)|[ps, < (M) (2.5)

Oyuknua f € Ey MoxkeT ObITH IpejicTaBicHa psajgoM Oypbe

flw)y =Y fue™,
k=—o0

TOT /1A
o0

flw) =" (ik) fre™™.

k=—oc0

Yunreiasg, uto dbynxims Im f = 0 npu v = 0, umeeM f, = f_,. B cuy ornenkn

2
€
k2€2‘]€|$ < 2e2|]€|5
(s — &)
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CJIeJIyeT, 4TO

L/ 1ls

s— g

1Ny <

Orcrona n n3 semm 2.2, 2.3 caenyer (2.5).

PaccMoTpuM BeloMoraTe/IbHylo 3a1auy oTHocuteabno W, B B
W, = F(W, + W), (2.6)

W,(0) = 0. (2.7)

B cuty onenku (2.5) k 3amade (2.6), (2.7) npumennma teopema Hupenbepra-
Hucnypr (Teopema, c. 220, [22]). Bemencersue sroit Teopemsl cymectsyer T =
T'(s2) > 0 Taxoe uto npu t € (0,7) cymecTByeT ¢IMHCTBEHHOE AHAJIITHICCKOE
pertenne 3aga4an (2.6), (2.7). Torga dynkmus W(t) = W, (t) + W, Gyuer ana-
JUTHIeCKUM perienneM 3ajaqu (2.2), (2.3). Hyzkuo nokasars, uro dyukiws W
yiosierBopsieT ycsosnio (2.4). o ycrosuio Teopembsr madanbuoe yeiaosue W
YJIOBJIETBOPSIET STOMY YCJIOBHIO, ¢ JpyToii croponbl, nycth A € Ef, Torna s

byukuun B = F(A) € EY nmeer mecto:

By =0,
By =0,
Bsy =0,
By = 0.
CremoBaresibro, by W ynosiaersopsier yeaosuio (2.4). O

B npuiozKeHnsIX pu 9UCICHHOM MOJIE/JINPOBAHUN YI0OHO PaboTaTh C pele-
HUSIMU Ha BelecTBeHHOit ocu B ipocrpancTsax Cobosesa. [Iycrs @ = (0, 27) X
(0,7),0 <T < 00— IPSIMOYTOJILHUK B R?. CiiesicTBueM teopeMbl 2.1 aBiisgercs

cieyromjad TeopeEMa.

Teopema 2.2. [Tycmo [Ry, Ry, Vi, Vo]l — anasumuneckoe pewenue npu t €

[0, T], mozda npu v =0 Ry, Ry, V1, Vo € WF(Q) dan aobozo k > 1.
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Ynopaxknaeune 2.1. [Ipusectu nojapodbHoe J10Ka3aTe/IbCTBO TEOPEMBI 2.2.

2.3. MwuHumaJJbHad IJ1aJKOCTh pelleHnit

B macrostieit riiaBe ObLTI N3y 9eHbl aHAJTUTHIECKNE perienns 3a1aqan (1.24).
B srom naparpade Oyjiem 1pejiro/iaraTb MUHIMaJIbHbIE TPEOOBAHUS Ha HAYA b
ayto dyukimo. CooTBeTcTBEHHO, JajuM boJiee obiiee (MeHee TJIajiKoe) olpe/ie-
Jenue perenns 3ajaqu (1.24). 3amerum, 9T0 TEOPEMbI O KOPPEKTHOI pas3perin-
MocTH 3aa49n (1.24) TpebyoT CyIecTBeHHON TIaIKOCTH (aHAJINTHIHOCTH) OT
HadabHOro yesaoBust. C Ipyroil CTOPOHBI, Jjisi 0OOCHOBAHUST IUCIEHHBIX CXEM
[I0JIE3HO PACCMATPUBATH PElIeHUsT ¢ MEHbIIeH IaKOCThIO.

Bynem paccmarpubath npocrpatnctBo CobosieBa ¢ IepuonIecKIMI YCIOBH-

AMU Wj(O, 27). DTO MPOCTPAHCTBO MOJIYIEHO HOTOJHEeHneM (byHKIIIT

{f € C'0,2a] : f(0) = f(2m)}

1o Hopme 1pocrpancrsa Wi (0, 2m)
or 1/4

1 lwrom = / (f @) + 1 @) [*)de

0

Beegem dynknnonas Hepst3ku jijist 3agaqan (1.24):
J(R, V) = [|[R; —i(URy = UuR)| 1, (@) + Vi =t(UVy = ByR) —g(R—1) ||, () +

HR‘t:o - ROHL1(0,27T) + Hvt:o - %HLl(O,Qw);

rjie yuxiun U u B onpejeseHs! 1Mo (popMyJiaM:
1 .
U= 5(1 +¢H)(RV + RV),
1 , —
B = 5(1 +iH)(VV).
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JlemMma 2.4. Qynryuonan J nenpepvisen na Wj(@) X Wj(@)

Jloxasamenavcmeo. Tyers RE VE € WHQ), RF — R, V¥ — V 8 WX(Q)
npu k — o0o. B cuny HenpepbwiBHOCTH onepaTopa jauddepennupoBanus Dy :

WHQ) — Li(Q) nveen
Lim ||Rf = Ry, =0,

lim [V = Vil ) = 0.

[TycTn
Wk =R'VF 4+ V'RF

W =RV +VR.

OTn PYyHKINK NPUHAJJIEXKAT IMIEOEPTOBY IPOCTPAHCTBY /Wv21 (Q). B ety merpe-

PBIBHOCTHU OIIEpaTOpoB JnucdepeHnnpoBaHust

Dy W3(Q) — La(Q)

Dy, WHQ) — Ly(Q),

TeopeMbl Jlebera o mpeje/ibHOM IIepexo/ie U HepaBeHCTBa [ 'elibjiepa nMeem

: E_w —
i (W2 = WiG o)

Lim ((W* —w* + |DW* — DWW+ |D,W* — D,W|?) dudt = 0.

Q
[Ipesncrasum yukmmo WF B Bue:

Wk = i c (t)em,

m=—0o0
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rje psJl CXOJAUTCS B IIPOCTPAHCTBE WQ(Q) [Ipumenss k W* oneparop P, Bu-

JIUIM, 49TO

1
1 :
Ut = 505”(15) + Z c (t)em,

m=—0o0
JImneiinerit orreparop P HenmpepbiBeH B IPOCTPAHCTBE /1/1721(62), nosromy UF — U
B W(Q) npn k — oo,
[Tockobky

U RN 2@ < 0¥ | R @)

IUSRM 2o < U 2o |1 RM ()

TO

U'RF — UR,,
U'R" — U,R

B L1(Q) npu k — oo.

AH&HOI‘I/I‘{HO JOKa3bIBaCTCA, 9TO
Utvk - uv,
B*R* - B,R
B L1(Q) npu k — 0. O

Oupenenenue 2.2. [lapy byuknuii R*, V* € /MV/A}(Q) HA30BEM peIleHIeM 3a-
maqan (1.24), ecin J(R*,V*) = 0.

Jlerko BuJIeTH, YTO aHAJUTHYECKOEe pelieHue 3aga4un (1.24) saBjisgercs u pe-

IIeHeM B CMbICJIe olpe/iesieHns 2.2.

Yupaxnenue 2.2. [Tokazarh, 4T0 aHauTHYeCKOe perienne 3agaqn (1.24) s-

JIZEeTCs pellleHneM B CMbIC/Ie olnpejeienus 2.2.
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2.4. Ommcanue adbCTPaKTHOIO MPOEKIIMOHHOTO MEeTOo/Ia

Cucrema (1.24) sBiisieTcst 9BOJIIONNOHHOI cucTeMoii nHTeroandhepeHnaib-
HBIX YpaBHEHUIl, pa3pereHHoil OTHOCUTEIbHO IPOU3BOIHBIX 110 BpemeHu. Pac-
cMaTpUBaeMasi CUCTeMa IIPeJICTaBIsgeT co0oii DeCKOHeUIHOMEPHYIO cucTemy. Kak
IIPaBUJIO, HEIIOCPEJICTBEHHOE HAXOKJICHHE PeIleHMi TaKMX CUCTeM HaM HeJo-
crynno. [losromy OyaeM m3ydaThb CHCTEMbl 9THX YpPaBHEHHIl C IIOMOIIBIO all-
IIPOKCUMAIINT OECKOHEYHOMEPHBIX CUCTEM, KOHEUHOMEPHBIMI CHUCTEMaMU, KOTO-
pble IIPEeJACTABIAIOT CO00i cCuCTeMbl OOBIKHOBEHHBIX AU depeHInaaIbHbIX ypaB-
nennit. [losrygaemble ipu 3TOM HemHeNRHble CUCTEMbBI OOBIKHOBEHHDLIX I de-
peHINAIbHBIX YPaBHEHUI MOXKHO HCCJIeI0BaTh, YNCIEHHO HAXO/sl IIPUOJINKEH-
Hble perieHusi. B HacTosiIeil paboTe n3ydatoTcs METO/IbI, II03BOJISIONINE JIeJIaTh
JIoKa3aTeIbHbIe BBIBOJILI 00 MCXOJHOI cucTeMe, HaOJII0/1as IPUOINKEHHbIE Pe-
IICH NS,

PaccmorpuM moctaHoBKY abcTpakTHON 3ajadn Korm Jijist 9BOJIFOIMOHHOIO
ypaBHEHUsI B OaHAXOBOM IIPOCTPAHCTBE.

[lycts H, V gaBJIsiioOTCS KOMILIEKCHBIMEI OaHaXOBBIMU IIpocTpaHcTBamu. I1pe/i-
IIOJIOYKUM, 9TO UMeeT MeCTO HelpepbiBHOe BjoxkeHue V' C H. Bynem npemio-
JlaraTh, 9TO NpocTpaHcTBa H u V' gBjdroTCs cerapadebHbIMU.

BeejieM HemnpepbIBHBII, BOOOIIE IOBOPsI, HEJIMHEHHBIN OllepaTop
A:V - H.

Bynem paccmarpuBaTh adcTpakTHYIO 3aja41y Ko st auddepennmnaibHOro

ypaBHeHUsI B OaHAXOBOM IpoCTpaHcTBe H:

hi(t) = Ah(t), t>0
(2.8)
h(0)=¢, pelV.
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Ounpenenenne 2.3. Oyuxiua h € C1([0, T]; V), yaosnersopstiomas (2.8), Ha-

3bIBaeTCsl pererneM 3aja4qn (2.8) na orpeske [0, 7.

B nmacrosieit riiaBe He U3y4aeTcsi BOIPOC O CYIIECTBOBAHUN U €JIMHCTBEHHO-
cru pertternit 3ajaan (2.8). Pazymeercst, 11t TpOM3BOJIBHOTO oiepaTopa A 1 Ha-
JaJILHOTO YCJIOBUA (0 € V 3a/1aua MOXKeT He UMeTh pelleHuil nji UMeTh He €JI1H-
cTBenHoe perenne. YToObI rapaHTUPOBATH CYIIECTBOBAHNE U €IMHCTBEHHOCTH
perernii 3agaan (2.8), HEOOXOANMO HAKJIAJBIBATE JTOMOJHUTE/LHBIE YCIOBHSI
Ha orepatop A. B riase 2 ucnosibzoBajiach Teopema Hupenbepra-Hucn b

XapakTepHbIM CJIydaeM MpH U3ydeHUU ypaBHeHuii Buja (2.8) sBjsgercs cy-
IIECTBOBAHNE €/INHCTBEHHOI'O PElIeHns Ha JOCTATOYHO MAJIOM BPEMEHHOM WH-
TepBaJjie. [Ipu 5TOM BpeMs CyIecTBOBaHUS PEIIeHNs He MOYKET ObITH MOJIyIeHO
13 abCTPAKTHLIX TEOPEM, TaPAHTHPYIONINX CYIIECTBOBAHNE PEITeHMI.

PaccmoTpuM aOCTpaKTHBIN TTPOEKITMOHHBIN METOJI CBEJIeHNsT CUCTEMbI YPaB-
HeHuit (2.8) K cucreMe 0OBIKHOBEHHBIX JAud GepeHIInaIbHbIX YPaBHEHNI.

[Ipeamonozxkmm, uro s jgodboro N > 0 cymectByer N-MepHoe TOITPO-
crpanctso HY C H rtaxoe, wro HY C W, rne W — 6amaxoBo IIpocTpai-
CTBO, KOMIIAKTHO Biozkennoe B V. Yepes Py : H — HY o6o3naumM mpoeKTop.
[IpeinooKiM, 4To KoHedHoMepHbie mpoctpancTsa H Y BEIOpaHbI Tak, uTo s
moboro 1 € W nmeem

dim [(T= Py)obl[ar = 0. (2.9)
PaccMoTpuM KOHETHOMEDHYTO AITTPOKCUMAIINIO [7Ts1 3a1a49u (2.8) miist yHK-
mun hY € HY:
hN(t) = PhARN (), t>0
(2.10)
hN(O) == PNQD
Bamada (2.10) sBisiercs 3amadeit Kormm jyist cucreMbl 0OOBIKHOBEHHBIX (-

dbepennuanbubx ypasaennit N-ro nopsjka. Jeiicrsurensno, dynxuus hlY (t)
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IPUHAJIEKIT KOHeYHOMepHOMY npocTpancTBy H Y npu duxcuposamnoM t. [To-
CKOJIBKY B KOHETHOMEPHOM ITPOCTPAHCTBE MOXKHO BBECTU Ha3mc, 0003HATNM 115

npocrpanctea HY Gasuc yepes {el, el ... eN}. ITockosbKy Mbl He TIpe/imosia-

raJjii, 4TO MPOCTPAHCTBO ABJISAETCS THILOEPTOBBIM, TO HGA3UCHDIE SJIEMEHTHI €1 |
BooO11Ie ToBOpst, 3aBucaT oT N. ITosromy st dyukimn A nMeer mecto ciie-

JIyIolee IpejicTaBjieHne:

CuenoBaresibio, byHKIms h'Y HOJHOCTBIO 38/1a€TCst HAG0POM YHCJIOBBIX (DYHK-
IMIA:
{n2 (), hy' (t), .- Iy ()}

B nanbneitmem 3ajada Ko /st cucTeMbl OOBIKHOBEHHBIX J1dhepeHIin-
aJIbHBIX YpaBHEHUII perraeTcst YNC/JIeHHO, KaK IIPaBIIo, CTAaHIAPTHBIMI METO 1A~
M, HaripuMep Metogamu Pynre-Kyrra. [Ing nennneitHbx 3a/1a4 mMeeT CMBICTT
I0JIb30BATHCSI SIBHBIMU 11 OJHOIIATOBBIMU METOIaMI. DTU METO/Ibl TPEOYIOT BbI-
JUCJIeHNs JIUITb TPABbIX dacTeil ypasuenus (2.10), 6e3 HeoOXOUMOCTH pelaTh

cucrembl (JTMHEHHBIX UM HEJIMHEHHBIX) ajrebpandecKux ypaBHEHHI.

2.5. (O6ocHoBaHWEe aOCTPAKTHOTO HPOEKIIMOHHOTO METOIa

JloKa3bIBaTh CXOAUMOCTL HPUOINYKEHHBIX PeIIeHuil, MOJIyYeHHbIX ¢ IIOMO-
B0 [IPOEKIIMOHHOIO MEeTOo/1a, OyaeM B IPEJIIIOJI0KEHNN CYIIEeCTBOBAHNUSI Pellle-
HUsT OCHOBHOIT 3a1aun (2.8). [Tocste Hsis OrOBOpKa MPUHIUITHAIBHA, TOCKOJIBKY
HaIIl TPUOJIMYKEHHBIIT MeTO/I He TO03BOJIAET JIOKa3blBaTh CYIIECTBOBAHUE pellle-

HUN UCXOJ/IHON CUCTEMBI.

Teopema 2.3. I[Ipednosostcum, wmo na ompeske [0,T] cywecmsyem edun-

cmeennoe pewenue h zadavu (2.8) makoe, wmo h(t) € W npu t € [0,T].
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Iyemv maxorce na ompeske [0,T] cywecmeyrom eduncmeennvie pewenus hY
sadavu (2.10) npu ecex N > 0 maxue, wmo h™ npunadsesicam oepanumernomy
MHootcecmey npocmparcmea W .

Tozda npubausicermvie pewenus hY crodamea x pewenuwro h 6 npocmpan-

cmee C([0,T); H), m.e.
dim [|BY = Rlloqo.rym = 0. (2.11)

Jlokasamenvcmso. Beegem byHKIMOHAN HEBA3KU Jjisd 3ajadn (2.8) ciieryio-

UM 00Pa30M:

t

I = I(®) ~ ¢ = [ A(s)dsloqoya
0

ror dyuknnonas onpesesnen Ha secem C([0, T]; V'), 1 HECTI0KHO MOKA3aTh, ITO
OH SIBJIACTCS HEIPEPLIBHLIM Ha 3TOM IIPOCTPAHCTBE. 1Ipu 9TOM JIerko BUIETD,
aro ecat h* — perenne 3agaan (2.8), o J(h*) = 0. B nanbheiiniem moxkazxem
1 obparHoe: ecyn st Hekotoporo h € C([0,T]; V') dyukuuonan J(h) = 0, To
dbyuKIHst h siBjsieTcst perierneM 3ajadu (2.8).

[locnenosarensuocts hY (t) 1e:KuT B OrpaHIYeHHOM MHOMKECTBE IIPOCTpPaH-
crea W nipu Beex t € [0, T]. Tlockosibky mpocTpancTBo W KOMIAKTHO BJIOZKEHO
B V, 10 B cuty 00001ieHHoi TeopeMbr Apiiesia (Teopema 7, . 2, [14]) mocie-
nosatesbHocTb hY apisgercs npeakomnaxTHoit B mpocrpancrse C([0,T]; V), u,
CJICIOBATEILHO, U3 9TOH MOCIEA0BATEILHOCTH MOXKHO M3BJICUD IIOIIIOC/ICI0BA-
tesbHOCTb AV | cxopsmtytocs B V. O603HAUIM IIPeJIes1 STOIT 101II0CIIeI0BATE b
noctu uepes h*. B cuiny nenpepoisroctn dynxmuonana J nmeem lim J(hVm) =

m—00

J(h*). Iokaxewm, aro J(h*) = 0. [HeiicrBurebao, nveem

t
J(RNm) = max ||V (t) — ¢ — /Ath(S)dSHH =
t€[0,7)
0
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t t

Py oo — o+ / Py AR (s)ds — / AR (5)ds|y <
0 0

e [Py, — ol + ma | / (P, AR (s) — AR (s))ds|l .

OrnennM BTOpOE CaraeMoe

t€[0,T)

max H/ (Py, AhN7(s) — AhN7(s))ds|| g =

max H/ (1 — Py YARN (8[| < /H (I — Py YARY ()| ds.

t€[0,T]

[TockobKy Ath( ) NPUHAJIEZKUT OIPAHNTIEHHOMY MHOXKeCTBY B H, TO paB-

nomepo 1o t € [0, 7] nmeem

lim ||(I — Py, JARY"(t)||z = 0.

m—0o0
CitetoBaTesIbHO,

lim J(h") = 0.

m—00

[Tokazkem, 1aro ecin J(h*) = 0, To h* ectb perenne 3amaun (2.8). eiicTu-

TeJIbHO, NMEEM
t
h* () = / Ah*(s)ds + ¢. (2.12)
0

B mpaBoit wactu y Hac (QyHKINA, HeIPePLIBHO auddepennupyemas 1mo ¢ co
sHadeHusIMHU B V| cyieioBaresibo, dbyHkins h*(t) npuHaIeKuT IpOCTPAHCTBY
CH([0,T]; V). Hudbdepennupya (2.12), suaum, uro h* yaoBIeTBOpsieT ypaBHe-
muio (2.8). Hemocpecrsenno mposepsiercst, aro h*(0) = ¢.

[TokazkeM Temepb, 9To 1 caMa Tociegosarenbaoets { Y} exomurea k h*. B

caMoM JIeJ1e, UMeeM
liminf ||AY — R* > 0.
im in | | (o.77:0) =
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[IycTn

lim sup 18N = B lleqom = Jim. 1B — B[l o(o.1128)-

B CI/IJIy KOMITIaKTHOCTHU BJIOZKECHU A
C'([0,T}; V) c C([0,T]; H)

MOZKEM CUHTATh, uTo h'“» cxonnrest K HekoTopoil byHKInn v*. Paccysk nennsm,
AHAJIOTMYHBIMEI BBIIIE, MOJIyUIaeM, ITO v* siBjsieTcs pereHueM 3ajiadn (2.8).
OJ1HAKO COTJIACHO MTPEITIOJIOZKEH IO 3a1a4a (2.8) uMeeT eJINHCTBEHHOE PellleH e,

caengoBatebuo, v* = h*. [losromy

lim [ — h*{|oo.1y:m) = 0.

N—oo

[]

Teopema 2.3 comepKuT pa3/JndHble YCJIOBHUS, KOTOPbIE MOTYT IMOKA3aThCs
abCTPAKTHBIME U TPY/IHOIIPOBEPSIEMbBIMHU, OJTHAKO B cirydae 3aa4an (1.24) B cuity

TeopeMbl 2.1 3TU YCJI0BUS BbIIIOJHEHDI.

Yupaxkaenue 2.3. IIpoBeputs ycyioBus TeopeMbl 2.3 JId ypaBHEHUs HEJIN-

HEMHOTO ImepeHoca ¢ NEpUuOANICCKNMU KPpacBbIMU YCJIOBUAMMN:

up + uu, = 0.

2.6. Cuayuyaii mKaJabl THJIBOEPTOBLIX IIPOCTPAHCTB

AbcTpakTHBIE 9BOJIIOIUOHHBIC YPABHEHUs YacTO PACCMaTPUBAIOTCA B IKa-
JIaX TPOCTPAHCTB. B 4acTHOCTH, K 9TOMY CJIydal0 OTHOCATCS YpaBHEHUd, JIJIsi
KOTOPBIX BbITToJiHeHa Teopema Hupenbepra-Hucwasr. Harra cucrema ypasuenmit
(1.24) Toxke MOkKeT ObITH PACCMOTPEHA B IIKAJIAX I'JIEOEPTOBBIX POCTPAHCTB.

PaccmoTpuM aberpakTHyIo 3a1a4uy Kol ypaBHEHUS B THILOEPTOBBIX KA~

JlaX 1 COOTBETCTBYIOIIYIO KOHEYHOMEPDHYIO alllIpOKCHMAaIlIIO.
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[Tycts Tenepy Hy — cenmapabebHoe MIbOepPTOBO MPOCTPAHCTBO. 3ahUKCH-
pyem opToHOpMUpOBaHHbBI 6asuc e. Torma mist smementa u € Hy wepes {uy}
Oymem oboznadaTh Kodbdunnentsl Pypoe mo Gasucy {er}. CremoBaresnbHo,

nMeeM
00

U = Zukek, up = (u, ex)n,

k=1

[TocTpoum mkaay ruab0epToBbIX HpocTpancTB Hy, s > 0 ciemyrormium obpa-

30M:
00

H;={ue Hy: Z |up|2e*F < oo}
k=1

CxaJgisipHoe 1pousBejieHne B Hg BBegeM 110 GpopMmyiie:

o0
(u,v)pg, = Zu;ﬁke%k.
k=1

Bynem paccMarpusaTh (DYHKINE YUCI0OBOIO apryMeHTa CO 3HadeHuAMEH B H.
Beegem coorsercrsyiomue npocrpanctsa. Yepes CF([0,T]; Hy), 0 < T < oo
0003HAUNM TPOCTPAHCTBO k-pa3 HempepbiBHO juddepenimpyembix Ha [0, 7]

dyHKIuit co 3HaYeHussMu B Hy ¢ HOPMOIi:

Hu (O],

HUHCk([O,T];H) = tfggx | u(t)

Yepes C°([0,T]; Hy) = C([0, T); Hy) 6yjiem obozuauars nenpepbishblie na [0, 7]
dbyuximn. Ogesnpano, uro dyukimo u € C([0,T]; Hg) MOXKHO TpPeJICTABUTE B

BUaEC:
00
= Z uk(t)ek,
k=1

rie ug(t) cyrh HenpepsiBable Ha [0, 1] unciaoBbie GyHKIm.
PaccemorpuM, BooOIIie roBopsi, HeJIMHENHBIH omepaTop A, ompeje/ieHHBI B
mkaste Hs. Bynem mpemmonarars, ato oneparop A @ Hy — Hy HenpepbiBen

upu 00X s > s > 0.
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PaccMmorpum abcTpakTHYIO 3aga41y Korm:
u(t) = Au(t), t>0 (2.13)
u(0) = ¢ € Hy. (2.14)
Omnpegnenenne 2.4. Oynxuust u € CH([0,T]; Hy), s > 0 HazbIBaeTCs S-pelIeHueM.

J11st rapaHTUPOBAHKS CYIIECTBOBAHMA S-PEIICHIs HEOOXOIMMO HAKJIAIbLIBATD
JOIOJTHATEILHBIE YCIOBUS Ha onepaTop A. 3aMeTuM, 9TO HEOOXOAMMDIM YCJI0-
BIEM CYIIeCTBOBAHUS S-PeIlleHus siBjisieTcsi yeyosue ¢ € Hg. 3amada (2.13)—
(2.14) B mKajax MPOCTPAHCTB PACCMATPHUBAJIACH B PaOOTAX MHOIUX aBTOPOB:
T. Hucupa, JI. Hupen6epr, ®@. Tpes, JI.B. Oscanrukos u ap., cm. [41], [22], [23)],
[44]. B wacTHOCTH, OBLIN MOJIYUEHBI YCJIOBUS, TAPAHTUPYIOIINE CYIIECTBOBAHIE
pelIeHuii Ha JOCTATOYHO MAJIOM BPEMEHHOM HHTEPBAJIC.

KoneunomMepHble anmpokcnmarmi u' |, paccMarpuBaeMble B IPEIbLIYIIEM Pa3-

dejie, MOI'yT OBITD I[IOJIy4€Hbl IIPOCKINOHHBIM METOIOM. OmnumeM 3ToT METO.

[Iycrs HY — N-mepHoe HPOCTPaHCTBO, NOPOXKICHHOE JIMHEHHBIMI KOMOMHA-

USME 37IeMeHTaMu {eq, €a, . .., ey . Yepes Py : Hy — HYY Gynem obosHauarh
00 N
npoexkTop Py <Z ozkek) = > axey. B nampreiiem 6e3 oroBopok Oyiem moji-

pasymesaTh Bioxkenne HY C Hy.
Hns dukcuposannoro N > 0 OyjeM paccMaTpuBaTh 3aJady OTHOCUTETHHO
N
N(s)y — N :
u(t) = kZ uy, (t)ex:
=1

u™(t) = PyAu™(t), t>0 (2.15)

u™(0) = Pyo. (2.16)

[Tockombky dynxmms u'Y

MOJTHOCTBIO OIPEeJIe/IAeTCd HADOPOM YNCIOBLIX (DYHK-
muit (ud (t),. .., ud ()T, To zajauy (2.15)—(2.16) MoxKHO HepenucaTh B BUJIE

cucreMbl N-TO TOpsiJIKa JJisi OObIKHOBEHHBIX JAuddepeHnnaabHbIX YpaBHeHUIT
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ornocurenbuo (uf (t), ..., uy(t))". Beegem muoxecrso MY, € CV upu g > 0,

s > 0 ciemyronmmM 06pa3oM:
N N N N .| N —sk
Mg ={(uy,...,uy) € C" i u | < qe™"}.
Bynewm mpejionararb, 9To ¢ U $1 BhIOpaHbI TaK, UTO

Pyy € intM”>,

q,517

rjie Jepes int]\f(}’\;1 obo3HaveHa BHYTPEHHOCTh MHOYKecTBa, M (}Nsl-
Pacemorpum orobpaskenune FV @ CV — CV, 3azaBaeMoe npaBoil 4acTbio

ypasuenus (2.15):

(FN((on, - on)"))i = (A aner), ei)a.

Byzem npemnonarars, uro dbynkiusa FY yrosiersopsier yesosuto Jlummmia
Ha MHozkecTBe MY, . DT0 HmpeonozKene rapaHTHPYeT CYIIECTBOBAHKE €JIMH-

q,51°
crsennoro pemennust sajadn Ko (2.15)(2.16) 8 MY, .

[Tokazkem, 9TO cxeMa aImpoOKCUMAIINN JIjIs yPaBHEHUT B IIJIbOEPTOBBIX KA~
JIaX BKJIIOYAETCsT B CXeMy KOHEUYHOMEDHOI allllPOKCUMAIH, OINCAHHYIO B ITa-
parpadax 2.4, 2.5.

[Iycrs HauaabHOE yeaoBue B 3ajade (2.13)—(2.14) npuHaIe’KUT TPOCTPaH-
crBy Hy,, ryie 51 > 0. IlycTh BBIOpaHO 110JI02KNTEIBHOE YNCJIO Sp TaKoe, UTO
s1 > s9 > 0. B kauectBe npocrpancrsa H Bo3bMeM npocTpanctso Hy, 3a mpo-
cTpaHcTBO V' npuMeM IpocTpaHcTBO Hy,, a B KadecTBe 11pocTpaHcTBa W BbIOE-

peM mpocTpancTBO Hy, . Hama ruasbeproBa mikamsa H saBisgeTcss KOMITAKTHOI

IIKAJION, T.e. JIJIsT JIFOOBIX S1 > So > () BiIoxKeHue
H,, C H,,

ABJISIETCS KOMIIAKTHBIM. DTO cJIeAyeT U3 KpUTeprusd KOMIIaKTHOCTU B IIPOCTpPaH-

crBe ly, (em. [18], c. 248). Takum 06pazoM, BUIUM, 9TO TPOHKA MTPOCTPAHCTB
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Hy, H,,, Hs, coorsercTByer Tpoiike H, V, W B oboznadenusx maparpados

2.4, 2.5.
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I'maBa 3

YwucjieHHble MeTOIbI

3.1. IlpumeHeHHe MPOEKIIMOHHOTO METO1a

Omurem MpoeKIMOHHbBIN MeTo/1 /it 3a1a4u (1.24) ¢ ucrnob30BaHneM psijioB
Oyprwe. [Iycrb N > 1 — pukcupoBaHHOE YNCJIO PA3MEPHOCTU HMPUOJINZKEHHOI

zajtaun. [Ipubnnkennble perenus OyJjieM UCKATh B BUJIE:

RN (u,t)

N
L+ 32 (t)e™ ™,
=1
(3.1)
N .
VN (u,t) = v,iv(t)e_’k“.
k=1

Ucnonb3oBanne mpejcTaBienns B Buje KoHeIHbIX cymM Dypbe (3.1) mmeer

CYIIIeCTBEHHBIE TIpenMyIecTBa. JeficTBUTE/IbHO, MyCTh
N
—iku
f= E fre™ ",
k=0

N

- —ik
fu= Z(—zk)fke e
k=1
Emre 6osiee sadpdexTuBHO Bhuncigercs oneparop P. s

N .
g= Z gke—zku
k=—N

20

TOT /1A



nMmeeM
N
Plg) = 2+ gre .
2 k=1
[TockosibKy omepaliust yMHOXKeHUsT (DYHKIHI He SIBISeTCA 3aMKHYTONH B KJIacce

dbyukimit (3.1), BBejieM OMHAPHYIO OIEPAIUIO «*», KOTOPAasl sBJISETCS 3aMKHY-

Toit Ji1 MHOKecTBa dyukumit Buga (3.1). Ilyers
N

—tku
A= E ape” ",

k=—N

N
B = Z bke_iku.
k=—N

Torna gna C' = AB nmeeM
2N

C = E cpe” ke,

k=—2N
Ornepaliuio «*» BBEJIEM CJICIYIOIIIM 00Pa3oM:
N

Ax B = Z cpe”

k=—N
rie ¢ — Kodddunnenter Pypoe dyukimn C.

[pu6mxennsie pemennsa RY u VY 6yneMm nckaThb Kax perieHHs CHCTEMBb
ypaBHEeHUI:
RY =i(UY x R — UY « RM),
(3.2)
VY =i(U" V' = B, RY) + g(R" — 1),
rje
UN = P(VN*}_%NJrVN x* RY),
B=PWVNx7").
[TokazkeMm, 9TO onMCAHHBINT METO/T YKJIAJILIBAETCI B CXEMY, PACCMOTPEHHYIO B
paznenax 2.4, 2.5. JIns 9Toro OyjieM Mob30BaThCA MKaJaMiu OaHAXOBBIX MPO-

CTPAHCTB, BBEJICHHBLIX B pazjese 2.1. [IycTh nadgaybHble yCJIOBUS MTPUHAIIEKAT
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IIPOCTPAHCTBY Eﬁl, Torga BeibepeM Jioboe Sy u3 uaTepBasa (0, s1). B kadecrse
npoctpancta H BozbMem Ej, B KadecTse V' — HPOCTPaHCTBO EﬁQ. [To ompene-
Jsennio mKajabl B dynkiun us npocerpanctsa Ef MoryT ObITh HpejcTaB/eHbl
pagamn Pypre. CiietoBaTeIbHO, 38 IIPOEKIMOHHBIN ortepaTop Py BO3bMeEM OIre-
paTop MPOEKTUPOBAHNA Ha KOHEYHbIE CyMMbI PsijioB Pypbe 110 TPUrOHOMETPU-
qecKnM 6asucHbM GyHKIaAM e**. VIMeHHO Takoe IIPOeKTUPOBAHIE HCIOIb30-
Bano B 3.2. Hakomner, B KauecTBe mpoctpancTsa W Bo3bMeM TPOCTPAHCTBO E;‘,,
e sy < 8 < s1. Urobbl rapanTuposath, uro dbyukiuu hY (t) ocraercs B orpa-

HUIeHHOM MHOKecTBe mpoctpancTBa W nipu Beex t € (0,7T), 6yaem TpeboBaTh,

LITO6]:)I HpI/I6JII/DKeHHbIe penienmnaa y,[LOBJIeTBOpHJII/I YCJIOBI/IHM THUIIA.
N —2s'k
Iy (D) < Me™ ™7,

o ()] < Me >,

rie M > 0. Bamerum, 9TO HPU HPAKTUIECKOM IPUMEHEHUH ITPOEKIMOHHOI'O
MeTO/Ia CJIEJINTH 3a STUMU yCJIOBUSAMU HET HEOOXOIUMOCTH, MTOCKOJIBbKY CJIyvail

BLIXOJIa PelIeHns U3 MKaabl F5 Gy1eT Jerko obHapysKeH B X0je BLIYHC/ICHHIL.

3.2. Ilpumenenune teopumn peryjigpusalinu

PaccMoTpeHHbBII TPOEKIIMOHHBIN MeTOo I, siBjigeTcd Hanbosee 3pHeKTHBHBIM
JJTs1 pertiernst cucteMbl ypasaeruit (1.24). [IpuHIunmma bHbIM JIJIs T0OKA3ATE h-
CTBa CXOJIMMOCTH ITPOEKIIMOHHOTO METOo 1a ObLIO HUCIoJIb30BaHue Oasnca Dyprwe.
Onnako ucnosib3oBanue psiyioB Pypwe (IuckpeTHOro mpeobpaszosanust Pypbe)
uMeeT HejocTarku. Bo-mepBbiX, st 3(pHEKTUBHONO BBIYUC/IEHHUSI HPSIMOIO U
0OpaTHOTO JUCKPETHOTO peobpasoBanns Oypbe (B TOM THCIE U € UCHOTH30BaA-
HUEM aJITOPUTMOB OBICTPOrO peobpazoBanust Oypbe) Mbl BEIHY K I€HBI HCIIOJTb-

30BaTh TOJHKO PABHOMEPHYIO CETKY IO TIepeMeHHOil . Bo-BTOPBIX, CXOANMOCTD
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psiaoB Dypbe odeHb UyBCTBHUTEIbHA K IViajkocT pyHKImii. [Toaromy obpaszo-
BaHHe 0COOEHHOCTH JlakKe B OJIHOI TOUKe BjieveT 3a coboit HeoOXOINMMOCTh CYIIle-
CTBEHHOI'O yBeJIMYeHUsT KojimdecTBa KodpduimenToB Pypbe, yIacTBYIONINX B
pacdere. MeToJibl JIMCKPETU3AIMN Ha OCHOBE TPUT'OHOMETPUUIecKux psjioB Dy-
pbe IPaKTHYEeCKNU He IPUMEHUMbBI JIJIs MCCJIeI0OBaHUsT PEXKUMOB 00pa30BaHUsI
0COOEHHOCTEl Y perenuii.

B nacrosiiem myHkTe jajiuM odocHOBaHHE abCTPAKTHOIO MeTOo/Ia, JINCKPEeTH-
sanun jyist 3ajga9n (1.24). Ha ocHOBaHNM M3JI0’KEHHBIX HIYKE TEOPEM B CJICITY-
IOIEM ITYHKTE PACCMOTPHUM YMCJIEHHBII METOJ, C MCIIOJIb30BaHUEM KyOMYeCcKnX
CILIAfiHOB JIUIS JIUCKPETH3AIINN 110 IIepeMeHHOi u. MeToabl CrIaiiH-IIpuOIN KEeHIST
MOI'YT OBITH 9(PEKTUBHBIMU IIPU YUCJIEHHOM MCCIEI0BAHUU 3aJiad Ha HepaB-
HOMEPHOI CeTKe.

JlokazaTe/IbCTBO CXOAUMOCTH HMPUOJINXKEHHO! cXeMbl OyjieM IPOBOIUTL Me-
TOJOM MHHUMMU3AIUN HeBI3KU. IIpu 3ToM OyIyT MCIOJIb30BATHCS PE3Y/IbTaThl
teopun perysasipmsanun A.H. TuxonoBa HekoppeKkTHBIX 3aa4d. B gajibHeiinem
OyJ1eM IIpeJIIoJIaraTh CymecTBOBAHUE U €JIMHCTBEHHOCTD TUIaJIKOTO PEIICHUS 3a-

maqan (1.24).

IIpeanonoxenue 3.1. Ilycrs Ry, Vi TakoBbl, 4TO CyIIECTBYET €IMHCTBEH-

Hoe pemienre 3agadn (1.24), obosnauaemoe R*, V* rme R* u V* npunaje-

xar W2(Q).
Brejiem dyHKIMOHA
= 2_ 2_
orpetesennblii Ha Bees W2(Q).

Jlemma 3.1. Qynryuonan Q asasemea cmadbuiuzamopom oas 3adawu (1.24),

M. €. BLINOAHEHDL CACIYIOULUE YCAOBUS:
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1) Q(R, V) > 0;
2) wmmoorcecmeo Qyy = {(R, V) : R,V € W2(Q), R, V) < M} asanemes
npedkomnarmmvimn 6 WHQ) x WH(Q), m. e. us amoboti nocaedosamenvrocmu

us Qp Motcno u3eae s M0dN0CAd06aMeENHOCD, crodauytoca 6 Wi(Q) X
WLO)-
W4 (Q)7

3) R*, V* npunadaesrcam obaacmu onpedeserus €.

Jlokazamenvemso. Ilynkr 1) cregyer u3 onpejenenns: ), MyHKT 2) cjejyer
u3 TeopeMbl Pejummxa—KoHapalioBa 0 KOMIAKTHOCTH BJIOYKEHUsI IPOCTPAHCTB

CobosieBa [26], myHKT 3) ciepyer u3 mpejnosoxkenus 3.1. O

[TpuseseM abCTPaKTHYIO NPUOIIZKEHHYIO CXEMY, a IIOTOM PACCMOTPUM CIIO-
COOBI € KOHCTPYKTHBHOI Pean3alinm.
O6oznaunm * = Q(R*,V*). BeemeM JjiBe 9uc/IOBbIE MOC/IEI0BATELHOCTH

ap >0, 6. >0, ap, — 0, 6. — 0. Beegem MHOXKeCTBO:
Qe ={(R,V) : RV eWQ), AR, V) < Q" + B}.
[Tocenoarenbaocts { Ry, Vi } Oyiaem onpenessith u3 yCJIOBHii:
J(Rk,Vk)gj,jJrozk, k=1,2,..., (3.3)
rie Ji =inf J(R,V).
Qe
Teopema 3.1. [Iycmov svinoanerno npednososcerue 3.1, moezda:

klim J(Ri, Vi) =0
khiglo |Ry — R HWQ(Q) =0,

khjgo Vi =V HWJ(@ =0.

54



Jlokasamenvcmeso. Y TBepK/IeHIe TeOPeMbI CyieiyeT u3 TeopeMsr 1, § 7, rur. 2 [7].

[]

Cxema (3.3) siBjsieTcst He BIIOJIHE KOHCTPYKTHBHOf, TIOCKOJIbKY HEM3BECTHO
snagenue (2. Tem He MeHee CymECTBYIOT KOHCTPYKTUBHBIC METOBI PEATI3AIIN
91Ot exeMbl (M. 11. 3, § 7, rt. 2 [7]). st ymoberBa autaTesis mpuBeieM Takyo
cXeMmy, cJiejTyst u3jioxkenuto |7|, ms samadan (3.3).

Bynem npeinoarats, aro m3sectno takoe dnciao M, aro Q(R*,V*) < M.
B kauecTse HaYAILHOIO NPUOJIMZKEHUS IPOU3BOJILHO 3a1a/ UM YUCyIo Yo > 0 n
dbynkmun Ry, Vi € W;(Q) [IycTs yaxe cuenano n— 1 maros u HaiijgeHs! v, _1 1
R, 1,V,_1 € WQQ(Q) [TonoxknM ¥, = 27 1y,_1, a R, V, naiiiem Kak perienue

CJICIYIOIIEel SKCTpeMaJIbHOM 3a/1a4Mn:
J = f J(R,V) < J(Ba, V) < T+ 30,
M

e (R, Vi) € Qur, Qur = {(R, V) : R,V € W(Q), QR,V) < M}.

[asiee mpoBepsieM HEPaBEHCTBO:
J(Ry, Vi) > Y- (3.4)

Eci sepasencTso (3.4) He BBIOJIHEHO, TO OBTOPsieM mporiece. Kak mokasano B
7], HepaBencTBO (3.4) BBITOJTHUTCST 00s3aTENIBHO, ecyin TOJIbKO 2 2 0. Coryvaii
0* = 0 coOTBETCTBYET TPUBUAJBLHOMY PEIICHIIO, KOTOPOE HEBO3MOXKHO B 3a,/1a4e
(1.24).

Urak, mycts mpu n = Ny BbIlojiHeHO HepaBeHCeTBO (3.4). Jlasbreiinmie mpu-
OJIKeHNsT OyJIeM MCKaTh € ITOMOIIBIO JIDYTOT0 UTEPAIMOHHOrO Iporecca. [lo-

JIOZKUM:

u}()m = 2_nM,
Yon = 27(n+1)7N07 n = 07 17 SR
Q= {(R.V): RV € W3(Q), R, V) <wou}.
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Haitnem Ry, Vo, 1 RO,m ‘N/O,n KaK peleHns 3a,1ad:
Jg,n = glznf J(R, V) < J(Ro’n, Vbﬁ) < J&n + Yo,
0,n

Jir =i J(R,V) < J(Ropn, Vo) < i1 + Yo

n upu Kaxkjom n = 0,1,... OyjgeM nIpoBepaTh HEPABEHCTBO
J(Ro,m ‘/Om) - J(RO,TH ‘N/O,n) > IYOJL'

sBecrno (em. [7]), ato Hafigercs Taxoii nomep ny (kK = 0), 9T0 9TO HEPABEHCTBO
BBITTOJTHATCS.

HonokuM wy, = Wiy Yk = Ve, Bk = Riny, Vi = Vi, Cienylomue marn
IOBTOPSIIOTCS CO 3HAUCHUAMI Wi1 M Vt1n:

)
Wit = Wi + (M — wy)27",

Yo+1n = %27(%1), (3.5)

n=20,1,2,...
\

7\

[Tonoxkum Qi = {(R,V) : R,V € W2(Q), QUR,V) < Wk }; IPH PUKCHPO-

BanHoM k naiiieMm Ry ., Vin Ripn, Vi, Takue, 4To:

I;k,n = inf ‘](Rv V) < J(Rk,m Vk,n) < ]:7” + Yien
B o (3.6)
J>\k4 - IQHf J(R7 V) < J(Rkj,na ‘/k,n) < J?\} + Ykn,

n upu Kaxkjgom n = 0,1,... OyaeM IpoBepsiTb HEPABEHCTBO:
J(Rk,ny Vk,n) - J<Rk,n> Vk,n) > Yin-

[Tocste Toro kak Oymer HaiijieH ny, nepecuantbiBaeM 1o cxeme (3.5)—(3.6). Ilo-
caeIoBaTeIbHOCTD Ry, Vi CXOIUTCS K PEIIeHnI0 B CMBICIE TeopeMbl 3.1.
Hawmu ObL1a onmcana cxema /st BBIYUCICHUS MTPUOINyKeHHOTro pertenns. O -

HAKO 9Ta cxeMa TpebyeT HaXOIUTh YCJIOBHBIN SKCTpeMyM (yHKIMOHAJA, UTO
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SBJIIETCS TEXHUIECKN cJI0xKHOI 3aiadeii. Ceitvac onuieMm 3¢ OEKTUBHYIO pea-
qmsanuio perernst 3aadu (3.6). st Toro 6yeM MCroib30BaTh anmpoKCHMa-
IO PEIIeHUsT TJIQJIKUMU CILJIAfiHAMHE.

IIyctb B obnactu () 3ajlaH KOHEUHBI HaOOP HECOBIAJIAOIINX TOYEK
T1,T9, ..., TN, 1 B KQXKJON TOUKE T; 3a/IaH0 IuCJI0 y;. [locTaBuM 3a/1a9y OTbHIC-

KaHUs HHTePHOJIAIMONHBIX ciltaiin-gynkinit o € Wi (Q) us yeaosus:

min 3 [ (ol + 2ol + foul)dudt (3.7
Q

Basaqa (3.7) uMeeT eIMHCTBEHHOE pellieHne, HoJiee TOro, CyIecTBY 0T O9eHb -

(beKTHBHDIE METOIBI IOCTPOEHNUS CILIaiiia o o Habopy Touek { (z;, ;) } (em. [6],

[1]).

g kaxxjgoro N > 0 3aduKcupyeM OmpeJIesIeHHYI0 CUCTEMY TOYeK Sy =
{x1,..., 25} C Q TaxumM obpazoM, 4T00bI Sy 06PA3OBBIBAMIA € N-CeTh, £ — ()
nmpu N — oo. Uepes Oy 0603HAUNM MHOYKECTBO BCEX CILIaiH-QYHKIUI, 110-
cTpoeHHBIX Ha cerke Sy. Ilo onpegenennio Oy C W;(Q) Bgejiem orobpa-
Kenne Qy /va(Q) — Op 10 cJeAyIoNeMy HpaBuily: QYHKINA 13 Wf(@)
CYyZKaeTcd Ha CeTKY Sy, YTO BOZMOXKHO B CUIY TeopeMbl Bioxenuns Coboesa,
a 3aTeM CTpouTCs CILIaiil 1o npasmwty (3.7). st soGoit Gynkiuu f € W2(Q)

mmeer Mecto: (em. § 4.3 [6])
]\1[1_120 Hf - QNfHWg(Q) =0. (3'8>

DYHKINOHAJIBLHOE IIPOCTPAHCTBO O N SIBJISETCS KOHEUHOMEPHBIM, a CJIe/I0Ba-
TeJIbHO, TPUTOJIHBIM JIJIA [IPOBeIeHNs Bhruncaennii. Ilokaxkem, 9To ¢ MOMOIIBIO
arrapaTa CILIAiHOB MOXKHO OCYIIECTBATH alllPOKCUMAIINIO SKCTPEMAJIbHBIX 3a-
nad.

PaccmoTpum 3a7ady moncka MUHUMHI3UPYIOMIEH TOCIEI0BATETHLHOCTH JIJId
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3a/1a41

inf J(R,V) = 0. (3.9)
Q)

BseneMm nocsieoBaTeIbHOCTE KOHEUHOMEDPHBIX 33144
Iy =inf J(RV), N=172... (3.10)
N

Teopema 3.2. [ocaedosamervrnocmo 3adaw (3.10) annpoxcumupyem 3ada-
wy (3.9) no dgynryuu, m. e.

jim, i =0

Jlokazamenvcmso. lycrs R,V € WQQ(Q), Torjga B cuiy Jemmbl 2.4 u (3.8)

nMeeT MeCcTo

lim (J(Qn(R),@n(V)) = J(R,V)) =0.

N—o00

I3 s1oro pasenctsa 1o Teopeme 1.1, v 3 [7] coemyer, aro

Jim, i =0

[]

Pemenue 3asaqu (3.10) npu dukcuposannom N Moxker ObITb 3(DdheKTrB-
HO HailjeHo cjepyonmm odopazoM. CHavdaja HAXOUM € ITOMOIIBIO PA3HOCTHBIX
MeToJ10B perierne 3ajaan (1.24) (cm. [12]), a 3areM 10 3HAYCHNSM B y3/1aX CET-
Ku ctponM cruiaita. HyzxHoiit Tounocru pemenust 3agaqu (3.10) Beerga MOXKHO
JI00UTHCS BBIDOPOM COOTBETCTBYIOINIEH CeTKU.

Urak, mycts Hafigeno npubamkenHoe pemenne Ry, Viy 3agaqn (3.9). [Ipe-

CTaBUM 9TO HpI/I6.HI/I)KeHHOG penienne B Buae psaa0B:

(.¢]

Ry = Z rF(t)e™*,
k=—o0

Vi = Z vF (t)e'*,
k=—00
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B cxeme, ornmcanHoil Bblllle, HAM HY’KHO perarh 3ajaqu tuna (3.9) ¢ orpanu-

YeHNnAMU

Q(Ry, Vi) < M. (3.11)

Ecsm uepasenctso (3.11) He BBIONHEHO JI/Ts pernenus 3a1a49u (3.9), Toraa mo-

syuum peenne sagaqn (3.9), (3.11) ¢ nomomsio oneparopos Ty @ W2(Q) —

/Wv22(Q) o (opmy.e:

00 00
TM § : fkefzku _ E : )\kfkeizku,
k=—00 k=—00

e Ko9hUIUEHThI A\, pABHBI €JIMHUIIE TP MaJIbIX |k| 1 OBICTPO YOBIBAIOT IIPH

kv y6piBaoT 10

oosbiux |k|. B ety roagkoctn perennii KoabGunnenTer r
COOTBETCTBYIOIINM HOPMaM JIOCTATOIHO ObICcTpo ¢ poctoMm |k|. CiemoBaTesbHo,

ortepaTop 1h; MOYKHO BBIOpAThH TAKIM 00Pa30M, YTOOBI YI0BJIETBOPUTD YCJIOBHUIO

(3.11).

3.3. PeI‘y.JIHpI/ISaI_[I/Iﬂ MeETOJa IPAMBIX B YCJIOBUAX

MAaIINHHOI TOYHOCTH

[TorpemnHocTt OKPYTJICHUI MPU BBIYUCICHUSX SBJISIOTCS TPUHITHITHATILHOM
11po0JIeMOil BBIUNCINTEIbHON MaTemMaTuku. OIHUM 13 BO3MOXKHBIX CIIOCOOOB
IIPEOJI0JIEHNsT TPYIHOCTEH TPOBEICHIA BLIUYNCICHU B YCJTOBUSAX MAITMHHON TOY-
HOCTHU $IBJISIETCsI TIPUMEHEHIEe METOJI0B MHTEPBAJBLHOIO aHaIi3a (CM., HAIIPH-
mep, [34], [13], [2]). Onnako ucrosib3oBanme HHTEPBATLHOIO HCUUCICHIST TPEOY-
eT CIIeNUAJIBLHOIO IPOrPAMMUPOBAHIS YUCJEHHBIX METOJIOB, CHUYKAET CKOPOCTh
BBLIUNC/IEHNI 1 TpeOyeT yBeJnmdeHns o0beMa ONMepaTuBHON MaMATu. B nacTos-
1eit paboTe peII0YKeH OJINH ITPOCTOi 1 3 MEeKTUBHBII c11ocod «00pBHOLI» ¢ 0CO-

OEHHOCTSIMI MAIITMHHONR TOYHOCTU. DTOT CIIOCOD SIBJISIETCSI OJHUM U3 BAPUAHTOB
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creKkTpaJ/bHOro huiibTpa. B TO Ke BpeMmsi mpejiiaraeMblii MeToJ] MOXKHO TPaK-
TOBATh KaK PEryJgpu3alliio HEKOPPEKTHBIX 3a/a4 110 METO/y KBa3upelieHuil.
[To cpaBHEHUIO ¢ JPYTUME CIEKTPAJbHBIMU (DUIBTPAMEI 3TOT METO/I SIBJISI€TCSI
6oJ1ee 3(pPHEKTUBHBIM B paccMaTpuBaeMbIX 3ajladax. Pazymeercs, mpe//10XKeH-
HBIil [10/IX0JT MOYKET ObITH 9P (DEKTUBHBIM JIUIIb B HEKOTOPBIX BHIUNCIUTEILHBIX
3aj1adax. B Hacrosmeit pabore paccMaTpuUBaeTCs NPUMEHEHNe UNC/JIeHHBIX Me-
TOJOB JIJIsI ITOJIyYeHUs IPUOJIMKEHHBIX PeIleHnil cicTeM ypaBHEHUI, OIIChIBa-
IOIIUX HECTAIIOHAPHOE TedeHne H1eaJbHOM »KIJIKOCTH CO CBOOOIHOMN ITOBEPXHO-
CTBIO, T'JIe C IIOMOIIIBIO HAIIIErO IIOJIX0/a YIaJI0Ch IOJIYINTh BaXKHbIE PE3YIbTAThI

B 3a/ladaXxX OKCaHOJIOI'NN 1 MaTeMaTU4eCcKOii MmAapoOJMHaMUKH.

Vcnob3yeM MeToabl MPSIMBIX I CBEJACHUs ypPaBHEHUI B YACTHBIX IPO-
N3BOJHBIX K cHCTeMaM OOBIKHOBEHHBIX MM depeHImaj bHbIX ypaBHeHuii. [lo-
JIydeHHas T0c/e JUCKPETU3allnl 110 MPOCTPAHCTBEHHLIM IePpEMEHHBIM CUCTe-
Ma OOBIKHOBEHHBIX YPaBHEHUIT perraeTcs cTaHIapTHBIM MeTojioM Pynre-KyTta
4-ro nopstaka. Ilpm BbIUmMCIeHUM TPaBbIX YacTeil 9TUX YpaBHEHUI HCIIOJIb3Y-
eM MeTO/bI ObICTPOTro IpeodpaszoBannst Pypbe, IpU pean3alul KOTOPbIX BO3-
HUKAIOT OCHOBHBIE ITOI'PEITHOCTH BhIUNCIeHUT. B paccMaTrpuBaeMbIX mpuMepax
MBI CTAJIKUBAEMCS C BBIYUCINTEIHLHON HEYCTONYNBOCTHIO, BO3HUKAIOIICIH BCJIC]I-
CTBUE TOTPENIHoCTeil OKpyTyieHns. B nacrodiieM pasjesne paccMaTpUBaeM MO-
JINUKAIIIO METO/1a MPSIMBbIX, TTO3BOJIAIONIYIO B PsIjIe CIydacB n30eKaTh BbIUNC-

JINTEJILHOI HEYCTONYNBOCTHU.

PaccmaTpuBaeM mnpuMenenme K CJIeIyIONINM 3ajadaM THJIPOJINHAMUKN CO
CBOOO/IHOI TIOBEPXHOCTDHIO: TedeHue HJIeaabHONi »KIJIKOCTH CO CBODOJHO I10-
BEPXHOCTBIO ¢ KOHEUHOI IVIyOMHOI 1 HavaJIbHYIO CTa IO HeycToiunBocTH Pesres-
Teityiopa, rae paccMaTpuBaeTCsl T'PAHUIA MEXKTY TIXKeI0i naealbHON »KIIKO-
CTBIO U BaKyyMOM B YCJIOBHH, KOIJIa *KIJIKOCTb HaXOAUTCA HaJl BaKyyMoM. B

HavaJIbHBIII MOMEHT CBOOOJIHON MOBEPXHOCTH IIPUIAETCS BO3MYIIEHUE U HCCJIe-
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JIyeTCsl pa3BUTHE PeJIeii-TeiJIOPOBCKOI HEYCTOMINBOCTU. DTa MOJC/Tb ABJISACTCs
KJIACCHYECKIM [TPUMEPOM HEyCTONYInBOCTH (CM., Hampumep, [43]).

Heobxo/iuMo oTMeTHTh, 9TO IpejiaraeMblil MeTOJ He B IOJHOH Mepe II0-
JIABJISIET YNCJCHHYIO HEYCTONYMBOCTD B 3a/la4aX I'UJIPOJMHAMUKN CO CBOOOTHOM
MOBEPXHOCTBIO, & JIUITh «IIPOJJICBACT KI3Hb» YHCJIEHHON cXeMe.

Haunem c¢ abctpakTHoil mocranosku 3ajadn. Ilycte H — cenapabesibHoe
ruIb0epToBO pocTpaHcTBo. PaccmorpuMm B H, BoOOIIE roBopst, HeJIMHEHHDII
orrepaTop A, onpejenennblit Ha noanpocrpancrse D C H. Ilpeamnonoxkmm, 4ro
B H MoxkHO BBIOpaTh OpToHOpMupoBanubiii B H 6asuc {p;} C D.

Yepes C*([0,T]; H), 0 < T < 0o 0603HAYNM HPOCTpaHCTBO k pas Herpe-
pbiBHO jncdepennupyembix Gyukiuii Ha [0, 7] co 3navenusimu B H ¢ HOpMOii

max ([[u(t)l]z + [[u® (@) n)-

HUHC’“([O,T];H) = Bt

Bynem paccmarpuBaTh abcTpakTHYIO 3a1ady Komm:

u'(t) = Alu(t)], t€[0,T]
(3.12)
u(0) =v, ¢ eH.
Ounpenenenune 3.1. Oyuxiua v € CY([0,T]; H) Takas, uro u(t) € D upn

t € [0; T] u ynosaersopsitonias (3.12), HasbiBaeTcst pernenneM 3ajadn (3.12).

PaccMoTpuM IPOEKIMOHHbBIN METO/ CBeIeHNsI K CUCTeMe OObIKHOBEHHBIX JIH(h-
bepeHnnabHBIX ypaBuenuit 1ist 3agaqu (3.12). st koneunoro N BBejeM mpo-

ektop Py : H — H 1o dpopmyiie

00 N
Py Z Oék%%) = Z P}
k=1 k=1

[Tpu pukcuposannom N Gynem pacemarpusarh dynximo u™ (1) = 25:1 an (t)or,
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rie oy € CH0,T) sasasiorest perenuen 3ajaqu Ko

(V) (t) = Py(Alu®)]), t€[0,T]
(3.13)
uN(0) = Py

N nosmocteio onpeenserca sexrop-gynkuuneit o (t) = (ad¥ (), ...,

DOyHKIAS U
a ()T, Tlepennmenm zagauy (3.13) B Buje cucrembl N-ro nopsjika 0ObIKHO-

BEHHBIX JindpepeHnnalibHbIX ypaBHEHNT OTHOCUTE/IHLHO a. O6o3HaunM
F(a™) = (Fi(a™),..., Fx(a™)7T,

rie
N

Fi(a(8)) = (A[Y_ o (Dol on) -

1=1

Byiem paccmaTpuBaTh CJieiyoILyo CUCTeMy ypaBHeHHi, SKBuBaleHTHYIO (3.13):

(3.14)

rje

wN = (¢17 <. 7¢N)T7

[IpaByto gacth B ypasuennu (3.14) MOXKHO TPakTOBaTh Kak (hyHKIHIO F' :
RN — RV,

[Ipusegem cxemy Pynre-Kyrra 4-ro nopsijika jyist cucrembr (3.14). Yepes 7
obo3HauuM mar 1o mnepementoit t. Coorsercrsento t,, = m7r, m = 0,..., M.
Bynem mpegnosararh, 9T0 Ha pacCMaTPUBAEMOM HMHTeEpPBaJe CyIIeCTBYET eInH-

crBerHoe perenne 3ajgadn (3.14). Hucmennbie pererns GyjeM MOTy9aTh IO
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caenytomeit hopmyie:

OéN(tm) = &N(tm_l) + %(]{31 + 2]432 + 2]€3 + ]434),
ki = F(a™(tn-1)),

ko = F(a™ (tm-1) + Tk1),
(3.15)

kg = F(&N(tmfl) + %]{2),

B peasbrocTu ipu Berancsiennsx za IBM 1o exeme (3.15), Kak mpaBmio, BO3HU-
KaIOT OIMMUOKH B CUJTY OFPAHUIEeHHOI MaImuHHON! TouHoCTH. OCHOBHOM NCTOYHUK
60K — F.D N
omnOOK — BbIUKCIeHUE (DYHKINUN F'. DJEeMEHTHI BEKTOpa (' TPaKTYIOTCsS Kak
Ko dunmenTsl psijta yphe, TOITOMY TOTPENTHOCTH B BHIYUCJIEHIH 9TON (PYHK-
I MOTYT TIOBJIEUb KaTacTpOPUIECKHe MOC/Ie/ICTBUA JIJIsl TPOBEJICHNS pacye-
ToB. TunuyHON SABIgETCHI CUTyalldsd, KOTJa MO0 MOIYJII0 3TH KO3 DUIMEHTHI
ObICTPO cTpeMATcd K Hy/t0. IIpu 3ToM HPUXOAUTCS HPOBOJAUTL BbIYHCICHUSI
¢ 9UCIaMHI, 110 MOJYJIIO 3HAUNTE/THHO MEHBITUMI FapaHTHPOBAHHBIX 3HATAINX
N

rudp. Beraucssis mo cxeme (3.15), nabmogaem 3HadeHnst (v, KOTOPbIE CBS3aHbI

C TOYHBIMM 3HaYCHUAMU CJICAYIOIINM COOTHOMIECHHUEM:
N ~N N
N () — &V (t)| = 0N, m=1,..., M.

Konkperhble sHauennst &' (t,,) 3aBUCAT OT pealnsaluu cueta 1o cxeme (3.15).
Mpbl GyjieM TOBOPUThL, Y4TO HoCjeoBaTebHOCTb oY (t,) ABJsteTcss BbIYUC/IN-

TeJILHO HeyCTOﬁ‘H/IBOI'/JI7 €CJIN 4H1CJIOBas I10CJyIe10BaTe/IbHOCTD (5% HE CTPEMUTCA K
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uysito 1pu N — 0o. B 9T0M ciiydyae oTHOCHTE IbHAST IIOIPEITHOCTD BhIYUCICHUST
oy 6blcTpo crpemuTest K GeckonedHocTH 1pu N — 00.

B curyanun BbIYuCIUTEIBHON HEYCTONIMBOCTH Mbl HE MOXKEM HTPOM3BOJILHO
yBeJIn4InBaTh 9ncyio N, a JI0OJ2KHBI COTJIACOBBIBATH €0 ¢ YPOBHEM OIIHOOK BbI-
YUCAEHNIT. DTO CTaHAAPTHA CUTyalllsl B TEOPUN HEKOPPEKTHBIX 3aJ1ad. Buioop
PasMepPHOCTH AlPOKCUMUPYIOMIeil cucreMbl (dncia N) oNTHMATBHBIM 00pa-
30M TIpejicTaBiisieT coboil TpyjHyIo 3ajady. [IpeyiozKuM mpocToil aJropuTM,
KOTOPBIIT IIO3BOJIUT obeciiednBarh BbIOOp [N OJIUM3KUM K ONTHMAJIbHOMY.

IIycrs BeIOpano uucio ¢ > 0. Beegem dynkuuio R : RY — RY no dbopmy-

JIe:
Ry(x1,22,...,2N) = (rg(x1),r¢(22), ..., re(2N)),
e
z, |z]>q
re(z) = -
0, |z <q

Besmmunner oY 6yem paccuanTbBarh 110 GOpMYyIIe
OéN(tm) = Rq(OéN(tm_l) + 7'/6(]€1 + 2ky + 2k3 + k’4)) (316)

Benuaunst ki, ko, k3, k4 BeIdmCISIOTCS corstacHO cxeMe (3.15). Boibop mapa-
MeTpa ¢ > (0 ocyIecTBIIsIeTCd U3 SMIUPUIECKIX coobparkenuii. MImeeT cMbIc
BBIOMPATH ¢ Ha MOPSJIOK OOJIbIINE, YeM MAaKCUMAJILHOE U3 3HAYEHUN 0,,.
UcnonpzoBanne dhopmysibl (3.16) He BbI3bIBACT CJOKHOCTH MPH TPOTPAMMI-
pOBaHNN IIpeJijlaracMoil IPOIe/yPhI.
[TokaxkeMm, 9T0 ajroputm, 3ajaBaeMbiil dhopmysoit (3.16), siBisiercs: oHOi
13 peajan3aluil MeTo/ia KBasupelleHnil B TeOpUn peryadpusalnil HeKOPPeKT-

HbIX 3a/0a4. CjemaeM CIeyolme Mpe/IoyKeHns O paspentnMocTn 3aad (3.12),

(3.14).

Ycaosue 3.1. Ilycts cymectyer 7' > 0 Takoe, 9TO:
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1. Ilpu t € [0,T] cymecrByeT eanHCTBEHHOE pertierne 3agadn (3.12).

2. Pemenue 3anaun (3.12) upunajieskur npocrpancrtsy C2([0,T); Dy), rie

MHOzKecTBO D1 KommakTHo B D.

3. st mocrarouno Gosbimux N npu t € [0, T] cyrmecTByeT e MHCTBEHHOE Pe-

menue 3agaun (3.13), n 910 pemenue npunayiexxut npocrpanctsy C2([0, T

;D1)~

MeTo/1pI, TTO3BOJISIIOIINE TPOBEPHUTD BBIOJHEHNE YCIOBUil 3.1, MoTydeHbl B
paborax [32], [30].

Beenem dyuknnonas vesssku st 3ajaqu (3.12) mo dhopmyite

J(u) = u' = Alullleo, ) + 1u(0) — ¥l

Ouesuino, uro dyukuuonasn J : C1([0,T];D) — R spisercs HenpepbIBHbIM.
Oynxuus v € CH([0,T]; D) sipastercs perennem 3aja4n (3.12) Torjga u ToJbKO
torja, xkoryma J(u) = 0.

B yenosun 3.1 3a/1aua HaxoxK IeHNsT TPUOJIIZKEHHBIX perennii 3aaqun (3.12)
MOZKeT ObITH CBeJIeHa K 3a/1aue HAXOMK/IeHHsl TT0CIe/I0BATe/TbHOCTH U, MUHIMI-

supytomeit dynkiuonasn J na muoxecrse C2([0,T]; D). Crpouts MUHUMU3H-

PYIOIIYIO MOC/IEI0BATEILHOCTD MOZKHO € TIOMOIIBIO pernernii 3aga4an (3.13).

Teopema 3.3. [Iycmv svinoaneno ycaosue 3.1, mozda umeem

. Ny
Jim 76" =0

2de u™ cymov pewenus sadawu (3.13). Boaee mozo, |[u” — u*|cqorip) — 0,

npu N — 00, 2de u* — pewenue 3adavu (3.12).

N

oxazameavcmeo. IlogcraBuM npub/mKennble periennsd 4 B (QYyHKINOHAT

HEeBASKU:

J(u™) = [[(u™) = Al oy + 16 (0) — ¥l =

)
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(™) = PvA[u™ = (1 = PO)ARM) [omm + D [al® =
k=N+1

11 = Pa) Al DI o0 7.y + Z ||,

k=N+1
Bropoe ciaraemoe B 1ociienneit cymme crpemurcd K Hysro npu N — oo. Pac-

CMOTPUM BEJINYUHY

(T = POAR Doy = ma 3 (AR el (3.17)
T k=N+1

Iockonbky 1pu Beex t € [0,7T] umeem uN (t) € Dy, To B cuily KOMIaKTHOCTH
D; B D u nenpepsiBaocTH oneparopa A : D — H mosydaem, 9T0 MHOXKECTBO
A[u™(t)] orpanuueno B H pasnomepno o N u t € [0, T)]. Tlostomy Bestduna
(3.17) Taxxke cTpemnTcs K mystio pu N — 00.

B cuity komnakTHocTH Biioxkenus npoctpanctsa C2([0, T); Dy) 8 C1([0,T]; D)

n3 11ocJjieJoBaTeJIbHOCTU UN MOZKHO U3BJICYD IIOJAIIOCJICIOBATC/IbHOCTD UNP, CXO-

psngytocst 8 CH([0,T]; D). Jlerko BujieTh, 4TO IPeJeIoM 3TOH TO/OC/Ie/I0Ba~

TEJILHOCTH SIBJISIETCs €JMHCTBEHHOE perenne 3aiadn (3.12) dynknus u*. [eii-

CTBUTEJILHO, U3 HEPePLIBHOCTH (DyHKIMOHAMA J ciiejtyeT, 9To J (]\;lm uMNt) =
1—00
lim J(u™) = 0. Ha camom Jesie n caMa HOCIeI0BATEILHOCTL U CXOAUT-
Nl—>OO
* : N * _ : N, *
ca kK u*. Ilyers limsup [[u” — w*{|c1iqorppy = lim [Ju™ — w*|| oy mp)- B
N—o00 q

cunty komnakrHoct B C1([0, T); D) noaunocienopatenbioct u™

4 MOYKHO CUM-
TaTh, UYTO 9Ta IOIIIOCIEIOBATE/ILHOCTL NMeeT pejesoM v*. Ho Torma v* Toxe

Oymer pemenneM 3ajadu (3.12), a suaqut, umeem v* = u*. B urtore nosyua-

em, uro limsup |[[u” — u*||c1(o.rpp) = 0. Cirenosarenbio, nveem lim [Ju —
N—o00 N—o0
e o.rym) = 0. O

Teopema 3.3 aBisteTcss 000CHOBAHNEM W3BECTHOTO B TEOPHUHU PETYJISIPUBAIIN
HEKOPPEKTHBIX 3a/1ad MeTo/1a KBasupereHuii. B aToit Teopeme paccMaTpuBaet-

Csl TIOCJIeIOBATEIbHOCTE perernii 3amad (3.13), ofHako BMecTo (QyHKIMIL ul,
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KOTOPBIE Ha IPAKTUKe HeJOCTUKIMbI, MOYKHO PaCCMATPUBATEL Pa3/IMIHbIE IIPI-
6mzkenus B mpocrpanctse C2([0, T); Dy). DTu npnbamzKeHns MOAKHO 10Ty YaTh
¢ oMotIbIo MeTosia Pyare-Kyrra (3.15) 1 moxo/isiiero MeTojia HHTePHOJIsIAN
110 TIEPEMEHHOII .

[Iycrb dbukcnposano pocrarodno 6oubioe N. Yepes uMM o6oznaunm mocie-
JOBATEJILHOCTD, TOJIYICHHYIO TI0 cxeme (3.15) mo M Touxkam 1 moc/ie Iy oM

WHTEPIIOJINPOBAHUEM C MCIIOJIB30BaAHUEM CTaHIapPTHBLIX Ky6I/I‘IeCKI/IX CILIaliHOB

NM

¢ 5 q >0 obosHAIMM aHATIOTHYHYIO

o y3aam {t,,}. CoorBeTcTBEHHO Uepe3 u

IOCJIeJI0BATETLHOCTD, TIOJIyUeHHYTO 110 cxeme (3.16).

Teopema 3.4. [Tycms svinoanero yeaosue 3. 1. Ipednoroostcum, wmo u™M, uév M

C*([0,T];D1) u
lim [|u™

M —o0 o UNHCQ([O’T];DI) =0

npu purcuposanrom N. Tozda das mobozo € > 0 cywecmeyrom N, M maxue,

wmo

JwNM) < ¢,

maxotce cywecmsyrom, 603mostcro, dpyeue N, M u g > 0 maxue, wmo

J(uéVM)<€.

Joxazamesvcmeo. B ety TeopeMbl 3.3 cyliecTByeT Takoit Homep Ny, 9to J (uN ) <

e/2 nisg Bcex N = Ny. Beegem obosnauenue

U3 upemnonoxkenuii Teopemst ciegayer, uto AYM e C2([0, T]; Dy). 3amerum,
uto 1o nocrpoennio u™ M (0) = u®. Umeem
J(uNoM) = J(uNO + ANoM) =
Iy’ — AR AN g (ANMYI 0 4 0 (0) — i <

b
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(™) = Afu™ + ANMNR, oy + A Y12 0 ) + [1670(0) = -

[Tockombky

A}Eﬂoo [ANM]| 20 17:0,) = 0,

u B cuiiy HenpepbiBHOCTH onepatopa A : D — H cymiecrByer Takoe My, 9To

npu Beex M > My nmeem
HAYMY o < €/4,

[T (u0) — [|(u™) — Afu® + AN 00 ] < e/4.

Caenosarenbro, st Bcex N > Ny u M > M, umeem
JwNM) L e.

[Tycrb Teneps Ny u My takosbl, uto J(u™M) < g/2. O6oznaunm

AéVM _ uéVM _ o NM

NM

¢ ¥ BCHIY CBOHICTB KyOUIeCcKNX CILIaiiHOB NMeeM

[To mocrpoennto pyHKIMIT U
: NM
Lim [| A" [l c2(o.71:, = 0.

. B cuny menpepbiBHOCTH (DYHKIIH-

Ouernum snauenne gynxuponana J(up )

onana J : C1([0,T];D) — R cymecrsyer Takoe gy > 0, uTo a1 Beex q < o

nMeeM

(@) — J MM = [N — TN 4 AN < /2.

Cunenosarenbho, npu Bcex N > Ny, M > My, q < gy BBIIOJIHEHO

J(ug™) <e.
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Teopema 3.4 1aeT BOSMOXKHOCTb CTPOUTH MUHUMHU3UPYIONIYIO TOC/IEI0Ba-

NM

TEJILHOCTb JIjIst (PyHKIMOHAJIA J C IOMOIIBIO NPUOJINZKEHN Uy

, KOTOpbIE
MOYKHO CTPOUTH KOHCTPYKTUBHO. A Teopema 3.3 rapaHTUPYeT, UTO MUHIMI-
3UPYIOMIAst MOCIEI0BATETLHOCTD CXOJNTCsT K perernio 3aa4dn (3.12). B kon-
KPETHBIX TPUJIOKEHUAX YCJI0BUS TeopeM 3.3, 3.4 9acTO MOT'YT OBITh JIETKO ITPO-
BepeHbl. B yacTHOCTH, B 38/1aUaX I'UJIPOIMHAMUKI CO CBOOOIHOM ITOBEPXHOCTHIO,
KOTOPbIE MBI PACCMATPUBAECM, ITH YCJIOBUSA BBIITOJTHEHDI.

YHucaennsbrii 3kcnepuMeHT 1. PaccMorpum cTosiune BOJHBI UJIeaIbHOI
JKIJIKOCTH ¢ KOHE4YHO#l ryyonHoil. Beibepem ciiejyrorue napameTpbl: riyonHa

h = 6.0; yckopenune cBoboHoro rmajiennss g = 1.0; mar o Bpemenu: 7 = 0.001.

B kadecTse Ha9abHBIX YCJIOBHIT BO3bMEM CJieytomne (pyHKINN:
y(0,u) = 0.0lcosu, W(0,u)=0.

Amnmpokcnmvupyem psijibl (1.6) koneunsivu cymmvamu ¢ N = 512 ciaraeMbiMu
1 OyjeM IPUMEHATh YHCJIeHHbIE CXeMbl, OIlIICaHHbIe BbIIe. byjeM paccMaTpu-
BaTh CIEKTPHI PEIICHUT B JJorapudMIIecKoM MaciiTabe: 1o ocu adcIuce oyaem
OTKJIaJIbIBATH HOMED rapMOHUKHN k, a 110 ocu opauHar — lg |yx| u lg |[Wy|. Tlpu-
BeJIEM PE3Y/IbTaThl YNCIEHHOIO SKCIEPUMEHTA, KOTOPOMY OBLI IIPUCBOEH HOMED

ZF-2-3 B cucreme ydera BLIUUCJIUTEIBHBIX dKCIIEPUMEHTOB www.calcs.ru. B

9TOM KCIEPUMEHTE pacuer MpoBoIuIcst 1o cxeme (3.15) — Ha puc. 3.1 mokaszan
criekTp permenus npu t = 20.0. 'apmonnku ¢ Homepamu ot 0 10 25 XapaKTepu-
3YIOT COOCTBEHHO pEIeHe, TOPIM30HTAIbHAS TacTh CIIEKTPa ¢ TapMOHUKAMU OT
26 110 360 obycsioB/IeHa KOHETHOCTHIO MAaITUHHON TOYHOCTH 1PYU BBITUCICHUSX.
Pacrymast yactb cekrpa ¢ rapmMoHukamu ot 360 1o 511 — pesysbrar BhIUKC-
JIUTEJIbHOI HEeyCTONYUBOCTH cXeMbl (3.15) B yCJIOBUSIX MAIINHHON TOYHOCTH.

B uncnennom skcriepumente ZF-2-4 npumensiach MoAuGUIIMPOBAHHAS CXe-

Ma MeTosia mpsiMbIx (3.16), ¢ BRIOpAHHBIM ¢ = 107", ¢ TeMu Ke HAYATBHBIM
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Puc. 3.1. Cuer no cxeme (3.15), t = 20.0

yeaosusiM. Ha puc. 3.2 nokazan ciiektp pemienud rnpu ¢ = 100.0. B otsmmane ot
caydas Ha puc. 3.1 3/1ech MbI He HaO/TI0JaeM BEIYUCINTEILHON HEYCTONYMBOCTH.

YHucaenubrii sKcnepuMeHT 2. /711 TpoBejienns 9MCJIeHHbIX PACUeTOB 0y-
JIeM HCII0JIB30BaTh METOJ HpsSMbIX, npunnMas N = 512. BeibepeMm ciieiyto-
e mapaMeTpbl: ycKopeHnne cBobojiHoro najenus g = —10.0; mar o Bpemenu:

7 = 0.0001. B kauecTBe HAYAIBLHBIX YCIOBUI BO3bMEM CJeAyIoIe (DyHKIINN:
R(0,w) =1+ 0.0l exp(—iw), V(0,w)=0.

[IpuBejieM pesyabraThl yncjaeHHOTo 3KciiepuMmenTa RT-3-5, rje pacder 1mpoBo-
micst o cxeme (3.15). Ha pue. 3.3 nokazan crektp pererust mpu ¢ = 0.3.
[Iepsbie rapmonuku ot 0 10 10 XapaKTepu3yloT pelleHne, a Bo3pacTaloliue 110
Mo rystio rapmoruke (ot 10) Beipazkaror dakt HeycToitunsocTu. B manHoM mnpu-
Mepe MbI CTAJKIBAEMCs ¢ HEYCTOINUINBOCTHIO caMIX ypaBHeHNi. Bo3Hukaromnme

IOTPEIIHOCTH BBIYUCIEHUI ObICTPO Pa3pylIaOT YNUC/IE€HHbBINH CUeT.
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Puc. 3.2. Cuer no cxeme (3.16), t = 100.0

B uncsiennom sxcrnepumente RT-3-6 nposepum Haly Mo uduiimpoBaHHyio
cxeMy (3.16) ¢ arom ciayuae ¢ napamerpoM ¢ = 10712 Ha puc. 3.4 noxaszan
creKTp periennd npu ¢ = 1.55. 3y1ech MbI He HAOJIOTAEM KAKOW-/TNOO0 BBIUMC-
JIMTEJIBHON HeycToitunBocTH. Pasymeercs, masbmeitnmmit caer mo cxeme (3.16)
TpebyeT yBe/mueHus pasMepHocTu N, U HPUBOJUT K PA3PYIIEHUIO TJIAJIKOIO
peleHus, Ho TO cJiejcTBUe HeycToitunocT Tedenusi Pejes-Teiiiopa. Ha puc.

3.5 mokazaH poduib CBOOO/IHOI TTOBEpXHOCTH TedeHus npu ¢t = 1.55.

3.4. IlpumeHeHue ciiaiiH-aIIIPOKCUMAIIUN

st opranu3anyuu cyeTa MeTOJOM MPAMDIX, OMUCAHHBIM B 2.4, OCHOBHBIM
MOMEHTOM ABJISIETCS CIOCOD JTUCKPETU3AINN TPOCTPAHCTBEHHBIX TIePEMEHHDIX.
Brime mo/ipobHo paccMaTpuBaIUCh METO/IbI JIMCKPETH3AIMN Ha OCHOBE PsIIOB

Dypre. K Tomy ectb MHOTO ocHOBaumii. Harmm mckomble perenust (1o mpo-
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Puc. 3.3. Cuer no cxeme (3.15), t = 0.3

CTPAHCTBEHHBIM TI€PEMEHHBIM) SIBJISTIOTCS MEPUOJANIECKUME aHATUTHICCKIMI
dynkusamu. Xoporro m3BeCTHO, YTO 15 TAKUX (DYHKITUI ONTUMATIbHBIM CIIOCO-
OOM Taby TMPOBAHUS SIBJISETCST HCIOJIb30BaHne KoadduriimeatoB @ypwe (cM. [3]).
eitcTBuTe1bHO0, KO3MDPUIUEHTH psajioB Pypbe s TakKux (PYHKINI 10 MOJTY-
JIIO yOBIBAIOT 10 9KCIOHEHITUAIHLHOMY 3aKOHY, & 9TO 3HAUNT, YTO 0OPBIBAS Psi/Ibl,
MBI JIOITyCKaeM, BOOOIIEe TOBOPs, HEOOJIbINYIO OMMOKY. IpyruM mpuHImmmab-
HBIM MOMEHTOM, JUKTYIOMNM THpuMeHeHne psiaoB Pypbe CIyKUT HeOOXOJIH-
MOCTb BBIYHUCISATHL oneparop ['mibbepra. Oneparop I'miabbepra IpejcraBiseT
cO0O0IT CUHTYJIAPHBII MHTErpaIbHbIN OlIepaTOp, KOTOPHII BhIparKaeTcst depe3 NH-
TerpaJjl B CMbICJ/Ie TVIaBHOI'O 3HAYEeHNdA. Bhraucsenne 3Toro nurerpaJia ot QpyHk-
1IN, 38/IaHHOI 3HAYEHUSIMU Ha CeTKe, MPUBOJUT K CEPHE3HBIM BBIUNC/IUTE -
HBIM TTpoOJieMaM. Boranciienne oneparopa ['minbepTa or pyHKINH, 38 aHHOIT
psajiom Pypbe, sBIAETCI OYeHb MPOCTHIM. BhIYnCIeHre MPON3BOIHBIX TaKXKe

BBITOJIHO TTPOU3BOANTD depe3 psiibl Dyphe.
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Puc. 3.4. Cuer no cxeme (3.16), t = 1.55

HecMmoTpst Ha MHOTHE JIOCTOMHCTBA JIMCKPETH3AIUN ¢ TIOMOIIBIO psaaoB Dy-
pbe, y 9TOr0 MeToJla MMEIOTCS W Cephe3Hble HeIOCTAaTKM. [IepBblil HeocTaToK
3aKJIIOYAETCSA B TOM, UTO, peaan3ys pasjoxkenne B psaj Dypbe dyepes JucCKpeTHoe
npeodpazoBanne Oypbe, MbI BRIHYKJICHBI pacCMaTpUBaTh (DYHKIINN, 38/ laHHbIE
Ha paBHOMepHOil ceTke. C JIpyroif CTOPOHBI, JOCTOMHCTBA Ps/ioB Pypbe ObICT-
PO TadAT B ciydae, KOrja TJIaJKoCTh (DYHKIINN HAaYUHAET HapylaThed. Ko B
XOJIe BBIUNCJICHUIT y peleHnst BO3HUKHET 0COOCHHOCTD XOTs OBbI B OJTHOI TOUKE,
TO CXOAUMOCTDE PsijioB Pyphe pe3ko u3MeHuTcesd. [Ipu sToM npuercs yBe -
BaTh PAaBHOMEPHYIO CETKY KaK BOJM3W CUHTYJISIPHOI TOUKU, TaK W Ha TJIQJIKIX
yagacTkax pemiernsi. O4eBUIHO, 9TO JJIsI pabOThI ¢ PEIIeHUIME, UMEIOIIMN
TOYKHN HAPYIIeHUs TJIaJKOCTH, MEeJeco00pa3Ho MCIOJIH30BaTh HEpaBHOMEPHBIE
cetku. /[yt 9TOrO MOTPEOyETCS NCIOIB30BATL JIPYTHE CIIOCOOBI JINCKPETU3AITIN

peIeHnii.

B sTom naparpade paccMOTpUM MeTO/IbI IMCKPETU3AIMI Ha OCHOBE KyOunJe-
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1.2

Puc. 3.5. IIpoduis cBoboHOl ToBepxHOCTH 1TpH ¢ = 1.55

CKIX CILIAITHOB C MEPUOAMIECCKIMHI YCJIOBUAMU. Takme cItaffibl Mbl y2Ke pac-
CMATPUBAJIN B IIPEJBLIYIINEM pa3/e/ie ¢ TEOPETUIECKON TOUYKHN 3peHusd, a ceiivac
PACCMOTPUM JINCKPETUBAITIIO HA OCHOBE CILJIAfTHOB HAIMX 3a/1auax. Mbl BHIOpa-

JIN KY6I/I‘{6CKI/I€ CILJIaliHbI 110 CJIEAYIOIIUM IIPpUYIMHAM:

° SCb(i)eKTI/IBHbIe 1 SKOHOMHUYHBIE CIIOCOOBI IIOCTPOECHUA KY6I/I‘16CKI/IX CILIak-

HOB (METO/I IIPOTOHKH );
® XODOIINE AlPOKCUMATHBHbBIEC CBOHCTBA KYOMUECKUX CILIAHOB,;
® UUCJICHHAS YCTONUUBOCTD [IPU BBIYUCJICHIN [TAPAMETPOB CILIAIHOB;

® BO3MOXKHOCTH KOPPEKTHO BLIUUC/ISTEH MPOU3BOJIHBIE 1 ortepaTop ['mibbep-

Ta.

Muorue u3 9tux (1 Ipyrux) IPUATHBIX CBOTCTB KyOUIeCKUX CILTATHOB XOPOIIO

M3BECTHBI 1 OMHCAHBI B COOTBeTCTBYIOMEH smureparype (em. [1], [6]). Omxmaxo
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KyOnm4aecKue CIIaiiHbl ¢ TePUOIUICCKIMEI YCJIOBUSIMU MOYKHO UCIOJIB30BATh U
7uist BeIamcsieHnst oneparopa ['miabbepra. Tounee, KyOuaeckuit criaitt (TOIbKO
JJTsT TIepUoInIecKnx yeyopuit!) pomyckaer dhopmy 3ammcu B Bujie psijia Pypbe,
ryie K03 DUIMEHTH BhIpaXKalTCsl depes napaMerphb! ciiaiina. [Ipurmmmmaib-
HBIM MOMEHTOM SIBJISIETCST TO, UTO CILJIAiiH MOXKeT ObITH 3a/IaH Ha, IIPOU3BOJIbHOI
ceTKe, B TOM YHCJIe U HePaBHOMEPHOI.

PaccMoTpuM JiIib caMble IPOCThIE OlpeiesieHnst U (DAKThI U3 TEOPUH CILIali-
HOoB. B wactHOCTH, OYyj1eM 110JIb30BATHCSA N3BECTHBIMI TEOPEMAMHE O CYIIECTBOBA-
HUU U €JIMHCTBEHHOCTH KYOMYECKUX CILIAHOB C MEPUOUICCKIMUI YCIOBUSIMU.
Byjiem paccmaTpuBaTh ceTKU 0€3 KpaTHBIX Y3JI0B, TIOITOMY CILIAfH OJHO3HAY-
HO 3aJ1a€TCsl CBOMMHY 3HAYEHUSIMU B y3J1aX ceTKH. [Ipu 9ToM MOXKHO BBIUNCTUTH
JII00ObIe KO3 PUIMEHTHI KyOMIECKOI0 MHOTOUJIEHa, MEXKJTY Y3/JI0BBIMI TOUKAMIU.

PaccmoTpuM MeToJ1 JIMCKPETU3AINN € [TOMOIIBIO ciuiaiinoB. [jist jroboro

N > 0 3adukcupyem pasouenne orpeska [0, 27]
AV 0= <ul <o <ul < ul =27,

Mpr He TpebyeM OT ceTKHM paBHOMEpHOCTH. [Ipu yBejudeHUn napamerpa Jinc-
kperuzaiun N Takske He TpebyeM, 4Tobb! pasbuenust AV GbLIN BIOKEHHBIMI.
Yepes |AY| oboznaunm anamerp pazbuennst, T.e. Beuunny max{ul — ul |
p At pp ; T.€. y k k-1 -
k=1,...,N}. Yepes SV ob603HaunM eBKJIII0BO IPOCTPAHCTBO BEKTOPOB, CO-
N S SN6 -

crodmux n3 N KOMILIEKCHBIX YHCeJ. DJIEMEHThI S € yJIeM UHTEPIPETUPO

BaThb KaK KY6I/I‘IGCKI/IG CILJIQMiHBI C [nepnoanvdeCKuMmn yCcJIOoBUdAMHA, 3a/laHHbIC Ha

cerke AN 1 npuHEMAONIIe 3HAUCHNUS B y3/1aX COTKI:
s(ub)=s,, k=1,...N.

N
[Tpu 5TOM 63 OTOBOPOK OY/IeM CUNTATD 3JIeMEHTH S (PYHKIUAMHI, 38 IaHHBIME

na [0, 27], mpuaem SN C C?[0, 27]. [lycrhb 321l IPOU3BOIBHBIN HEIIPEPLIBHbIf

1)



orrepaTop

T : C?0,27] — C[0, 27],

Toria nof samnceio Ts = 5, rae s € SV Oy/JeM IIOHUMAaTh YUCI0BOII BEKTOP
e 8N , 3aJIaHHBII 3HAYCHUSIMI HEIIPEPBIBHON (DYHKITIH (Ho yzKe He cnﬂaﬁHa!)
f(u) = Ts(u) na cerxke AY. Apucdbmerndeckne onepanun MeKLy CIaitHaMu, a
TaK:Ke IpubdaBjieHne KOHCTAHTBI OIIPEIeINM OUYEeBUIHLIM 00pa30M, KaK ITOKOM-

IIOHEHTHYIO Oll€epalliO MEKAY SHa9YCHUAMU BEKTOPOB U3 SN.

Beegem omepartop mpoexktuposanusi ¢yHKinn u3 npocrpanctsa C[0, 27] B

IIPOCTPAHCTBO CILIAiHOB S cile/yIommM 06pasoM:

Pg s fu) = (flur ), fluy ), fuy))"

SamMeruM, 4T0, BOOOIIE I'OBOPsi, Mbl He TpedyeM OT (DYHKIHUK IEePUOIMIHOCTH,
IOCKOJIbKY CILIANH (MepHOANIecKnii) MOYKeT ObITh MOCTPOEH 110 JIIDOOMY BEKTO-

py u3 N uncer.

Cucrema naTerpoauddepeHnuaibubX ypapHennii (1.24) MoxeT ObITH arl-
IIPOKCUMUPOBaHa CJIeyIoNieil cucreMoii 0ObIKHOBEHHBIX uddepeHInaIbHbIX

YPaBHEHUIA:

RY = i(UNRY — UYRY),
>0
VN =i(UMV,Y — BYRY) + g(RY — 1),
(3.18)
UYN =P(VNR" + V" RV),

B =PV V).
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Ypasrenns (3.18) He0OX0 MO JOMOTHATH HAYATBHBIME YCIOBUAMII:

RN(O) - PéVRO(u)a
(3.19)
VY(0) = PYVy(w).
[Tpu duxcuposanrom t pemienus cucreMbl (3.18)—(3.19) maTEpHpETUPYIOTCS
KaK CIUIAHHBEI 13 mpocTpancTsa SV

[Iycrs na Bpementom otpeske [0, T'] cymiecTByeT e IMHCTBEHHOE DEIeHIe Ch-
crembl (1.24), a pasbuenne TakoBO, UTO J\}I_I)I;O |AN| = 0 nmpu N crpemamiemcs
K Geckoneuanoctn. Torma npubimkentbie perenns 3ajgadn Komm (3.18)—(3.19)
CTPEMSITCSL K peIlleHusIM COOTBeTcTBYtoIeil cucrembl (1.24). Dto ciemyer us
CBOMCTB CXOIUMOCTH KyOMYeCKIX CIUIAiiHOB 1 pe3y/bTaToB naparpada 3.2.

[Ipn wnciennom pemennn 3agaan Komm (3.18)-(3.19) aBubiMu MeToaMu
Pynre-Kyrra HaMm moHao6uTCst BEIYUCIATH MPABYo 9acTh ypasHeHus (3.18).
[Ipu 5TOM BBLIYKMCICHUN MBI BCTPEUAEMCst ¢ apuPMeTHICCKUMEI OIEPAIUAME, O/1-
HOKPATHBIM JindpepeHImpoBanneM, a TakzKe oneparopoM ['minbepra. Eciu ¢
apudMeTHIECKUMU oepaluaMu 1 JudOepeHnnpoBaiieM ¢ IOMOLILIO CILIaii-
HOB IpO0JIeM He BO3HUKAET, TO aJTOPUTM BBITHC/IEHUsT olleparopa | mibbepra
CJIeJTyeT OrOBOPUTH 0CO0O.

MpbI Jierko ymMeeM BbIMUCIATDH oneparop ['mibbepra or GyHKIMI, pasaoxKeH-
HbIX B psijibl Dypee. [TosTomy cHavasa mokarkeM, Kak KyOM9IecKuil Cruraiin ¢
MEPUOJIMIECKIMU YCJIOBUAMEI MOYKET OBITH BhIpazkeH uepe3 KoadpdurnenTsr Dy-
pbe.

Beejiem nepuoueckyto va [0, 2] dyuximo D(u) no dopmyiie

= cos ku
D(u) = i
k=0
J1j1s1 TpOM3BOJIBLHOTO cilafina s € SV MOZKHO 0IHO3HAMHO BBEIYNCINTD PA3PHIBLI

TpeTheil MPOU3BOIHOM B y371ax ceTKN. [ToCKOMbKY MeXK Ty y3/1aMu CeTKN CILTaiiH
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ABJIAeTCdA MHOI'OY1JICHOM TpeTbeﬁ CTellenu, TO TpeTbdd IIPOU3BOJHaA MEXKAY Y3-
JlaMI1 €CTb KOHCTaHTa. BBe,ZLeM 0003HAYCHSI:

b= & +0) () 0), =1 N,
2w

By = / s(u)du.

0
OKasbIBaeTCs, pa3pbIBbl TPEThell NMPON3BOIHON B y3/1aX 3a/al0T CILIAiH ¢ TOY-

HOCTBIO 10 mHTerpaJa 1o orpesky [0, 27w]. B cuty crencrsus 1.1.6. 3 rur. 1 [15]
KyOMUYeCKUil CILIafH ¢ IHepUOJIMIeCKIMU YCIOBUSIMEI MOYKET ObITH IIPe/ICTaBIIeH

1o hopmyiie:
N
s(u) = By + Z BiD(u — u;). (3.20)
i=1

[Ipu sToMm

N
Z B; = 0.
i—1

Paccmorpum geiictBue oneparopa ['nibbepra Ha ciLIaiif, IpecTaBieHHbIi pop-

mysioit (3.20). B cuty smHeitHOCTH nMeem

Hls](u) = Z FHID](u — u).

Oyukius H[D] yke MozkeT ObITh JIENKO BBIUUC/IEHA, TIOCKOJIBKY /1p0o D peji-

crapyeno psjgoM Pypre. [leiicTrBuTenbo,

N .
sin ku
H[D] = —27. (3.21)
k=1

B peasibHBIX BBIMHCIEHUAX, pazyMeercs:, psifl (3.21) go/mKeH ObITh 3aMeHeH KO-
HEYHOII CYMMOI1.

3aMeTnM, 9To YuCjIeHHOe perienne 3ajadu (1.24) ¢ HoMOIIbIo CILTAHOB Tpe-
OyeT 3HAUUTETHHO OOJIBINETO UCKYCCTBA OT BBHIYUCIUTES, HEYKETN C UCTIOIH30-
BaHueM psioB Oypbe. O1HAKO 3TO MOXKET ObITh HEOOXOIUMBIM JIJI BHITHCICHUSI

PeXKUMOB OOpYIIEHUs TIOBEPXHOCTHBIX BOJIH U 00Pa30BaHUs 0COOEHHOCTEI].
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Ynopaxknaenne 3.1. Peasmmsosath na 9BM ykazannyto mporeypy Jjis Moy-

YeHUs TPUOJINYKEHHBIX PEIIeHNIT Ha HeperyJapHoil ceTKe.
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I's1aBa 4

KOHCTpYKTI/IBHaﬂ OII€CHKa BpEeMEHU
CymeCrBOBaHnid aHAJINTUYIECKNX

pelneHunin

B rnase 2 paccMaTpuBaJIICh TEOPEMbI, TapaHTUPYIOININE CYIIeCTBOBAHNIE U
€/IMHCTBEHHOCTb PeIlleHUil ypaBHEHUl, OIMUCHIBAIOIINX [TOBEPXHOCTHBIC BOJIHBI
njeabHOM KujakocTu. OMHAKO B 3TUX TeOpeMaX YCTAHOBJIEHO CYIIeCTBOBaHUE
peleHuil JuIb Ha JIOCTATOYHO MaJiOM BPEMEHHOM HHTepBaJje. AHaJOrMIHbIe
pe3yJIbTaThl, IOJyUYEeHHbIE B JAPYIUX padoTax, IOCBSIIEHHBIX CYIIeCTBOBAHIIO
pelieHuil ypaBHeHNI, ONMNUCBIBAIOIINX TeUeHNe 1A bHOM KIUJIKOCTH CO CBODO/I-
HOIl ITOBEPXHOCTDHIO, TOXKE TapaHTUPYIOT CYIIECTBOBAHUE PEIICHUl TOJILKO Ha

JOCTATOYHO MAJIOM BPeMeHHOM mHTepBase (cM., Hampumep, [19], [21], [46]).

B nacrogdineil riaBe pacCMOTPUM Pa3IUdHble METO/IbI, TTO3BOJISIONINE OTle-
HUTH BpPEMs CYIIECTBOBAHUS pEIIeHUil, OINCHIBAIOIINX [TOBEPXHOCTHBIE BOJIHBI.
Bynem dopmynupoBaTh cHavda a pe3yabTAaThl /i abCTPAKTHBIX IBOJIONNOH-
HbIX YpaBHEHUIl, & MOTOM IOKaKeM, KaK 3TU Pe3yJibTaTbl IPUMEHUTH K ypaB-

HEHUSIM TUJIPOINHAMUIKI CO CBODOIHOMN MOBEPXHOCTHIO.
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4.1. OneHka BpeMeHHt CyNIeCTBOBAHNUS PerleHni

Ha KOMIIaAKTHBIX MHO2KECTBaX

Brenem Besmmaumny

TP = sup{T > 0 : na [0, T] cymecryer peurenne 3axaun (2.15)-(2.16) B M2

q,517°

Pacemorpum BepxHuil mpeies

li =

imsup 1y, = Tyy.

N—o00
Teopema 4.1. IIpednonooicum, wmo 3adaua (2.13)—(2.14) ne moorcem umemo
boaee 00nozo s-pewenus. Ilyemov Ty > 0, T" < Ty, mozda cyuecmeyem
maxas nodnocaedosamenvrocms Ny, umo TJ\]\} > T u das nobozo sy > 0,
So < 81

Lim [u™ = ullcqorm,) = 0, (4.1)

2de u ecmb so-pewenue 3adavu (2.13)—(2.14).

Joxazameavemeo. st cokpallleHus MICbMa BBeJeM O0O3HAYEHUS JIJIsi ITPO-

crpaucts: H = Hy, V = H,, u BBejileM MHOXKECTBO:

00
M = {u = Zukek : |uk| < qe_slk}.
k=1

Jlerko BujeTH, 9T0 MHOXKecTBO M KommakTHO B V', a mpocTpanctBo V' KOM-
MAKTHO BJIOXKEHO B H .

[To onpejiesiennio BepxHEro mpeJjieia CylnecTBYeT TaKas IOJI0C/Ie/I0BaATE/ b
HOCTH [N}, UTO T]\]\f > T

PaccmoTpuM (pyHKITMOHA HEBS3KU:

t
J() = [fult) — o — / Au(s)ds ooz
0
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wa npocrparctse C([0,7"]; V). OueBumHo, 9T0 9TOT (DYHKIMOHAT HEIPEPBIB-
uelit. [lockosbKy u™V! SIBJIAIOTCS peIIeHIsIMI OOBIKHOBEHHBIX AnddepeHIaib-
neix ypasuenuit, To u™ € C1([0,7"]; M). B cuiy o6ob6iiennoii Teopembl Ap-

nena (teopema 7, ria. 2, [14]) mociaemosarenvnocts {uM} mpeaxommakTHa B

C([0,T"]; V). CreoBaTesnbho, CymEeCTBYeT T0II0CIe0BaTeILHOCT U™, cxo-

namasics 8 C'([0,T']; V') x u*. B cuy nenpepsiBHOCTH (DyHKIMOHATA J 1MeeM

lim J(u™) = J(u*). Tlokaxewm, uro J(u*) = 0. [elicTBuTe/bHO, UMeeM

M—00
4

J(uNm) = max Hu m(t) — ¢ — /AuNm(s)dsHH =
t€[0,17]
0

t t

| PN, — @+ /PNmAuNm(s)ds — /AuNm(s)dsHH <
0 0

P (Py, Au™m(s) — AuNm(s))ds|| g
max ([P0 — ¢l -+ max | / v Au ¥ (s)ds

OneHnM BTOpOE Claraemoe

t

max || (PNmAuNm(s) — AuNm(s))dsHH =
t€[0,717]
0

t t

I — Py )AuMm < I — Py )AuNm ds.
tg[loag |/ (( N ) A (8) || t?ﬂfﬁ]/”( N ) Au T (8) | rds

0 0

Iockonbky AuNm(t) mpuHajIesKuT orpaHuueHHoOMy MHOKECTBY B V, TO pab-

romepHo 110 ¢t € [0, T'] umeem

lim ||(I — Py, )Au™"(t)||z = 0.

m—00

CuretoBaTe/ibHO,

lim J(u’") = 0.

m—o0
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Ipu kaxgom ¢ € [0,7"] umeem u¥m(t) € M. Beugy zamxuyroctn M 1io-
maydaem, dto u*(t) € M upu Bcex t € [0,77]. Takum obpasom, u* sBisteTcs
so-pemerneM 3ajaan (2.13)-(2.14) ua [0, T7].

[Tokazem rerepnb, uto {u™} cxomurest k u*. B camom feste, nveem
lim inf ||u™ — u* >0
im inf ||u w*|| o,y = 0-
l—o0

[TycTn

lim sup ||UNl — u*|eqor ) = ph_{go HUN” — u*[leqorym)-

[—o00

B CHJIYy KOMIIaKTHOCTHU BJIO2KCHM L

c'(0,1T';V) c C([0,T); H)

MOYKEM CUHTATh, 4TO u’? cXomuTes K HeKoTopoil dpyHKImE v*. Paccyxxnenus-

MU, AHAJIOTHYHBIME BBIIIE, MOTy9IaeM, 9TO U* sIBJISIETCH So-DelleHreM 3a/adn
(2.13)—(2.14). OgHako corjacHo mpe/nosokennio 3ajgada (2.13)—(2.14) umeer
e/IMHCTBEHHOE Pellienne, ciejoBarenbio, v* = u*. Ilosromy

lim [|lu™ — || e(o.2:0) = 0.

[—o0

4.2. OrneHka BpeMeHHt CyNIeCTBOBAaHUS PerleHnii

II0 HEeBA3KeE

Pesysibrarhl NPeJIbIYINero pasjiena MOXKHO CYIIECTBEHHO YJIYUIIUTL, €CJIn
HCII0JIb30BaTh METO/IbI OIEHKN BEJNYNHbI HEBA3KU. ByjieM paccMaTpuBaTh 3a-
naay (2.8). C aroit 3ajadeit 6yjeM paccMaTpuBaTh (DYHKIMOHAT HEBS3KU Ha

orpeske [0, ], mpu t € [0, T], e T — dbuxcnpoBanHoe MOTOKUTETBHOE TUCIIO.
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BgejeM crieyrontyio pyHKINIO:
tl

J(t) = inf Y — o — A d .
0= iy 2 140 2 = [ Attt
0

rjie npoctpancTBa H, V Obuin onpejieieHbl B pasjelie 2.4.

Cje/laeM HECKOJIBKO 3aMedanuii orHocuTebHo dyukimn J(t). Bo-nepsbix,
cUMTaEM, YTO HAYaJbLHLIA 9j1eMeHT (o (PUKCUPOBAH BO BCEX HAIIUX PaCCyzKjle-
Husix. Bo-Bropeix, dyuknus J(t) onpenesnena st Bcex t > 0. B-tperbux, B
cuty abCoJTIOTHON HeNpepbIBHOCTH MHTerpaita boxuepa dgyuxnusa J aBisercs
HeIlpepbIBHOI (DYHKIMEH. B-4eTBepThIX, JIETKO BHIETH, 9TO 9Ta (PYHKIMS sIB-
JIIeTCs MOHOTOHHO (HO He CTporo) Bospacratomieii dyukimeit. Hakowerr, ecin
sajiada 2.8 umeer pemenne Ha orpeske [0,7], To dyuknusa J paBHa HyJO Ha
5TOM oTpeske. BepHo u obpatHoe, ecin (byHKIMA J paBHA HYJIO HA OTPE3KE
[0, T], To 3aa1a 2.8 numeeT perenne (BO3MOXKHO, He eIMHCTBEHHOE) HA OTPE3Ke
0, 7].

Bumecte ¢ 3amaqeit (2.8) OyjgeM paceMaTpuBaTh W KOHETHOMEPHYIO 3a/ady
(2.10). CoorsercTBenHo BBejieM 1 GyHKIHOHAT Hepstsku J™ (1)

y

JV() =  inf t"Y — Pyo — | PyAu(s)d H)-
O iy 2 14€) = Po = [ Poru)ilcun
0

Jlemma 4.1. Jlaa mobvix o € H ut > 0 cywecmeyem makas nososxcumens-

HaA CTOOAWAACA K HYM0 nocaedosamervrocms an(t, ) = ay(t), wmo
1J(t) — IV (1) < an(t). (4.2)

Jloxasameavcmeo. Yepes J(u,t) u Jy(u,t) obo3Ha MM bDYHKITMOHAJIBL:

tl

J(u,t) = max ||u(t') —p — /AU(S)dSHC([O’t];H),
t'€[0,¢]
0
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tl

JN(u t) = m[a()}g Hu( ) PNQO — /PNAU(S)dS|‘C([O7t];H).
0

st bukcupoBanubix N n t > 0 umeem
t/

ﬂuﬂ-mwﬂ%)—w—/kmgwmmwﬂ:

€(0.4]
0

t t

m[%);t |lu(t")— PNgo—l-(PN—])cp—/PNAu(s)ds—l—/(PN—I)Au(s)dSHC([O,t];H) <
0 0

/

ﬂmwﬂw—mmmm;+mmdi Px) Au(s)ds | (o

Bropoe craraemoe [[(I — Py)¢l|c(o,q:m) cTpemutea x mymo npu N — 00, a
TpPEeThe OLEHNBACTCA PACCYZKJICHUSIMU, AaHAJOTNMYHBIMU PACCYZKICHUAM B JIOKA-
saTesbeTBe TeopeMbl 4.1. Takum 06pa3oM CyIIeCTBYeT MOJIOKUTEILHAS CXO/Is-
masicss K HyJ1o npu GpuKcupoBanioM ¢ u N — 00 MOC/IeI0BATeILHOCTL avh (t)
TaKasl, 4To

J(u,t) — IV (u, t) < ay(t). (4.3)

AHAJIOrTYIHO JTOKA3BIBAETCSI CYIIECTBOBAHIE ITOJIOKUTEILHON CXOISIIECsT K Hy-

JIIO TI0CJIe/I0BATeILHOCTH aar(t) TaKoii, 4To

IV (u,t) — J(u, t) < a%(t). (4.4)

3 uepasencts (4.3), (4.4) ciefyer, 9TO CyIIECTBYET TaKasl MOCJIEIOBATEb-
HOCTB [y (t), 4TO

J(u,t) = I (u, t) + By (1),
npuden |Gy ()] < max{al (t), a3 (t)}. Tockonbky nociepoarensuocts By (t)

He 3aBUCUT OT U, TO

inf  J(u,t)— inf  JV(u,t)| < .
wecmt (u,1) weomt (u, )| < [Bn(t)]
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Ocraerca TOJIBKO 3aMETUTL, 4TO

inf  J(u.t) = J(t
uaﬁ%ﬂy)(“’) (1),

inf  JV(u.t) = JV(b).
wecth (u,1) ()

[]

[Tycts a(t), a,(t) — menpepoisible, HeyopiBatonme dbynknun na [0, T]. Bygem

ImpealioJjaraTb, 9TO BBIIIOJIHEHBI CJAEAYIOIINE YCJIOBUA.

Ycaosue 4.1. Cymecrsyer takoe aucio t* € (0, T], aro a(t) = 0 mpu t € [0, t*]
ua(t) >0, opu t > t*, ecom t* # T,

YcaoBue 4.2. CymecTByeT Takas 9HCIOBas MOCIEI0BATEIBLHOCTD {ay, }, ITO

a, >0, a, —0,n—oon
la(t) —a,(t)| < a, t€[0,T], n>0. (4.5)
[TocTpouM YHCIOBYIO MOCIEI0BATEILHOCTD ), CJIEAYIOMUM 00Pa30OM:
t, = min{T, max{t : a,(t) = o, }}.
Jlemma 4.2. ITycmo svinoanenvt yeiosus 4.1 u 4.2, mozada
t, >t n>1.

Jlokazamenvemso. B cuny HepaBercTBa (4.5) mMeeM OIEHKY

an(t) < ap, te|0,t7]. (4.6)
Ecmm t, = T, To yTBepkKaenne JieMMbl odeBHAHO. [Ipenmosioknum, 9To cyie-
creyer Takoe t € (0,T), uto a,(f) = a,, Torna B cuty onenku (4.6) u HeyGbI-
BaHust GYHKIUN @, UMEEM, U4TO

an(t) = o, tE [t t]
OTCIONIA CIIEYeT, UTO Gy, (t*) = v, Te. by, > . O]
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Teopema 4.2. ITycmv svinoarnenv. ycrosus 4.1, 4.2, moeda nociedosamenn-

nocmo t,, crodumcsa x t*.

Joxazameavcmeso. 1lockonbky t* < t, < T, TOo cyliecTByeT IIOJIIOC/IE/I0BA-

TEJIbHOCTD tnm TaKad, 9TO

lim ¢, =t
m—0o0

Bugum, aro t' > t* > 0. dus moboro € takoro, uro 0 < & < t, cymecrByer
takoe M, aro nipu m > M nmeem
max[a(t) — an, (t)] < an,

te(0,t’—¢]

[TockosibKy t, > t*, o pu t € [0, — ] umeem

an, (t) < .

Orcroma caemyer, 9to a, = 0 (cxomurest pasromepno) npu t € [0, —¢]. B
cuity yeaoBus 4.1 U3 eIMHCTBEHHOCTH PABHOMEDHOIO TPeJIesa MOJIydaeM, 9To
a(t) =0uput € [0,t' —¢|. CnenoBarensno, t* > t' —e. B custy nponssosbnocTn
e umeeM t* > t'. U3 nemmbr 4.2 caepyer, uro t* <t/ < t* wm t' = t*. Beps B
KAueCTBE MOJIITOCIIeI0BATEILHOCTH Ty,  TIOJIOCIEI0BATEIbHOCTH, CXOJISIIIECs K
BEPXHEMY U HIDKHEMY IPeJIesIaM, BUJIUM, 9TO TOC/IeI0BATEILHOCTD ¢, CXOIUTCS

K t*. ]

PacemoTpum BoIpoc 06 OIeHKe CKOPOCTH CXOJNMOCTH OC/Ie[0BATE/IbHOCTH
t, upu n — 0.
Beenem B pacemorpenne muokecTBa {t : a(t) — a,, = u, }, KOTOpBIE 0003HA~

quM uepes [,, n < 1. BBejem 4mcIoByIo 1moc/ie/10BaATE/IbHOCTD:

max I,, I, # J;
T

571:
, I, =
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Jlemma 4.3. Ilycmv svinoanenvt ycrosus 4.1, 4.2, moada

lim G, =t".

n—00
Joxazameavcmeo. B ciyuae, korna t* = T, moc/ie10BaTe/IbHOCTD (3, sIBJISIETCSI
crarmonapuoit: 3, = T. Pacemorpum coyuait t* < T. Tlockosbky a(T) > 0,
To cymecrByer Takoit Homep N, aro npu n > N umeer mecro a(T) > 2a,,.
st Takux HoMmepoB [, # &, jeficTBuTesbHO, HempepbiBHast GyHKus a(t),
paBuag mnyiaio upu t = 0, gocruraer 3Hadenus 2¢;, XOTd Obl B OZHOI TOUYKE.
Bieem unciosyto dynknmio @ 1(x) = max{t : a(t) = z}. [TockonbKy yHK-
nust a(t) nenpepoisha Ha [0, T], To dynkmus ¢! (z) nenpepbisna na [0, a(T)].
B paccmarpuBaeMoM cirydae it JOCTATOYHO OOJIBIINX N MOCIEI0BATEILHOCTE

(B, MOXKeT ObITh 3ajiaHa 110 (POpMYJIe

By =a " (2ay).
[Tosromy

lim G, = lim & '(z) = a~(0) = t*.

n—oo r—00

[]

Teopema 4.3. [lycmv svinoanenvt ycaosus 4.1, 4.2, moeda drs nocaedosa-

meavrocmu tn UMEETN, MECTNO OUEHKA
t* < tn < By (4.7)

Joxazamenvcmeo. Hikuss onenka B HepaBeHCTBe 4.7 caeayeT u3 JeMMbI 4.2.
IIycrs I, # @. Jus upoussosbHoro ¢ > (3, B CHUIy MOHOTOHHOCTU (bYHKIINH
a(t) mveem

a(t) — ap > .

D10 03HAUALT, UTO Ay (t) > . YUUTHIBasi MOHOTOHHOCTH (DYHKIIUE @y, TTOJIY-

yaeM, 4To t > t,. B cuny npoussosibHOCTH Tt > (3, 3aK/I09aeM, ITO

tn < Oy
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B ciayuae, korna [, = &, Mbl IMeeM OYEBUIHYIO OICHKY
]

CaencrBue 4.1. [Iycmob svinoanenst yerosus 4.1, 4.2 u nycmo t* =T, moeda

nocaedosamesvbHocms t, ABAAEMCA CMAUUOHAPHOU:
t, = T.

[Ipu wuccemoBanny BpeMeHN CYIECTBOBaHUs perieHnii ypaBuenns (2.8) B
kadecTBe byHKInn a(t) BosbMeM yukimio J(t), a B kauecte hyHKIUit a,(t),
BosbMeM dyukimn J" (). [Ipeamnookum, 910 CyIiecTByer takoe tg, 4To 3a-
nada (2.8) umeer pemenne npu t € [0,tg]. Torma s BeIOpaHHBIX DYHKIHIT
a(t), an(t) ycaosue 4.1 6yner Boimosneno. Jlemma 4.1 rapanTupyer BbITOJIHE-
rue ycyiosud 4.2. Takmm oO6paszom K pyHKIINOHATIAM HEBA3KN MOYKHO IPUMEHATH
TeopeMbl 4.2, 4.3. B npujioyKeHnsIX MOyKHO KOHCTPYKTHUBHO HaOJII0/IaTh Hada b=
HbIE 9JIEMEHTBI TI0CIe0BATE/IbHOCTH t,,, a TeopeMa 4.2 rapaHTUPYEeT CXOAUMOCTh
310l ocsietoBaresibHocTH K ducity t*. CoorercrBenHo Ha oTpeske [0, t*] Oyier
CYIIECTBOBATL pelieHne 3aja4un 2.8 Jjist PacCMaTpUBAEMOro HAYaIbHOTO YCJI0-
Bus . [ToCKOJIBKY BCs 11OCJIEI0BATEILHOCTD ¢, HaM OOBIYHO HE M3BECTHA, TO JIJIst
MPUJIOYKEHII HeoOXoaMMa OlleHKa CKOPOCTH CXOAMMOCTH MTOC/IeTI0BATETHLHOCTH.
Takyio olleHKy HaM MOXKET JIaTh TeopeMa 4.3. Koneuno, /17151 TOCTPOEHUS MTOCTe-
JOBATEILHOCTH (3, HEOOXO MO 3HATH cBOWCTBa GyHKIWN a(t), KOTOpas 9acTo
SIBJISIETCST HEM3BECTHOM, OJIHAKO JIJIsI TOCTPOeHust (3, HeT HeoOXOAMMOCTH 3HATD
pubJIMZKEHHbIE PEIeHNsT, & JINIIb AllPUOPHYIO OIEHKY HEBSI3KHU IIPUOJINKEHHBIX
perrennii. B mpakTuke BIYUCIUTEIBLHBIX SKCIIEPUMEHTOB XapaKTEPHOMN sBJIsIeT-
Csl CUTYallns, KOT/Ia BBITTOJTHEHBI YCJIOBUA CJIe/ICTBUA 4.1, 1 TIOC/Ie/I0BATEIbHOCTD

Uy, ABJAETCA CTAIlMOHAPHOIL.
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4.3. Omnenodynble PyHKINOHAJIBI

Begem 4ncioByo (GyHKITMIO Ha JIeMeHTaxX TpocTpaHcTBa H cieryionmm

obpazoM:
. In \uk]
v(u) = lim sup :
k—o0 k
JIOTTyCKast 3HadeHusi ¥ = —o0. B ciydae, Korja cymiecTByeT Takoit Homep K
aro up = 0 mpu k > K, nojaraem v(u) = —oo.

Jlemma 4.4. [Tycmov u € Hy, mozda v(u) < —s.

Zoxazameavcmeo. IlocnemoBaTelbHOCTD U MOXKHO IIPEJACTABUTH B BUJE Ui =

are™**, tie nocnenosarembuocts {ay} € ly. JdeiicTBuTeso,

0 0
lawllf, = D law® =D ui?e®* = ||ul,.
k=1 k=1

[TockobKy

In |ug| = In |ag| — sk

U TIPU JIOCTATOYHO Oosibiix k umeem In [ax| < 0, To

1 1
lim sup n fug = lim sup g — s < S,
k—o0 k k—o0 k

[]

Beejem eme dynknnio vy (u), 3agannyio Ha sjementax Hy, cieayonmm o6-
PaBOM:
1
= |;ff’“|, up # 0

—o0, ux =0.

Vi (U) =

N
Paccmorpum nocenosarensoets {u } C Hy, rie u = 57,7 uley.
Teopema 4.4. [Tycmo lim ||uy —ul|g, = 0 das u € Hy. Ipednonosicum, wmo
N—o00

In |ug| — s o,

) = Ji =
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Tozda das mobozo € > 0 cywecmsyem xoncmanma C. > 0, nesasucau,as om

N u k maxan, wmo

1
|1/k(uN) —v(u)] < ng +e, k<N,

uckaovas k, N oaa xomopoix uév = 0.

Jloxasamenvcmso. Tlockombky v(u) = —s, To cymectByer Cy > 0 u Takas

IUCJIOBAsT TIOCTIE0BATETHLHOCTD Yy, > 0, 9TO
: -1 ks
lim () e |ui| = Co.
k—o0
[Ipuaem s soboro € > 0 cymecrsyer Ch. Takas, 9TO
—ck
e < Chee” " (4.8)

CiiejoBaTesbHO,
[ug] = (Co + d)me ™,

Nk u B H, ciemyer, 410

rie 0p — 0 nmpu K — oo. B cuny cxommmoctn u
uffv — ug, upu N — oo. [losromy g dbukcupoBanHoro k cymecTByeT IOC/Ie-

nosaresbiocts AN — 0 npu N — oo Takas, 4o
N N\~ —sk
g | = (Co + ok + Ay )me ™.

[Tycts Ny > 0 Takas, uro npu N > Ny, k > Ny umeem

Co

YaurbiBast (4.8), nmMeeM OIEHKY:

B In|Co + 0% + AY +ln7k

(™) = v(w) - sy s) <
m@Co)| WGl , 1,
k k Sk '
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4.4. OneHKa BpeMeHHN CyNIeCTBOBAHNIS ITOBEPXHOCTHBIX

BOJIH MJ1eaJIbHOI >KMJIKOCTU

B nacrosieM pasjesne Mbl MOKayKeM, KaK METOJbI IPEeIbIIYIINX pPa3/IesioB
MOTYT ObITh IPUMEHEHbI K 3ajatde (1.24).

st mocTpoennst KOHCTPYKTUBHO OIEHKW BPEMEHU CYIIECTBOBAHUS OECKO-
HEYHOMEPHOI CHCTEMbI HeOOXO MO AIITPOKCUMHUPOBATD 3Ty CUCTEMY KOHEIHO-
MepHOil cucreMoit. byjieM ncrob30BaTh AMIPOKCUMAIIMOHHYIO CXEMY, OIUCAH-
HyI0 B pazjesie 2.6. [IpuBesem ele pas 9Ty 4UCAECHHYIO CXeMYy IPUMEHUTEIbHO
K 3ajade (1.24). Ilycrs N > 1 — dukcnpoBanHoe 9uC/I0 Pa3MEPHOCTH MTPUbi-
JKeHHoit 3aja4un. [Ipubmmkennble penienns OyJeM UCKATh B BHJIE

N N
RY(u,t) =14 r(t)e ™, VN(u,t) = op(t)e ™. (4.9)
k=1 k=1

Ucnonb3oBanne npejcraBienns B Buje KoHedHbIX cymM Dypoe (4.9) mmeer

N
CyllecTBeHHBIe mpemMytiecTsa. Jeficteurenbno, myeth f = > fre” U To-
k=1
N .
ra f, = > (—ik)fre” . Eme 6oee 3ppeKTUBHO BHIMUCIAETCA OMEPATOD
k=1

N N
_ —iku — Yo —iku
P. lnsg g = kZN gre mvaeeM Plg] = £ + ];gke . Beemem Gunapnyio
OIIEPAIMIO «*», KOTOpasl SIBJIAeTCs 3aMKHYTOM JIsl MHOKecTBa (DYHKIIMIT Bua

N . N ‘
(4.9). Tlyets A = > are™, B = > bre ™ Torga qna C = AB ume-

2N ,
eM O = Y cpe . Onepammo «*» BBegeM cieiyiommM obpasom: A x B =
k=—2N

N
S cpe ™ rae ¢ — koaddummenter Oypoe bynkmun C.
k=—N
[Ipubmzkennsie pemenns RY n VY 6ynem nckaTh Kak peleHns CHCTEMBI

YPaBHEHUIA:

RY = (U x RY —UN « RY), (4.10)
VN =i « VY - BY « RN) + g(RY - 1), |
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pe UN =P(VN« R + V" «RY), B=P(VN«V).

Cucrema (4.10) peraercs siBabiM MeTo10M Pynre-Kyrra 4-ro nopsijka Tod-
HOCTH I10 [IepeMeHHOl .

Bynewm npejnonarats, 9To HadaabHble GYHKIMN Ry 1 V) npuHaIezKaT 1po-
CTPAHCTBY Eﬁl, s1 > 0.

Hapsiny ¢ Borancaennem dyukiuit RY, VY, Gynem eme BBIUHCIATD Y1CTO-

Byto Gynkimio v (1), onpejiesentyio cjeayiomum o6pasom:

1 N 1 N
10 = { RIRLO 110U,

<N,

npejinoiarast, 6e3 orpanudenus obunoeru, RY (t) # 0, VN (t) # 0.

Oyukiys vy annpokcumupyer Gynxiuio v(t), TOCTPOCHHYIO 110 TOUHBIM
permernsm cucteMbl (1.24) — dyuxknnam R(t) u V (¢):

v(t) = min {lim sup HH‘—RkH, lim sup M} .
k—o00 k k—o00 k

OyHKINUA vV nMeeT ecTecTBeHHyI0 nnrepiperaiuio. Oyuknun R, V' aBisiorcs
AHAJMTUICCKIMU B HUKHEH KOMIIJICKCHOM IOJIYIJIOCKOCTH 1 UMEIOIUMU OCO-
OEHHOCTH B BepXHE(l MOy IJIOCKOCTH. 3HaYeHe PYHKINN U ONIPeJIesIsieT paccTo-
siHIe 0COOEHHOCTEI J10 BelecTBeHHoit ocu. /o Tex mop mnoka v > Sg, s1 > Sg > 0,
cucrema (1.24) umeer so-pernenne. QyHKIMST ¥ ONEHUBACTCA depe3 (DYHKITHIO

V,év ¢ ToMoIbio TeopeMmbl 4.4. DyHKINIO 1/,2\7 (t) Oymem Ha3bIBATH OIEHOTHON

dynkneit.
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I'maBa 5

HpI/IMeHeHI/Ie METOJA0B CTaTUCTUKN

B 9NCJIEHHDBIX 9KCIIEPpMMEHTAX

Kak y2ke ormMedaoch, BOIIPOC O CYIIECTBOBAHUHU PEIeHnil ypaBHeHuit, onu-
CBIBAIONIUX [MOBEPXHOCTHDLIC BOJIHBI UACAJBHON YKUJIKOCTH, ABJILACTCH JOCTATOY-
HO CJIOKHBIM. B TitaBe 4 MBI paccMaTpuBaJl METObI, TTO3BOJIAIONINE JIe/IaTh
JIOCTOBEPHbBIE BBIBO/IBI O CYIIECTBOBAHUN PEIIeHN Ha 3a1aHHOM BPEMEHHOM WH-
TepBaJie. T BBHIBOBI CJIEIOBAIN U3 PE3YIBTATOB UYNCICHHOTO MO/IETNPOBAHNS
Haiux ypasuenuit. OgHako HaflTn Kjacc HAYAJIbHBIX JAHHBIX, JJI KOTOPBIX
peleHus CyIecTBOBaIn ObI Ha 3a/JaHHOM WHTepBaJie, ToKa He yjaeTcsd. B Ha-
CTOAIEl TyIaBe pacCMOTPUM HEKOTOPbBIE CTATUCTUYCCKUE METO/bl aHAJIN3a Bbl-

YU CJIMTEJIbHBIX 9KCIIEPUMEHTOB.

5.1. Craructundeckoe nccJeJ0BaHNe BpeMeH!
CYILIECTBOBAHNUS PeEIeHnil CO CJIyYailHbIMU
Ha4aJIbHbIMU JaHHbIMU

Haurem ¢ Bompoca 0 CymecTBOBAHUHI JIOCTATOYHO MAJIOro mapa (B pasyM-

HOIl MEeTpHKe) B MPOCTPAHCTBE HAYAIbHBIX JAHHBIX TAKOrO, U4TO [ BCEX Ha-
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JaIBHBIX JIAHHBIX 13 3TOTO Iapa COOTBETCTBYIONINE PENIeHns SIBIAIOTCI TJI0-
OaJbHBIMU PENIeHnusiMA, T.e. CYIIEeCTBYIOT IpH Bcex ¢ > (. DToT BoIpoc, Kak
OJINH 13 OCHOBHBIX HEPENIEeHHBIX MPOOJIEM TEOPUN TTOBEPXHOCTHBIX BOJIH, OBLT
noctapyien B.Kpaitrom na Mextynapojinoit koudepennnn «Maremarmaeckast
rujipojunamukay, Mocksa-2006. B nameit padore ga/iiM HEKOTOPOE IOITBED-
JKJIeHne TUTOTE3bl O CYHIECTBOBAHUN MaJIOTo Iapa B IIPOCTPAHCTBE pellleHuit,
JIJIsT HA9aJIbHBIX JAHHBIX 13 KOTOPOr'O CYIIECTBYIOT TJI00AIBHBIC PEICHUS.

Omnumrem CXEMY HallleI'0 BbIYMCJ/IMTEJILHOI'O SKCIIEpUMEHTA..

1. Boibupaem Bpemennoit naTepBasi, Ha KOTOPOM OyJeM HCCJIeI0BAThH HaIn

perrennsi — (pUKCHPYEM MOJOKUTETbHOEe dncio 1.
2. Buibupaem napamerp auckperusanun — pukcupyem aucao N > 1.
3. @ukcupyeM IMOJI0KUTEIbHOe TICyIo 3.
4. Bribupaem 4nciio a Takoe, uro 0 < o < 3.
5. Ctpoum ciiydaiinble HaYaJIbHbIE JAHHBIE CJICIYIONIUM 00Pa30M:

Ro(u) =1+ Z(sr —eR)emh,
(5.1)

( ) g( v —ozk‘) —iuk)

riae &, &, b =1,2,..., N cyTb HezaBucuMble ciyyaiiible BeJMYNHbI, PaB-

HOMEPHO pacipejesennbe Ha [—1, 1.

6. Haxopnwm wmciennnie perenns 3agadn (1.24) ¢ HadaabHBIME YCIOBUSIMI,

BBIOPAHHBIMU Ha MPEJIbIIYIIEM Iare.

7. Haxoxkenne 4nc/ieHHOro penienns mpeKkpaiiaeM MIpu BLITIOJTHEHITH OJTHOTO

3 1Byx ycsosuit: 1) t = T, 2) Ha TeKyIeM Imare Mo BpeMeHN HapYyIIeHO
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OJIHO U3 yCJIOBUIL:
e (0] < e,

o ()] < e,
mimBeex k=1,.... Nut<T.

8. B mepBoM ciydae camTaeM, 9TO SKCIHEPUMEHT 3aKOHUMJICA «HEygAadeils, a
BO BTOPOM cJiydae OyJileM CUUTATh, YTO SKCIEPUMEHT 3aKOHUMJICS «YCIIEI-

HO».

Cunras napamerpsl 1', N, 3 dUKCUPOBAHHBIME, UMEEM CJIyYaiiHOe COOLITHE
k(«), 3aBuCsiiiee OT TapamMerpa (. JTO CIydailHoe COOBITHE MOYKET IIPUHUMATD
JIBa B3aMMHO MCKJIIOYAIOIINX 3HAYEHUsI: «YCIIeXy U «Heyladay. [Ipunummem 3Ha-
YEHUIO «YCIIeX» YNCI0BOe 3HadYeHne 1, a 3HAUYeHNIO «HeyIaday — YHUC/I0OBOe 3Ha-
gerne (. Taknm obpaszom, OyieM paccMaTpuBaTh CJAyUIaiiHyIO BeTUIHHY A(v).
OTta ciydaiiHag BeJMYMHA NMeeT OMHOMEAaJIbHOE paciipejenenne. C BepOSTHO-
CTBIO P, NPUHUMAET 3HadeHnme 1 u ¢ BepPOSATHOCTBLIO ¢, = 1 — p, IPUHUMAET
snagenue 0. ITockoybKy Hallla cirydaiiHas BeJIMYNHA, 3aBUCUT OT IIapaMeTpa, TO
MOKHO TOBOPUTB O cJiydaiinoit (pyHKIwu, 3ajanuoil Ha Muoxkectse 2 C (0, 3).

Pazymeercsi, MbI He 3Ha€M UCTUHHOT'O PacIIpe/ie/IeHIs BEpOITHOCTE ey Jaii-
HOW BeJIMIMHBI K((r), MOITOMY OyjieM TOJIyIaTh CTATHCTHIECKUE OMEHKH JIJist
BEPOSATHOCTEN Py U ¢, TPOBOJIA CEPUN BBIYUCIUTE/IBHBIX dKCIIepUMeHTOB. Kak
m3Bectio (cm. [16], [25]), manbosee ymoTpeOUTE/ILHON ONEHKON BEPOSTHOCTH
COOBITUS SIBJISIETCs €TI0 YaCTOTa MOABICHUs. DTa OICHKA, ABJISIETCS COCTOATETb-
HOIl HeCMeIleHHO OLIEHKO ¢ MUHUMAaJILHOI Juciepcueit. B jponoanenne K 11o-
JIY9E€HHOI OI[eHKEe BEPOSITHOCTH «yCIexay — (BBIXOJIa YUCJEHHOTO PEIIeHUs 13
rccsieyeMoit obiactu, T.e. HapylieHns HepaBeHCTB (5.2)), OyjieM BbITUC/SITH
JOBEPUTEILHBI NHTEPBaJI JIJId HAIlleil OIeHKU.

Omnumrem ImapaMeTpbl HalllNX BBIYMCJINTEJIbHBIX 9KCIIEPUMEHTOB.
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Ucenemyembrii Bpemennoit uarepsai | [0, 10]
[TapameTp JuCKpeTH3al 1024
[Mar o BpeMenn 0.001
[Tapamerp (3 0.040475
KosmmgecTBo cepuil BbIUnCICHMI 1000

[Tapamerp (3 BbIOpaH U3 yCJIOBUSL:
G In10~?
G
[Tepementbrit mapaMeTp o Mbl Oyzem BbiOHpaTh n3 MuoxkectBa 2 = {0.5; 0.6;
0.7; 0.8; 0.9; 1.0; 1.1; 1.2; 1.3; 1.4; 1.5}. Jling KaxKJ[0ro 3HaveHus: mapamer-
pa « npopegeM ceputo n3 1000 ucnwitanuii. Ha ocHoBe 910l BEIOOpKE OLIEHIM
BEpPOSATHOCTH Toro, uro Ha orpeske [0, 10] perenue u3 xiaacca (5.1) mapymur
yeaosue (5.2).

Ha pwuc. 5.1 npuBegena 3aBUCHMOCTb BEPOATHOCTH P, OT 3HAYEHUS Iapa-
MeTpa «. Kakx um cieioBasio 0XKUJIaTh, ¢ yBeJMUEeHIEM IapaMeTpa @ BeposT-
HOCTb «yCIIEXOB», T.e. HapyIenust yeaosuit (5.2), ymensiaercs. [lpu mpose/ie-
HUU ONBITOB 1pu 3HaveHusdx o = 0.5, a = 0.6 u3 cepun 1000 ucnbiTanuii Hamu
obL10 3aperucrpuposano 1000 «ycrmexoBs, T.e. BO BCEX Caydadx ObLIO HapPYIIIe-
Ho ycioBue 5.2. C npyroit croponsl, npu o = 1.5 u3 1000 ucnbiTanuit Hamun
He OBLIO 3aperncTPUpPOBAHO HU OJHOTO Caydas «ycrexay. Ha puc. 5.2 mpuse-
JIeH JJOBEPUTEIbHBIN NHTEPBAJI /s OIEHKHN BEPOATHOCTH. Y POBEHb 3HAUNMOCTH
ObL1 BEIOpan 95%.

C yBe/mueHneM mmapamMeTpa « He TOJbKO YMEHbIAETCsl BEPOSITHOCTD «yCIIe-
Xa», HO U BO3pACTaeT CpejiHee BpeMs, IIPU KOTOPOM HapyIaeTcs ycjiosue (5.2).
['paduk 3Toil 3aBUCUMOCTH MTPUBEJIEH Ha pUC. D.3.

PaccmoTpuM ere 3aBUCUMOCTD CpeiHeil SHEPIuy BOJIH, PEIIeHUs] KOTOPHIX

HapyImaan yciaosue (5.2), oT 3HadeHHs mapamerpa «. Kak u ciienoBano oxi-
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0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 15
Puc. 5.1. Ouenka BeposiTHOCTH

JIaTh, C YBEJIMUYCHUEM ITapaMeTpa « CpeHssl dHeprud yobiBaeT. VIHTepecHo 1o-
CMOTPETDb 3aBUCUMOCTb BEPOSITHOCTU «YCIIEXOB» OT SHEPI'UU BOJIH. DTa 3aBUCH-
MOCTh TipuBejieHa Ha puc. (5.5). PacemorpuM ere 3aBUCHMOCTH CPEJIHETO Bpe-
MEeHU DeIleHuii, KOTopble Hapyaau ycaosue (5.2), OT Hepruu BOJH. JTa 3a-
BICHMOCTb IIpUBeJieHa Ha puc. 5.6. s kparkocTu OyiemM roBOpuTh O BpeMeHn
pa3pylieHns BOJIH.

B criemyroriem pasjiesie NCIOIb3yeM Pe3yIbTaThl HAIITIX SKCIIEPUMEHTOB T

HOBOI'O METOJ[a UCCJIeI0BAHsI CYIIeCTBOBaHusI perennii 3aqaan (1.24).

5.2. CrarucrunyeckKas IIpoBepKa I'umore3
O CYIIIECTBOBAHUU PeEIIeHU

B nacrogeM pasjese paccMOTPUM METO/IbI, TIO3BOJILAIONINE TPOBEPATH TUTIO-

Te3bl O CYIECTBOBAHUN PENIeHNl HeJIMHEeNHbIX YPaBHEHN, ¢ NCHOJIb30BaAHNEM
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0.5 0.6 0.7 0.8 0.9 1 11 12 13 14 15

Puc. 5.2. Jlosepuresbhbiit unrepsas (95%)

IJIeil CTATUCTUYCCKON MPOBEPKU TUIIOTES.

[Ipu uccnenoBannn HeJMHENHBIX YpaBHEHNI Mbl 4aCTO OKA3bIBAETCS B CUTY-
alllM, KOIja T€OPEMbI O CYIIECTBOBAHNUN pENIeHNiT He MOTYT ObITh NPUMEHEHBI
K KOHKPETHBIM CHUTYyalllsiM, BOSHUKAIONUM B HpujioKenusx. [Ipu srom eann-
CTBEHHBIM CITOCOOOM HUCCJIEJOBAHUS STUX YPaBHEHUI SABJIAETCA YUCJIEHHOE MO-
nenuposanue. [locyie mpoBeeHNs BHIMUCIUTE/THHBIX SKCIIEPUMEHTOB TTOJTYYeH-
HbIE€ PE3YJIbTATHI MTOJABEPralOTCA IKCIEPTU3C Ha COOTBETCTBUE SKCIIEPUMEHTA b
HBIM JAHHBIM WIN Pa3JINIHbIM (pU3NIeCKUM IpejcTaBlIennaM. B ciaydae, ecian
PE3yJIbTATHl BBIYUCAUTEIBHBIX 9KCIICPUMEHTOB IIPU3HAIOTCA aJIeKBATHBIMU, TO
JIJIACTCS BBIBOJ, O JIOCTOBEPHOCTH IPOBEJIECHHBIX YUCJEHHBIX IKCIIEPUMEHTOB.
BuiHo, 9T0 B ONUCAHHON CXeMe POJIb MaTeMaTHKN COCTOUT JIUIIL B TOM, UTO-
ObI 000CHOBATH CXOJIMMOCTD ITPUMEHSEMBIX YNCIeHHBIX cxeM. OJTHAKO OCHOBHOIT
BOIIPOC, CYIIECTBYET JIM pelIeHne, KOTOPOe Mbl MOJEJIUPYEM, YaCTO OCTACTCHA

HepeeHHbIM. ,ZLPYI‘I/IM INPpUHIXIINAJIbHBIM MOMEHTOM fABJIAETCA TO 00CTOATEITH-
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0.5 0.6 0.7 0.8 0.9 1 11 1.2 1.3 1.4
Puc. 5.3. Cpejiiee BpeMsi paspyllieHns pereHuii

CTBO, YUTO, IBITASICH JIEJIATH BHIBOJIBI O CYIECTBOBAHUN PeIleHnil ypaBHeHuii (da-
CTO B OECKOHETHOMEDHBIX MTPOCTPAHCTBAX ), MbI IMEEM B KadeCTBE Pe3yJIbTaTOB
YHUCJIEHHBIX 9KCIEPUMEHTOB JINIIb PEIIeHNs, TpUHa/IezKallie KOHEYHOMEPHbBIM
IpocTpatcTBaM. TouHee, KOHEUYHBIM W JJUCKPETHBIM MHOXKECTBaM KOHEIHOMED-
HBIX [POCTPaHCTB. B HacTodmem pasjiesie pacCMOTPUM METOT, TTO3BOJIATOIIHIT
Jles1aTh JJoKa3aTe bHble BHIBOIBLI O CYIIeCTBOBAHWY peleHuii. B kadecTBe «11a-
TBI» 3a IMONBITKY HMCCJIEI0BATE MOBEJIeHe DECKOHEUYHOMEPHDBIX CUCTEM C TTOMO-
IHIO JTUCKPETHBIX PelleHnii Oy1eM moJiydaTh HaIlll BBIBOJIbI C 3apaHee ompejie-
JIEHHOI BEpOsITHOCTBIO. 3aMeTUM, UTO JIJIsi IPUKJIAJHBIX PacueToB, KOTJa IHC-
XOJHBIE JTaHHBIE 3aJIaHbl C IIOTPEIIHOCTHIO, a CaMU MOJEJM SBJSAIOTCS Y9aCTO
PUOJNKEHHBIMHI, TIOJIYYEHIE BBIBOJ/Ia O CYIIECTBOBAHUU PEIICHUs ¢ OOJIbIIOi
JloJieil BEpOSITHOCTH SIBJISIETCSI BIIOJIHE JIOCTATOYHBIM.

Haunem Hare paccmoTpenne ¢ abDCTpaKTHOIO CIydas, a IOTOM PacCMOTPUM

€ro IpuMeHnenne ajid 3ada49rd OIEeHKHW BpeMEHN CYIIECTBOBaHMA pemeHMﬁ YpaB-
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0.5 0.6 0.7 0.8 0.9 1 11 1.2 1.3 1.4

Puc. 5.4. Pacupenenenne sHeprum BoOJIH

menwit (1.24).
[Iycts X, Y — 6anaxoBbI pocTpaHcTBa. byjieM paccMarpuBaTh HEIIPEPhIB-

HBIIi, BOOOIIE rOBOPsI, HEJIMHEIHBIN olepaTop
A: X =Y.
st 3a1ana0ro0 31emMenTa y € Y paccMOTPUM ypaBHEHUe
Az =y. (5.3)

Byjem nckarh penienue He BO BCeM IIPOCTPAHCTBE X, a JIAIIL Ha 33JIaHHOM
noamuokectBe M C X. Takum obpaszom, moj perernem 3agaan (5.3) Oyaem
MOHUMATH 7IeMeHT & € M| Ha KOTopoM BbIoiHsIeTCs paBeHcTBo (5.3). [Ipasyio
9acThb (9JIEMEHT ) TakKe OyjleM CUNTaTh PUHAJIIeXKaIleil He BcemMy poCcTpaH-
cTBy Y, MHO)KecTBY () C Y.

[Ipeno10:KuM, 9TO UMeeM OIPeJIeIeHHbI aJrOpPUTM, MO3BOJIAIONINN HAXO-

JINTDH II0CJIeJ0BATE/ILHOCTD Xy, JJId JII0O0ro Koneunoro n = 1,2, . ... Ilpu sTom
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Puc. 5.5. 3aBUCUMOCTD CpeJIHErO BpeMeHU pa3pyIleHusi BOJH OT SHEPIun

10CJIeJI0BATEIBHOCTD X, IPUHAJIEXKUT 1pocTpancTBy X, Te. {z,} C X.
OTHOCUTEBHO TIOCIEI0BATEILHOCTH Ty, OyJIeM Hpe/IoiaraThb BbIIIOTHEHHBIM

cJieJlytoliee yCJIoBUe.

YcioBue 5.1. Ecan nmeer MecTo BJIOXKEHUE
{z,} C M,

TO TpHU 3aJaHHOM 3jieMeHTe Yy € () perienne 3agadn (5.3) CyIIECTBYeT, 5TO

pereHne & MPUHAJICKUT MHOKeCTBY M, U MMeeT MecTo
|z, —x||lx — 0, n — oo.

YeqoBue 5.1 03HAYAET, UTO HAI AJTOPUTM JaeT HPHOINKEHHbIE peIeHus]
ypasrenus (5.3) B cirydae, KOrja pellieHne Halleil 3a/1a4n CyIecTBYer MpH 3a-
JAHHON MpaBoit yacT y € (). 3aMeTuM TakzKe, YTO MOKHO TpedoBaTh MPUHAJI-

JIEZKHOCTHU X, € M, HaUnMHAs ¢ JOCTATOYHO OOJILIIONO 3HAYEHUS N.
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Puc. 5.6. 3aBucuMocTb cpejiHero BpeMeHn pa3pyIlieHusi BOJH OT dHEPIun

B pe€aJiIbHOCTU MbI OOBIYHO HEe MOKeM 3HaTh BCIO I10CJIe10BaTEC/IbHOCTL Xy,

n = 1,2,.... Kak npasujio, nMeeM JIdIb KOHEYHOE MHOXKeCTBO {Z,}, n =
1,2,...,N. Bagaua coOCTOUT B TOM, YTOOBI 110 KOHEUHBIM HabJrroqeHusM {1, },
n = 1,2,..., N caeiarb CTaTUCTUIECKNN BBIBOJ O IMPUHAJIE;KHOCTH MHOYKE-

crBy M Beeil MOCIEI0BATEILHOCTH { Xy, }, 1 COOTBETCTBEHHO CHIEJIATH BBIBOJ O

CYIIECTBOBAHUY pererust 3ajaqu (5.3) [t 3a[aHHOi paBoil Jactn y € Q.

[Ipeanonoxkmm, 9T0 MBI HAILIN HepBble N 9JIEHOB IOCJIEI0BATEIbHOCTH Xy,
u BuJuM, 9T0 T, € M upun = 1,2,..., N. C Kaxoil BepOsSITHOCTbIO BCs I10C/Ie-
JI0BaTE/IbHOCTh &, HpUHAJIeKUT MHOXkKecTBY M7 Ilpexie yeM mcKaTh OTBET
Ha 9TO BOIIPOC, MBI JIOJI?KHBI OIIPEJICUTh BEPOATHOCTHOE ITPOCTPAHCTBO, OTHO-

CUTEJIbHO KOTOPOI'o 6y,ZLeM BBIYUCJIATHL BEPOATHOCTD.

[IpeanosoKum, 9To JeMEHT Y Takoii, uro 3aja4a (5.3) He UMeEeT pereHus.

Torma cormacHo yemosuto 5.1 cymiectByer Takoit Homep Ny > 1, uto xy, ¢ M.
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Beegem Bemmuunny v(y), TpUHUMAIONIYIO Iejble 3Hadenust N. Suadenue v(y)

orpejiessieTcs 1o popmyJie
v(y) =min{n : x, ¢ M}.

Bynem paccmaTpuBaTh v B KadecTBe CIydaiiHol BenanHbl. /1 9Toro Heobxo-
MO 3a1aTh (YHKIWO pacipeenenns F'(n). Konedno, Mbl He MOKeM 3HATH
TOYHYIO (PYHKITUIO PACIIPEIEIEHIS, TOSTOMY JIJIsT TIOCTPOEHNS TONH (PYHKITUN
Oy/eM MCIO0JIb30BATh CTATUCTIIECKIE METO/IbI.

Omnuirem cxemy nocTpoeust (DyHKINN pacipeieeHusl.

1. @uxcupyem muoxkectsa M n Q).

2. @ukcupyeM JIOCTATOYHO OOJIbINOoE Tie0e Jucao N.

3. @ukcupyem nesoe aucjo 1 > 0.

4. BeibupaeM MpoM3BOJILHBIN 3JeMEHT Y € ().

5. Ecm x, e M, n=1,2,..., N, To nepexojaum K mary 3.
6. Haxomum v(y).

7. Eciu naiineno v(y) menbiie gem T, nepexouM K Iary 3.

B urore nmeem BbIOOPKY S 3Hadennit v. Ob6bem 3Toit BHIOOpKN paBen 1.

3ameuanue 5.1. [Ipu onrcanHoit BbIllle cXeMe MPEJIIoIaraeTcs, 4To 3a KOHeY-

HOE 9HCJIO TAroB BO3MOYKHO HAOPATh BBIOOPKY HYZKHOTO 0ObeMa (CM. pasjer

5.1).

QOYHKIMIO pacipeiesieHIsT 3a/1a/ MM CJIEIYIOINIM 00pa30M:

 H#HrveS:v<n}
- = 7

rJie # O3Ha4YaeT MOIHOCTbH MHOXKeCTBa. TaknuM oOpa30M, BEpOATHOCTH paciipe-

JIeJIeHUs CIydaifHOIl BEJIMYUHBI V 3a/laeM C ITIOMOIIbIO0 YaCTOTHI.
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Omnpenenenne 5.1. Bynem ropoputs, uro 3a1a4a (5.3) umeer permienne (s

(bUKCHPOBAHHOTO ¥) ¢ V-BEPOSITHOCTBIO (v, €CJIN

a=1-—F(N'),
s _ /
rie F'ectnh dhyHKIUS pacupeiesienns BeposaTHocTeil, u ayisa secexn = 1,2,..., N
MIMEET MECTO
xn, € M.

Onpenesenne 5.2. Perenne, cylecTByIOIIee ¢ V-BePOsiTHOCTBIO €JIMHUIIA, OY-

A€M Ha3bIBaTb CYIIECTBYIOIINM V IIOYTHU HaBEPHOE.

3aMeTnuM, 4TO B 9TOM omnpejeaenun 9ucao N/ Moxker ObITh Kak MeHblie [V,
tak 1 6osbire. Ouesnano, uro ecim N > N, TO v-BeposiTHOCTEL Beersa Oyer

pPaBHa €IMHUIIBI.

3ameuanue 5.2. Pazymeercs, ecim Mbl MOJTYIHIN, 9TO PEIICHEE CYIIECTBYET
Y TIOYTH HABEPHOE, 9TO eIlle He 3HAYNT, 4TOo perrnerue 3a1adn (5.3) cymiecTByer

Ha caMoOM JieJIe.

Ha ajiekBaTHOCTH HAIINX CTATUCTUYECKIX BBIBOJIOB CKA3bIBAIOTCsI OObEM BbI-
6opkn 1" npu nocTpoeHn” (PyHKIMKH paciipeesieand u ducjao N. Hem Gosbiie
obbeM BoIOOpKK 1' 1 umcjo N, TeMm OoJiee ajleKBATHBIMU OYJIyT HaIlld BHIBOJbI.

[TpomrocTpupyem Hatu ujen Ha npumepe 3ajadn (1.24). Cucremy ypasHe-
auit (1.24) moxkuO 3amucars B dopme (5.3). OmHako mjuen, n3/a0KeHHbIE BBIIIE,
HE 3aBHUCAT OT KOHKPETHOI (pbopMBbI 3alicy ypaBHeHUdA. BMecTo paccMoTpeHust
paBbIxX Yacreil ypaBuerust (5.3) semMenTa y 6y/ieM paccMaTpuBaTh HAYAIbHBIE
dyukmu Ry, V.

st mocTpoenust pyHKIMHI pacipegesieHus NCI0Ib3yeM Pe3yJIbTaThl BbIUNIC-

JINTEIbHBIX KCIIEPUMEHTOB U3 pazjiena d.1.
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MuoxkecTBO () Onpee M CJIeIyIONTIM 00pa30M:

e ()] < e,

o ()] < e,
st Beex k=1,...,1024 u t < 10.0, rue

In10~?
= ~0.040475.
g (1024/2)

CootBercrBeHHO MHOXKecTBa M OyJieM OlpeJe/isiTh Yepe3 UKiCJI0BOil mapaMerp

a > 0 ciegyronumM 00pa3oM:

e (] < e,

o ()] < e,
st Beex k=1,...,1024 u t < 10.0.
B namem skcrnepumenTe ducjao 1 Oyner BbIOPAHO B 3aBUCHUMOCTH OT pas-
JINYHBIX KCIIEPUMEHTOB IIPU pas3HbIX «. [Ipubikenus x, Oyiaem BbIOUpaTh 13

yCJIOBU:

N=64-2", n=1,234.

Omnurem IHapaMeTpbl HalllMX HOBBLIX BbBIYHUCJ/IUTE/JIbHBIX SKCIIEPUMEHTOB, OC-

HOBAHHBIX Ha IPEJbIYIINX PE3yabTaTax.

Howmep skcnepumenta | [lapamerp o | uncmo T
1 0.7 990
2 0.8 925
3 0.9 583
4 1.0 583
5 1.1 405
6 1.2 208
7 1.3 81
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[IpuBesem mioTHOCTH W (DYHKIUU pacupegecHns F s mcc/ieJOBAHHbIX
CJIy4aeB.
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Puc. 5.7. Dkcrepument Nel, 1JI0THOCTH pacipeie/ieHns]
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Puc. 5.8. Dkcrepument Nel, dpyHKIMsT pacupeieeHms

0.5 T

0.45 -

0.4 -

0.05

~—a
N

Wi
~p—ia
ol L

O
0

Puc. 5.9. Dkcrepument N°2, JI0THOCTH pacipe/ie/ieHnst
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Puc. 5.10. 9xcnepumenT N2, byHKIIA pacrpe/ie/ieHus
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Puc. 5.11. Dkcnepument Ne3, mI0THOCTH pacipe/IeIeHust
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Puc. 5.12. 9kcnepument N3, byHKIMs pacipegeseHust

110




0.8 T

0.6 -

05F .

0.4 -

0.3 N

0.2 N

0.1 N

~H
N —
wi

Ot
0

IN
Sl

Puc. 5.13. DkcnepumenT Ne4, 110THOCTE pacipejieieHms

[TocTpoennbie HaMu PYHKITUN PACIIPEIEJICHIS [T03BOJISIIOT BIYUCISTh V-Be-
POSITHOCTD CyTIECTBOBAHMS perienuii 3a1aau (1.24) 1o pesy/ibraTaM ducJIeHHOrO

MOJEJINPOBaHMsI.

Onnako B ciiydae, el MaKCHMaJIbHBI HOMED IPHOJINIKEHHS Xy, COBIA/IAET
¢ ancyioM N, MBI Beeryia OyieM 1oJ1ydaTh pe3yJIbTaT, YTO pellenne CyIecTByeT v
OYTH HaBepHOe. B 3ToM ciiydae MOXKHO OIEHUTh BEPOATHOCTD CYIIECTBOBAHUSI
pelieHns ¢ MCIOJb30BaAaHUEM CTATUCTUYECKUX KPUTEPUEB NPOBEPKU THUIIOTES.
[IpuBejiem Tab/nily, B KOTOPOIi JJaHBI BEPOSITHOCTH CYIIECTBOBaHUS PEIICHUil ¢

yposaeM 3uaunmoctu 0.95% rakux, 4ro

T, €M, n=1,234.
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0.6 -
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Puc. 5.14. Okcnepument N4, byHKIMS pacipe/ie/ieHust

Homep skcriepumenTa | BepodaTnocTs cymiecTBOBaHNs PeNIeHUS
1 0.9961
2 0.9959
3 0.9951
4 0.9935
5 0.9906
6
7

0.9819
0.9547

U3 3T0i1 TAOIUIBI BUIHO, YTO €CJIN HAIlle YHCICHHOE PEIIeHHE YIOBIeTBOPSAET
YCJIOBUSIM:

z, €M, n=1234

TO C AOCTAaTOYHO OOJIBIIION BEPOATHOCTBIO MOXKHO YTBEP2KJaTb, 9YTO HCTHHHOE

pelleHue CymecrsyeT IJid BbI6paHHbIX Ha4dYaJIbHBIX JaHHBbIX.
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Puc. 5.15. 9kcnepumenT Ne5, IJIOTHOCTH PaCIpe/ie/IeHIsI
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Puc. 5.16. 9xcuepument Neb, byHKIIS pacipeie/eHust
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Puc. 5.17. 9kcnepumenT NG, MJI0THOCTH pacipeieicHus
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Puc. 5.18. 9kcnepument N6, byHKIIMs pacipegeeHust
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Puc. 5.19. 9kcnepument N7, MJI0THOCTBL pacipeiesicHus
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Puc. 5.20. 9kcnepument N°7, byHKIMs pacipeieseHust
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I'mtaBa 6

HpOBe,Z[eHI/Ie BbIYNCJINTEJ/IbHBIX

SKCIIEPUMEHTOB B TEOPUN

IIOBEPXHOCTHBIX BOJIH

6.1. DBpruncanTebHbIl 3KCIIEPUMEHT: IIOCTPOEeHUe

B pazjuesie 1.7 ObLIM IpUBEHbI ypaBHEHUsI, OIUCHIBAIOIIE OEryIue BOJIHbI
Ha KOHeudHOli (1 GeckoneuHoit) rybune. Harm sKcrnepuMeHTbl UMEIOT J1Ba T1a-

pamerpa: TVIyOUHY B CKOPOCTh Oeryiteit Bostabl. Beero ObL10 1mposejieHo 6 cepnii

OKCIICPUMECHTOB.

Oerymmx BOJIH

Howmep skcriepumenta | Iiyouna | CkopocThb
1 0.2 0.2
2 0.2 0.3
3 1.0 0.8
4 1.0 1.0
5 6.0 1.1
6 6.0 1.3
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[Ipuseem Jsorapudmmdeckne rpaduKn HAIMX SKCIEPUMEHTOB (puc. 6.1-

6.6).
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Puc. 6.1. Dkcriepument Nel: criekTp B JsiorapudgmMudeckoM Maciirabe

6.2. BbramcanTeabHBI 3KCOIEPUMEHT: CTOAYNE BOJIHBI

PaccMoTpuM 1OBEpXHOCTHBIE BOJIHBI, Y KOTOPBIX T'OPU30HTAIbHAS KOOP/IN-
HaTa I0JI CKOPOCTEell paBHa HyJf0. B 9acTHOCTH, pacCMOTPHUM JIMHAMUKY I10-
BEPXHOCTHBIX BOJIH, BHIOpaB B KauecTBe HAYaJbHBIX YCIOBUI OTKJIOHEHUE CBO-
OOJIHOI MTOBEPXHOCTU 1 HYJIEBOE pacIipejie/icHre cKopocTeii. Kak Mbl yBHIIM,
TaK¥e BOJHBI ABIAIOTCA MEPUOINICCKIMI BO BDEMEHU. DTO OJINH U3 CAMBIX ITPO-
CTBIX PEXKUMOB JMHAMUKHI MOBEPXHOCTHBIX BOJIH, KOTOPBIl OYeHb YI00eH s
TECTUPOBAHUST HAINX [TPOTPAMM.

B sTom skcrepumenTe OyaeM HCIOJB30BaTh HpOrpaMMy 0e3 HMpUMeHEHHsI
obicTporo mpeodbpazoBanusg Dyprwe.

Omnumrem ImapaMeTpbl HalleI'O0 BbLIYUC/JINTC/IbHOI'O SKCIIEpUMEHTaA..
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Puc. 6.2. 9xcriepumenTt N°2: criekTp B JiorapudMuiecKoM Maciirade

KoamdyecTBOo TapMOHUK, ydacTBYyOIMNX B pacuere N = 512.
IHIar o Bpemenu 7 = 0.004.

YckopeHne cBobogHOTO TTageHus g = 1.0.

Hauasibaoe ycsosue R(u,0) =1+ 0.1e7™ V(u,0) = 0.

[Ipusenem npodpmis nadayibHoit Botabl ipu ¢ = 0 ma puc. 6.7. Ha puc. 6.8
naH crexkTp pemtennsd npu t = 60. IIpusegem u npoduib BosHbl 1pu t = 60 Ha
puc. 6.9.

[Iponoskum namr skcriepument. Ha puc. 6.10 w 6.11 npusenem crekTp u
npomib Bosiabl Tipu ¢ = 150. it KOHTPOJI HAIUX BBIYUC/IEHU TTPUBEIEM
rpacuk m3MeHeHus MMoJHoi sHeprun Ha puc. 6.12. B peaabnocTu nosinas suep-
ISl COXpaHdAeTCs, TodTOMY HabJto/laeMble KoJjiebanus Ha puc. 6.12 sro cie-

CTBUsI HorpemiHocTeil Boruncaennii. OaHako ToT ¢GakT, 9TO CpeJHHil YPOBEHb
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Puc. 6.3. Dkcriepument Ne3: criekTp B JiorapudmMuieckoM Maciirabe

HAO0JI10/1aeMOIl TIOJIHOM SHEPIUU OCTAETCs OJMHAKOBLIM, a KOJIeOAHWsI OTHOCHU-
TEJIbHO HEBEJIWKHU (B paMKax MOIPENTHOCTENl), MOTBEPXK/IAeT JOCTOBEPHOCTH
HAIX BBIYUCaeHuit. J[7g Toro 4ToOBI IpejcTaBuTh JAUHAMUKY HalluX BOJIH,
npuBejieM Ha puc. 6.13 usMeHeHne MOTEHIUAJILHON U KUHETUYECKON HEPTUil.
[TockonmbKy moTeHIMa bHAS U KUHETHYECKAs SHEPTUU CUIBLHO OCIUJIINPYIOT,
npuBegeM Juiib rmepble 50 oTcueToB. Kaxk u cieoBano 0XKUIaTh, B CIydae
CTOSTYUX BOJIH YPOBHU KHUHETUYECKOIl U MOTEHIUAJbHOI HEPruil HaxoJdaTcs B
nporuodasze. MakcuMyM TOTEHIUAJIBLHON SHEPIUN COOTBETCTBYET MUHUMYMY

(paBHOIT HYJIIO) KUHETUIECKON SHEPTUH, 1 HA0OOPOT.
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Puc. 6.4. Dxcriepument Ne4: criekTp B JiorapudgMudeckoM Maciirabe
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Puc. 6.5. Dkcriepument Neb: criekTp B JjiorapudmMudeckom Maciirabe
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Puc. 6.6. Dxcriepument N°6G: criekTp B JiorapudgmMudeckoM Maciirabe
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Puc. 6.7. IIpoduis nHavaabHoit BosHbI 1ipu ¢ = ()
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Puc. 6.8. CruexkTp perienusi B jorapudMIIecKoM MaciiTade npu t
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Puc. 6.10. Crekrp perienns B jorapudmudeckoM maciitade rnpu ¢ = 150
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Puc. 6.11. IIpoduas Bosab npu t = 150
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Puc. 6.12. lI3menenne sneprun B pacueTax CTOSINX BOJIH
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Puc. 6.13. ITorennumaibias 1 KUHeTHIECKas SHEPTUN B pacdeTaX CTOTINX BOJIH
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6.3. BbraucauTeabHBbIll 3KCIEPUMEHT: CTallMOHAPHbBIE

BOJIHBI

Eme B cepennne XIX B. CTOKCOM OBLIN NCC/IEI0OBAHBI CTAITMOHAPHBIE BOJIHEI.

B ciryuae 9TUX BOJIH CYIIECTBYET CUCTEMa, KOOPAWHAT, TBUKYIIASICA C IIOCTOSH-
HOIT CKOPOCTBIO, B KOTOPOIi IIOBEPXHOCTHBIE BOJIHBI HEIOABUKHBI. CTalmoHap-
HbIE BOJIHBI ITPEKPACHO MOJIXOJIAT JIJIsI ITPOBEPKU MTPOIPAMMBI JIJI YUCJIEHHOTO
perenus.

Bocnoibzyemcst HagaIbHBIM YCJIOBUEM, COOTBETCTBYIOIIIM CTAIIOHAPHOI BOJIHE,
coobmenabiM HaMm AWM. [psaerko. Paiia ¢ 9TUMH HAYaIbHBIMUI YCIOBUSIMUI
MOXKHO HaiiTn Ha cafite http://www.calcs.ru/.

s pacaeToB OyJjieM HCIOJIB30BATL MPOrPaMMy € IPUMeHeHneM OBICTPOTO
1peobpazoBanust Pyphbe.

OrnuireM rmapamMeTpbl HAIIETO BBIYUC/IUTEIBHOIO SKCIIEPUMEHTA.
KoamyecTBOo TapMOHUK, ydacTBYOIMnX B pacuere : N = 1024.
IITar mo Bpemenn : 7 = (0.004.

YckopeHne cBobogHOTO Tagenus : g = 1.0.
HagajbHoe ycjioBue : cranponapHoe perieHne.

[Ipusejiem npoduib HaYaJBLHOI BOJIHBI U CIIEKTP perieHus npu t = 0 Ha puc.
6.14, 6.15. ITockosibKy HallIa 1e/1b COCTOUT B IIPOBEPKE Hallleil ITPOTrpaMMbl, ITPO-
BeJIeM pacueThl Ha 60JbIIOM BpeMeHHOM mHTepBasie. Ha puc. 6.16 u 6.17 npu-
BeJieM IPou/ib BOJIHBL 1 ciieKTp pemtenns npu t = 7000. D10 cooTBeTCTBYET
HPUMEPHO THICAYN MEepHOoJA0B. Mbl BHJINUM, UTO CTapIIHe TapMOHHKHU CIIEKTPA
HECKOJIbKO BO3PACTAIOT BCJIEJICTBUE IOI'PelIHocTell Bbrunciennit. OaQHako 5T0

BO3pacTaHue He HOCHUT KaTacTpOpUIECKOIro XapakKTepa, U CUeT MOXKeT ObITh
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poao/KeH. Ele oJHIM KOHTPOJIEM KOPPEKTHOCTH HAIIUX PACYETOB SIBISETCH
KOHTpPOJIb sHeprun. Ha puc. 6.18 npuoaum rpaduk MoJHON, KHHETHIECKOH 1
MOTEHTTUAIBHON dHepruit. Mbl BUUM, 4TO yPOBEHD SHEPTUN U TTOJIHON, U KUHe-
TUYECKOM, 1 HMOTEHIINAJIbHON 0CTaeTCsT OJMHAKOBBIM CO BPpEMEHEM. JTO COTJIa-

Cy€eTcCs C ,[LI/IHaMI/IKOﬁ CTallMOHAPHBIX BOJIH.

0.5
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0.1

Puc. 6.14. IIpocduib navaabnoit Boas mpu ¢t = 0
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Puc. 6.15. Cuekrp perienns B jorapudmudeckoM maciitade mnpu t = 0

Puc. 6.16. IIpoduas Bosas ipu ¢ = 7000
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Puc. 6.17. Cuexktp pertenust B jiorapudmudeckom macirade npu t = 7000
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Puc. 6.18. Yposenb sneprun
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6.4. MoaeaupoBaHue oOpyHIIMBaOINeicsad BOJTHbBI

B npe by X BIYUC/INTEIHLHBIX 9KCIIEPUMEHTaX PACCMATPUBAIOCH TTOBEPX-
HOCTHBIE BOJIHBI, KOTOPBIE CyIiecTBYIOT Ipu BeexX ¢ > 0. Kak mpasuiio, mosepx-
HOCTHBIE BOJIHBI UCATBHON KUJIKOCTH UMEIOT OOBIKHOBEHNE OOPYIINBATHCS JIT-
00 y 9THX BOJIH BO3HUKAIOT OCODEHHOCTH 3a KOHEeYHOe Bpemsi. B HacTosiiem
9KCIIEPUMEHTE ITPOBEIEM MOJIETUPOBAHIE 0OPYINBatoIieiicss BoJiHbL. [Tockob-
Ky BpeMsI CyIIECTBOBAHUS PEIICHUI, OIMUCHIBAIONINX 3TU BOJIHBI, KOHEUHO, TO
PUMEHUM METOJIbI OIIEHKN BPEMEHHU CYIIECTBOBaHUSI pEIeHUil, KOTopble ObLIN
paspaboTaHbl B riiaBe 4.

Pacemorpum mpumep obpytarorieiicss BOJHbBI 13 paboThl [48] n cpaBHUM Ka-
JeCTBEHHbIE W KOJIMIEeCTBEHHBIE PE3YTbTATHI.

B 9TOM BBIYHC/INTEIHLHOM 3KCIEPUMEHTE Oy/eM HCIOJIb30BATh MPOrpaMMy
pacdeTa MOBEPXHOCTHBIX BOJIH C IIPUMEHEeHHeM ObIcTporo rnpeobpazoBanme Dy-
phbe.

Omnumrem I[IapaM€E€TPhbl HAIICI'O BHIYHUCJINTE/JILHOI'O IKCIIEPHUMEHTA.

KoaunyecTBo rapMoOHUK, ydacTByOIuX B pacuere N = 40906.
IHIar mo Bpemenu 7 = 0.0001.

Yckopenne cBobogHOrOo magenust g = 10.0.
Hauasbhoe ycnosue R(u,0) =14 0.28¢7", V(u,0) = —0.28,/ge "

B pabore [48| yTBeprkmaercsi, 9TO y BOJIHBI, C 9TUM HAYAJBHBIM YCIOBHEM, 00-

pasyercs 0cOOeHHOCTD 3a BpeMd nopsijika t = 2.0. [IpoBepum 510 yTBEpkKIeHNE

C TIOMOIIBIO OTEHOYHBIX (PYHKITMOHAJIOB, KOTOPbIe Mbl BBEJIN B TiaBe 4.
[lepBbIM fe0oM mpuBeieM MpoUIbL HAYaIbHON BOIHLI Ha puc. 6.19.
Haumem pacuers! 1o yKazaHHOI cxeMe 1 MPUBEJIEM CIEKTp PeleHuii u mpo-

¢ rIH MoBepXHOCTHBIX BOJIH Ha puc. 6.20—6.27. J11s1 KOHTPOJIst BBIUNC/IEHUI TPU-
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BeJleM IpaduK SHEPruii: KNHETUIEeCKO!, MOTEHITNAJILHON 1 TOJIHOI Ha puc. 6.28.

13 paccMoTpenns moBejieHns CIeKTpa, peleHnss MOXKHO ¢Jie/IaTh IMITUPUte-
CKWII BBIBOJI, UTO y PelleHnst BO3HNKaeT ocodeHHocTh mpu ¢ = 2.0. Vcnon3ys
OIlEHOYHbIE (PYHKITMOHAJIbI, BBEJICHHBIE B IVIaBe 4, Mbl MOXKEM ITOJTBEPUTH 3TOT
BBIBO/I JI0OKazarebHo. [IpuBenem rpadukn QyHKimm V,iv or pemtennit R u 'V
PN pa3IuIHbIX 3Hadenudax t puc. 6.28-6.32. Mbl BuauM, 9TO 1MpHU 3HAYUEHU-
sax t = 0.5, t = 1.0, t = 1.5 3HaYeHUs] OLEHOYHBIX (PYHKIIMOHAIOB OT/IEJIEHbI
or Hyiass. A npu t = 2.0 HabII0MaeM CTPEMJIEHNE OIEHOYHOIo (DyHKIMOHAA
K HYJII0, 9TO FOBOPUT 00 0Opa3oBaHUU 0coOeHHOCTH y perrenuil npu t = 2.0.

ﬂaﬂbHeﬁIﬂI/Ie BBIYHNCJICHUA 9TOI'O PEIICHNA IIPOBOJAUTDL Y2KE€ HEJIb3.
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Puc. 6.19. IIpoduiab HauabHOI BOJIHBI
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Puc. 6.20. Cnekrp pemrenus B Jjiorapudmudeckom maciirade mpu t = 0.50
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Puc. 6.21. IIpocdunb Bosmsr npu ¢t = 0.50
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Puc. 6.22. CrnexkTp perienus B jiorapudmudeckom macirade npu ¢ = 1.0
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Puc. 6.23. IIpocduib Bosas! npu ¢t = 1.0
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6.5. MogenunpoBanue HeycToiduBocTu Pesned-Teitiopa

[Ton neycroitumBocThio Peses-Teitopa MBI moHHUMaeM TedeHHE KUIKOCTH
(B mameMm ciydae WjeasbHOI) cO CBODOIHOI TOBEPXHOCTHIO, KOTJa YCKOpe-
HUe CBOOOJIHOIO IIaJIeHUsI UMeeT OoTpularebHoe 3HadeHne. Ou3mieckn 9TO K-
BUBaJIECHTHO PACCMOTPEHUIO MHTepdeiica: TsxKeaas KUJIKOCTb — BaKyyM, KO-
ra »KUJKOCTb HAXOIHUTCs cBepxy. Mojesb peseii-TeillopoBCcKoil HeycToiun-
BOCTH HE MMeeT HEIOCPEJICTBEHHOIO OTHOIICHUs K 3aJadaM OKEaHOJIOIMM, HO
urpaer OOJIbIIYIO POJIb B TEOPUU TIUJIPOJUHAMUKUA CO CBOOOJIHOM IIOBEPXHO-
cTbio. Vcrnosb3yeM 3Ty MOJEb JjIsT allpodaliii HAaIlnX MeTOJ/IOB OLIEHKI BpeMe-
HU CYIIEeCTBOBAHUSI PEIICHUI, MMOCKOJbKY PEIIeHUs, COOTBETCTBYIOIINE peJieii-

TeJI0POBCKOI HEYCTOMINBOCTH, OBICTPO Pa3pPyIIAIOTCs.

Kak ciemyer n3 camoro nazsanus, redenne Pejes-Teitopa gaBisgeTcs Heycroii-
YUBBIM 110 dus3nke jesa. Brepsble 3T0 TedeHne ObLIO PACCMOTPEHO B pado-
Te [43].

Yucsiennoe pelieHre HEYCTONYMBBLIX 3a/1a4 MIPEJACTaBIAeT COOOM CJIOYKHYIO
3ajiady. Pery/sipusanny HEeKOPPEKTHBIX (HEYCTOHUINBbBIX) 3a/iadaM MOCBsIIeHa
oT/e/bHasi HayKa. B riaBe 3 HaMU HCIOJIL30BaHbI HEKOTOPbIe (DAKTHI TEOPHUH
HEKOPPEKTHBIX 3aJ1ad JIJIsl JIOKA3aTeIbCTBa, CXOIAMMOCTU YNC/IeHHbIX cxeM. OjI-
HAKO M3 9TOr0, BOODIIE TOBOPsI, €Ille He CJIeyeT, UYTO IPOoIeayphl, pa3paboTaH-
HbIC paHee, MOXKHO «0e300JIe3HEHHO» IIPUMEHATD B cJIydae pejieii-TeiliopoBCKoil
HeycroitunBocTu. Hampumep, npuMeHeHne mporpaMMmbl, ¢ HCIOJIL30BaHIEM ObICT-
poro npeodbpazopanust Pypbe NPUBOIUT K OLICTPOMY Pa3PYIIEHUIO YUCIEHHOMN
CXeMbI M3-3a OIMMOOK OKpyIJIeHus. B To Ke BpeMs, ecyim UCIOJIb30BaTh IIPO-
rpammy «6e3 BIT®», To MmoxkHo HabJI01aTh pa3BuTHe HeycToiiunBocTn Pees-

Teitnopa Gsrarogaps ymadHoit ¢popme ypaBHeHnit JIbsiueHKO.
OrnuireM rmapamMeTpbl HAIIEro BBIYUC/IUTEIBHOIO SKCIIEPUMEHTA.
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KoaunyecTBOo rapMOHUK, y4acTBYyOIuX B pacuere N = 1024.

IHIar o Bpemenu 7 = 0.001.

Yckopenne cBobogHOTO TIagenus g = —10.0.

Hauanbhoe ycaosue R(u,0) =1+ 0.0le™™, V(u,0) = 0.

Brrauciienust mpoBOIUM IIPOIPaMMOIi, He UCIOJb3YIoNIell ObIcTpoe mpeodpa-
zoBanune Oypre. [Ipoduib HaUaILHON BOJIHBI HE CUJILHO OTJINYAETCs OT IIPEJIbI-
IyIINX HadaJbHbIX ycaoBuii. [IpusBogum ero na puc. 6.33. Ilpm ¢ = 1.0 Mbr
BUJIIM YBeJMYEHNe aMILINTY/Ibl TPpOMuIIsd MOBEPXHOCTHO BOJIHBI Ha, puc. 6.34.
[Ipu sToMm crekTp perieHus: B jorapudMudeckoM Maciirade BegeT cebsi Kak
JINHelHast PYHKIUS, 9TO O3HAYaeT, YTO Ha JJAHHOM 3Talle PelleHue erle Mpe/i-
CTaBJIEHO aHauTHIecKuMU pyHKInAME puc. 6.35. IIpogoxum cuet. Pacemor-
pum npodusib 1 Jorapudmudeckuii crekrp perenns npu t = 1.5 (puc. 6.36,
6.37). Ammuinryna npoduiis TOBEPXHOCTHON BOJIHBI MPOJIOJIZKAET PACTH, DU
9TOM MbI HabJIoaeM XapakKTepHoe Jjisi HeycroiiunBocTu Pejes-Teitiopa BbI-
Tsrupanue ropoos. CIeKTpP pelieHust B JOrapudMUIecKoM MaciiTabde 0 CHX
0P JeMOHCTpHUpPyeT JuHeitHyo dopmy. OaHaKO JagbHEMIIi cueT TPUBOSIT
K OBICTpOMY pa3pyIlIeHHuio pernienns. JleficTBUTEIbHO, pacCMOTPUM HPOMUIITH
MOBEPXHOCTHON BOJHBI U CIIEKTp y2Ke 1ipu £ = 1.6 Ha puc. 6.38, 6.39. Jlaibneii-
MUl cIeT CTAHOBUTCA MPAKTUIECKN HEBO3MOYKHBIM M3-3a KaTACTPO(PUIECKOTO
pasBaJia pemieHusi. [[JoHATb, YTO Mbl «IIOJOILIN K KPalO pPelIeHUsi», MOXKHO U3

rpauKOB OLEHOUHBIX (DyHKIIMOHAJIOB Ha puc. 6.40, 6.41, 6.42.

139



0.015 T T T T T T

0.01f .

0.005

T
1

-0.005 .

~0.01 I I 1 I I I
0

Puc. 6.33. HauasbHoe ycioBue

6.6. MogennpoBanne AMHAMUKN II0 UeaJJbHOI

KMJIKOCTH B YCJOBUAX BUOpaInmn

B npenpiayeM pazjese Mbl pacCMaTPUBAIN IUCIEHHBIE SKCITEPUMEHTHI 110
pasBuTnio HeycroitunBoctu Peseg-Teitopa. Belio mokazano, 9To perienus,
COOTBETCTBYIOIINE STUM MOJEIAM, OBICTPO paspymiaioTcd. B HacTosdIeM pas-
JleJle pacCMOTPUM JIMHAMUKY HUJI€aJIbHON »KUJIKOCTH CO CBOOOJIHOM ITOBEPXHO-
CTBIO B yCJI0BUSIX BuOpanun. Eciim B 9kcriepuMenTax 110 HeycToitunBocTu Pestes-
Teitsiopa 3HaUYeHNE YCKOPEHUsI CBOOOJIHOTO TaJeHuUsT ObLIO OTPUIATETbHBIM, TO
B HACTOAIINX SKCIIEPUMEHTAX 9TO 3HAUEHNE OYJIET MEHATHCS TMEPUOJINIECKH 10

rapMOHHMYIE€CKOMY 3aKOHY.

B paccMaTpuBa€eMbIX IKCIIEpDUMEHTaxX C IIEpeMEHHBIM YCKOPEHUEM CUJIbI Tf-
KeCTn Be€JIM4YMHa ¢ IIPpHHHUMaCT KaK IIOJIOZKHUTEJIbHBbIC, TaK M OTpulaTe/JIbHbIC

3HAYEHUS, TOTOMY B 9TOM CJIydae TaKzKe HabJIIo/1aeTcsd HeyCcToianBocTh Pees-
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Puc. 6.34. IIpoduis nosepxHocTHOI BoJHBI Tipn ¢t = 1.0

Teitiopa, 1 perieHns pa3pyIIalTcs.

OmnuireM napaMerpbl HAIIETNO MEPBOIO BHIYUCIUTEIHLHOIO SKCIIEPUMEHTA.
KoaundyecTBOo TapMOHUK, y4acTBYIOIIUX B pacuere N = 256.
IMTar o Bpemenu 7 = 0.001.
Hauanbuoe yciosue R(u,0) =1+ 0.0le”™, V(u,0) = 0.
3akKoH M3MEHEeHUsI YCKOPEHUsI CUJIbI TIXKECTHU

g(t) = 10.0 + 20.0 * sin(5t).

Boeraucienus MmpoBouM IPOTPaMMOii, He HCIIOJb3YIoIIeil ObIcTpoe Ipeod-
pazosanue Pypwe. [Ipoduyib HavabLHON BOJIHBI BLIOpAH TAKUM K€, KaK U B
9KCIIEPUMEHTAX, OMUCAHHLIX B paszjere 6.5 (em. puc. 6.33).

Ha puc. 6.43 npusenen npoduib nosepxuoctu nmpu t = 3.6. CrekTp perire-

nug npu t = 3.6 npusesen Ha puc. 6.44. Ha puc. 6.45 npuBeaensl 3nadeHns
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Puc. 6.35. Criektp pernienus B jiorapudmudeckoM macmirabe mpu ¢t = 1.0

OLCHOYHDbIX beHKL[I/IOHa.HOB.

[IpuBeemM mapamMeTphbl HAIIETO BTOPOTO BHIYUCIUTEILHOTO SKCIIEPUMEHTA.
KosmyecTBO rapMOHUK, ydacTBYIOIux B pacuere N = 1024.
IITar o Bpemenu 7 = 0.001.
Hauanbhoe yciosue R(u,0) =1+ 0.0le7", V(u,0) = 0.
3aKOH M3MEeHEeHUs YCKOPEHUS CUJIbl TAXKECTH

g(t) = 10.0 + 20.0 * sin(25¢).

B sTOoM 3KcIIepuMeHTe YacToTa N3MEHEHUsI BeJIMYIHBI ¢ yBeJIndeHa B 5 pas.
BorunciieHust TakzKe ITPOBOIMM ITPOIPAMMOI, He UCHOJIb3yIolieil ObicTpoe Ipe-
obpazoBanne Pypne. [Tpodbuab HavabHON BOJHBI BHIOPAH TAKUM K€, KaK 1 B

PEJIbLIYIIEM SKCIIEPUMEHTE.
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Puc. 6.36. IIpocduib moBepxnoctnoit BotHbI mpu ¢t = 1.5

Ha puc. 6.46 npupesaen npoduib nopepxuoctu npu t = 11.5. CriekTp perre-
Hus npu t = 11.5 npusejien Ha puc. 6.47. Ha puc. 6.48 npuBeieHbl 3HAUCHUS

OLICHOYHDbIX d)YHKL[I/IOHaJIOB.
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Puc. 6.37. CrekTp pelenus B jiorapuMudecKoM Maciiradbe mpu t

1.4

Puc. 6.38. IIpocduib noBepxnocTHoit BotHBI 11pu ¢t = 1.6
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Puc. 6.39. CriekTp pelieHus B JJorapuMUIeckoM MaciiTtade rnpu t
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6.40. 3nauenue omneHo4uHoro ¢gpyHxmuonasa upu t = 1.0
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Puc. 6.41. 3nadenue orneHouHoro pyHKIimonaaa npu t = 1.5
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Puc. 6.42. 3nadenne oreHouHoro gpyHkimonasa npu t = 1.6
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Puc. 6.44. Criektp pernienus B jjorapudmMmuieckoM Maciitabe nmpu ¢t = 3.6
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Puc. 6.45. 3HaveHus oleHOYHBIX QPYHKIIMOHAJOB Ipu t = 3.6

0.03

-0.01

-0.02

-0.03

~0.04 I I I I I I
0

Puc. 6.46. IIpocduib moBepxHocTHOI BotHBI pu £ = 11.5
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Puc. 6.47. Cuekrp pemrenus B Jjiorapudmudeckom maciirabe mnpu t = 11.5
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Puc. 6.48. 3nauenust oneHOUHbIX (DYHKIMOHAIOB 1ipu t = 11.5
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6.7. MoagenupoBaHue BOJIH-YOWIAI]

B nacrosinem pazjiesie OmuIieM JBa BEITUCIUTEIbHBIX SKCIIEPUMEHTA, B X0O/1€
KOTOPBIX OOHAPYKUM BO3HUKHOBEHNE BOJTH-YOUAII.

OrnuireM rmapamMeTpbl IEPBOI0 SKCIIEPUMEHTA.
KoamdyecTBOo TapMOHUK, ydacTByOIMnX B pacuere N = 1024.
IMTar o Bpemenu 7 = 0.001.
Yckopenue cBoboaHoro najenus g = 1.0.

Haganphoe ycuoBue : dyukiunu R(u,0) u V(u,0) BoiOupaiuch ciydaiiHbim

obpa3oM.

CriekTp B jtorapuMUIecKOM MacIiTabe Haua bHbIX (PYHKINI TPUBEICH HA PUC.

6.49, Ha puc. 6.50 gaH npoduIb HAYAJIHLHON BOJIHBI.

0

oy
-15f | .

M
¥ Lo

_25 ! ! ! ! ! ! ! ! ! !
0 50 100 150 200 250 300 350 400 450 500

Puc. 6.49. Crektp permenns B jiorapudmudeckom macmrade npu t = 0.0

Pacuer nposouics mipu ¢ € [0, 7000].
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0

Puc. 6.50. IIpocduis nosepxnoctnoit Bostabl mpu ¢t = 0.0

T
CpeiHee 3HAUeHHe aMILTUTYbI, 7 [ II[laX] In(x,t)|dt: | 0.003226439512
0 z€|0

)

Makcumasibaoe 3Hauenne aMiuTyabl, max |n(x,tg)|: | 0.0136893619

x€[0,27]
max. In(z,tr) /Tf nax. n(z,t)|dt: 4.242869535812
re 7r 7T
Bpewmst, mpu KOTOPOM JIOCTUTHYTa BOJIHA-yOMitIa 6832.0
MakcumMyM KpyTH3HBI BOJTHBI-yOUNIIBI 0.297

Ha puc. 6.51 u 6.52 npuBejieHbl CIEKTP B JIOTAPUPMUIECKOM MacliTade u
IpOQUIbL BOJTHBI-YOUHIIH.

B cuny BaKHOCTH YNCIEHHBIX SKCIEPUMEHTOB, KaCAIOMINXCS BOJIH-YOUNTI,
IIPUBEIEM €eIlle OJINH BBIYUCIUTENHHBIN SKCIIEPIMEHT.

OrnuireM mapamMeTpbl BTOPOIO 9KCIIEPUMEHTA.

KoamvyecTBOo TapMOHUK, ydacTByOIMnX B pacuere N = 1024.

IHIar mo Bpemenu 7 = 0.001.
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Puc. 6.51. Crexkrp perienust B jjorapudmudeckoM macirrabe mpu ¢t = 6832.0

Yckopenne cBoboanoro najgenns g = 1.0.

Ha4asibHoe yciioBue bynknnn R(u,0) n V(u,0) BboiOupasucs ciydaiinbim
obpasoMm. CrexkTp B JjorapudmMumdecKkoM MaciiTabe HadaabHBIX (DYHKIIN

npusegeH Ha puc. 6.53, Ha puc. 6.54 nan TpoduIbL HAYAJILHON BOJIHBI.

Pacuer nposouics mpu ¢ € [0, 7000].

T

Cpe/iHee 3HAYEHIE AMIUTATY/IB, 7 f nax, In(z,t)|dt | 0.002816220421
0,2m

MakcumasibHoe 3HadeHne aMinTy b, max |n(x,tg)| | 0.012116236705

)

max |n(x,tp |/Tf max |n(x,t)|dt 4.302304114285
x€[0,27] x€0,27]

Bpewms, mpu KOTOPOM JIOCTUTHYTa BOJIHA-YOUIIIIA 4252.0
MakcuMyM KpyTH3HBI BOJTHBI-YOUNTIBI 0.325

Ha pucynkax 6.55 n 6.56 mpuBeieHbI CIIEKTP B JIOrapuMIIECKOM MacIITade

1 TPOUIL BOJIHBI-YOUHITHI.
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Puc. 6.52. IIpocduib moBepxnocTHoit BotHbI 1pu ¢ = 6832.0
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Puc. 6.53. CriekTp perrenus B Jjiorapudmudeckom macirade npu ¢ = 0.0
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Puc. 6.54. IIpoduis nosepxHocTHOI BosHb! Tipu ¢t = 0.0
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Puc. 6.55. Criektp perienust B jjorapudmudeckoM maciirabe npu ¢t = 4252.0
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Puc. 6.56. IIpocduib moBepxnocTHoit BotHBI pu ¢ = 4252.0
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OIIMCAHHUE KYPCA U IPOI'PAMMA

Iesun 1 3aga4ya Kypca:

e yueOHO-METOAMYECKUH Kypc paszpaboraH mo mpodwmro «MaremaTukay,
0 CTeMAIbHOCTU nudPepeHnnanbuble ypaBHeHNUS,

e y4eOHO-METOAMYECKUH Kypc pa3paboTaH Juisl  CTYAEHTOB  5-TO
(MarucTparypa);

e y4eOHO-METOAMYECKUN Kypc pa3palboTaH HJisi CTYIEHTOB, OOyYarOIUXCS
10 HATMIPABJICHUIO «MaTeMaTHUKa;

e y4eOHO-METOAMYECKUN KypC HOCUT TEOPETHUECKUI XapaKTep;

[lenpto  y4eOHO-METOAMYECKOTO  KOMILUIEKCAa  «AKTyaJlbHBIE  MPOOIEMbI
KOMITBIOTEPHOTO MOJEIMPOBAHUS HEIMHENHBIX BOJIHOBBIX MPOLIECCOBY SBIISIETCS
oOy4yeHue CTYICHTOB COBPEMEHHBIM IMpo0jemMaM HEIMHEHHBIX BOJIHOBBIX
IIPOLECCOB U UX MOAEIMPOBAHUS C IOMOILBI KOMIIBIOTEPOB.

3amaya Kypca COCTOUT B TOM, YTOOBI TPOAEMOHCTPUPOBATH METOIBI
MaTeMaTUYeCKOTO MOJEITUPOBAHMUS HA CIIOKHBIX HEJIMHEHHBIX OOBEKTax.
OcHOBHbIE UJEH Kypca pealn30BaHbl Ha NpUMEpPE 3a7auyd HEJIMHEHHOU
JWHAMUKE ITOBEPXHOCTHBIX BOJIH UACAIBHOM KUJKOCTH.

Jlekuuu ¥ TpPaKTUYECKHE 3aHATHS MO JaHHOMY Kypcy OyAyT TPOBOAWTHCS B
MYJIBTUMEIUAHOM KJIACCE, YTO IIO3BOJSAET COYETATh M3JIOKEHUE HOBBIX
MAaT€MaTU4YECKUX PE3YJIbTATOB U COBPEMEHHBIX BBIYMCIUTEIBHBIX CPEACTB U

CPCACTB BU3yaAJIU3AHUN OJIA JIYUIIICTO YCBOCHHA 3HAHUU CTyACHTaMH.
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NHHOBaNIMOHHOCTH KYpPCa MO COAEPKAHUIO.

B cBiI3m ¢ pe3kMM pa3BUTHEM BBIUYHMCIWTEIBHBIX TEXHOJIOTHH B IOCIICIHEE
BpeMsl, MHOTHE pas3feibl MaTeMaTHKH IOIBEPININCh  CYIICCTBEHHOMY
n3MeHeHn0. OCOOEHHO ATO KOCHYJIOCH MPOOIEM HEITWHEHWHOW IHHAMUKE, TIIC
BBIYMCIIMTEIILHBIE METOALI SBISIOTCA OJHHMM W3 OCHOBHBIX METOIOB
uccnenaoBanus. [loaTomy mpencraBiasieMblid KypC MOCTPOCH Ha CYIIECTBEHHOM
UCIIOJIb30BAHUKM KOMIIBIOTEPHBIX TEXHOJOTUH IPH HCCICAOBAHMHM HEITUHEHHBIX
3aga4. J[pyrum Ba)KHBIM MOMEHTOM HAIlIeTO HMHHOBAIIHOHHOTO ITOAXO0/1a SBIISICTCS
HCIIOJIB30BAaHUE BBIUMCIUTEILHBIX METOLOB HE TOJBKO [JIS HaXO0XKIEHUS
OpUOMKEHHBIX  PCIICHWH, HO W I TPOBEACHUS  TCOPETHYCCKHX
ucciueaoBaHuii. B dacTHOCTH, MHOTrO BHHUMAaHHUS yAeIsIETCS IpobiaeMam
MIPOBEACHUS JTI0KA3aTCIIbHBIX BBIYUCICHUM.

[Ipr 3TOM CyIIECTBEHHO HCIOJB3YKOTCA PE3YJAbTATHI, IMOJYYEHHBIE ABTOPOM

Kypca.

NHHOBALIMOHHOCTH 110 METOAMKE npemogaBaHus.

Metoanka mpemnojaBaHusi Kypca BKJIIOYAaeT B ce0s HE TONBKO MPOBENCHUE
JEKIUA W CEMUHApPCKUX 3aHATHH, HO U YYacTUE CTYJECHTOB B HACTOSIIUX
BBIYHMCIIMTENBHBIX IKCIEPUMEHTAaX, MPOBOJUMBIX J1TA00pATOpHEl HEIMHEMHBIX

BOJIHOBBIX TporieccoB B MHcTuTyTe okeanonoruu um. ILI1. upmosa PAH.

NHHOBAIIMOHHOCTH 110 JIUTEpaType.

Kak yxe oTMedanock, B yueOHO-METOIMUECKOM Kypce « AKTyallbHbIE MPOOIEMBI
KOMIIBIOTEPHOTO ~ MOZEIMPOBAaHMS  HEIMHEHMHBIX  BOJHOBBIX  IPOLIECCOBY
UCTIONB3YIOTCA  COBpPEMEHHBIE (DAKTHI, W3JI0KEHHbIE B MOHOTPAPUIECKON
JaUTEepaType, a TakKe TOJAbKO B IKypHAlbHBIX MyOnuKanusax. MHorue

PE3yAbTaThl, U3JaraeMbie B Kypce, ObUIN MOTYYeHBI CAMUM aBTOPOM Kypca.
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NHHOBAIIMOHHOCTD MO OPraHM3aluu y4e0HOro nmpoiecca.

NHHOBAaIIMOHHBIM SIBISIETCSI MCIOJIb30BAaHUE B YUYE€OHOM IIPOILIECCE HE TOJIBKO
TPaAUIIMOHHBIX POopM 00yUEHHUS, TAKUX KaK JICKIIUUA U CEMHUHAPCKHE 3aHATHUS, HO
Y UCIIOJB30BAaHUE METOJOB MAareMaTUYECKOrO MOJEIMPOBAHUA, IPOBENCHUE

PCAaIbHbIX YHCJICHHBIX 3KCIICPUMCHTOB.

CrpykTypa Kypca.

Kypc paccunran Ha 288 yacoB yueOHON HArpy3kd (JBa ceMecTpa, 8 KpeIUuTOB),
U3 KOTOpBIX 72 4acoB OTBOJAWUTCS Ha JIEKUUHU, 72 4acOB — HA MpPaKTUUYECKHUE

3aHsTHS, 144 yaca — Ha CaMOCTOSTENIbHYIO pa0OTy CTYJEHTA.

TeMbl JIEKIIUH.

Tema 1. BBoaHas Tema
(nexyuu — 3 uaca, npakmudeckue 3aHAmMus — 3 uaca, camoCmosmenvHas

paboma — 6 yaca).
Beenenne B mpenmer Kypca. Paccmorpenume wmctopum  Bompoca. O0630p
COBPEMEHHBIX pe3ynbTraTtoB. O030p AUTEpATYyPHI.

BBenenue ocHOBHBIX 0003HaueHni. PaccMoTpenre 0a30BbIX TOHATHIA.

Tema 2. YpaBHeHMsI WAeaJIbHOM KUAKOCTH (leKyuu — 3 yaca, npakmuyecKue
3aHamMuUs — 3 yaca, camocmosamenvuas paboma — 6 uaca).

Onucanve MEXaHUKH CIUIONIHOW cpenbl. YpaBHeHUs Oiinepa. [[BymMepHOe u
TPEXMEPHOE TEYECHHE WJIC€ATIBHOMN KUIKOCTH.

[Ipumepsl TeUeHUN.

Tema 3. [loBepXHOCTHBIE BOJHBI HUI€AJTbHON KUAKOCTH (Tekyuu — 3 yaca,
npakmuveckue 3anamusi — 3 uaca, camocmosmeinvHas paboma — 6 uaca).

YPaBHeHI/IH, OIIMCBIBAIOIUEC ITIOBCPXHOCTHBIC BOJIHBI H,Z[eaJIBHOﬁ KHNIKOCTH.
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Kunemarnueckoe kpaeBoe ycioBue. JnHamuueckoe kpaeBoe yciaoBue. KpaeBoe
yCIOBHE Ha CTeHKaxX. Bapuanuonnsle 3agaud. TpygHOCTH oOMNHMCaHUS

HEIMHEWMHON NUHAMUKHU UAECaJIbHOU KUIKOCTH.

Tema 4. IlpumeneHue KOHGOPMHBIX IepeMeHHBIX (ZTekyuu — 3 uaca,
npakmuyeckue 3auamus — 3 yaca, camocmosmenvhas paboma — 6 uaca).

Kondopmubsie mnpeobOpa3oBaHusi B 3agadax THAPOIAMHAMHKHA CO CBOOOIHOM
MOBEPXHOCTHIO. YPAaBHEHUS, ONMKCHIBAIOUIME TEUEHUE HJI€ATbHON KUIKOCTU CO
CcBOOOMON TOBEPXHOCTHIO, B KOH(POPMHBIX TIEPEMEHHBIX, pa3pericHHbIC

OTHOCHUTCIBHO HpOHBBOI[HOﬁ I1I0 BpCMCHH.

Tema 5. YpaBHenus [IbsiueHKo (1ekyuu — 3 uaca, npaxmuyeckue 3aHsAmus — 3
yaca, camocmosmenvras paboma — 6 uaca).

BriBon ypaBHenuit /JlpsiueHko. YpaBHeHUss Ha OECKOHEYHOW W KOHEYHOM
mryoune. HMccnemoBaHwe TPOCTEHWIIMX —CBOWCTB — ypaBHeHHM. Omeparop

I'unb6epra.

Tema 6. CraumoHapHble BOJIHBI (Tekyuu — 3 uaca, npaxmudeckue 3aHamusi — 3
yaca, camocmosmenvras paboma — 6 uaca).

VYpaBHEHUS, OMHUCHIBAIONINE CTAIMOHAPHBIE BOJHBI WACATBHOU >KUIKOCTH.
[TpubnmxeHHOE pelIeHne ypaBHEHHI, OMUCHIBAIONINX CTAIMOHAPHBIC BOJHBI.

Bomura Crokca.

Tema 7. IIkansl (YHKHHOHAJNBHBIX MPOCTPAHCTB (Texyuu — 3 uaca,
npakmuyeckue 3auamus — 3 yaca, camocmoamenvhas paboma — 6 uaca).
OmnpeneneHue MmMKadbl THIBOEPTOBBIX MPOCTPAHCTB. KOMITAKTHOCTH BIIOXKEHUS
IPOCTPAHCTB U3 MIKaJbl. OUEHKH AJIsI HOPM.

CBsi3b ¢ aHATUTHYECCKUMHU (DYHKIHSIMHU.
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Tema 8. PaspemmmMocts ypaBHeHuii JIpsiueHko (rexyuu — 3 uaca,
npakmuyecKkue 3auamus — 3 yaca, camocmoamenvras paboma — 6 uaca).
Teopema Hupenbepra-Hucunpl. CBenenne k abcrpakrHol 3anade Komm. Beion

OLICHOK JJIs1 OTIEpaTopa MpaBOil YaCcTH.

Tema 9. DBoOJIONUOHHBIE YPaBHEHHS] B IIKAJaX TI'WIb0EPTOBBIX
NPOCTPAHCTB (nekyuu — 3 uyaca, npakmuyeckue 3amamus — 3 uyaca,
camocmosmenvHas paboma — 6 yaca,).

Onucanne  aOCTPAKTHOTO  MPOEKIMOHHOTO  Merona.  KoHeuHoMepHas

anmpokcuMmanusa. O60cHOBaHNE aOCTPAKTHOTO MPOESKIIMOHHOTO METO/IA.

Tema 10. YncjieHHbIe MeTOAbI B TEOPHH NMOBEPXHOCTHBIX BOJIH (JleKYuu —
3 uaca, npakmuueckue 3anamus — 3 uaca, camocmosimenvHas paboma — 6 yaca).
OO6mme BOMpOCHl YUCICHHBIX METO/IOB B THAPOIMHAMUKE UCATHLHOU KUIKOCTH
CO CBOOOHOI TTOBEPXHOCTHIO.

[Ipumenenune npoekmoHHOTO MeToaa. [[puMeHeHne Teopuu peryasipu3aluu.

Tema 11. Peryasipuzanusi MeToa NPSIMbIX B YCJIOBHSIX MAIIMHHOM
TOYHOCTH (nekyuu — 3 waca, npakmuweckue 3aHamus — 3  uaca,
camocmoamenvHas paboma — 6 uaca,).

[IpuMepbl BBIUUCIUTENBHON HEYCTOMUYMBOCTU. OmpeneneHne BbIYUCIUTEIbHOM

HEYCTOMYUBOCTH. Meron peryispu3aiuu. O6ocHoBaHuMe METO/1a
peryisipu3aluu.

[Tpumepsl

Tema 12. IlpuMeHeHMe CIUIalH-aNNpPOKCUMMAaNUM (Texyuu — 3 uaca,

npakmuyeckue 3anamus — 3 uaca, camocmosmenvHas paboma — 6 uaca).
Kybudeckue cruiaifHbl ¢ MEPUONUYECKIMHU KPACBBIMH YCIOBUSMH. AJITOPUTMBI
MOCTPOEHUS CIUIAaHHOB.

Anmnpokcumanus ypaBHEHHS [[pSIUEHKO C TOMOLIBIO CILIAWHOB.

MeTtonab! BeIYHCIICHUS orieparopa [ uibpdepra ¢ mOMOIIbIO CIUTAHOB.
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Tema 13. HayuyHoe nmporpamMmmupoBaHme (rexkyuu — 3 uyaca, npakxmuyeckue
3auamus — 3 waca, camocmosmenvHas paboma — 6 uaca).

WUneonornss u TONXOA HAydyHOTO TPOrpaMMHpOBaHUsA. Bpibop  s3bIka
NpPOrpaMMHUPOBAaHUA i HaydyHeIX 3afad. Ommuus oT  oducHOro
IIPOTPAMMHUPOBAHUS.

BOHpOCI)I OTJIIAAKH W OIITUMU3AIINH HAYYHBIX IIPOIrpaMM.

Tema 14. IIporpammmupoBaHHe 4YHCJIECHHBIX METOIOB /Jsl pacyera
CTAIMOHAPHBIX NOBEPXHOCTHBIX BOJH (Tekyuu — 2 yaca, npakmuyeckue
sanamus — 1 yaca, camocmoamenvuasn paboma — 3 uaca).

Ceenenue 3amaun Ha cdepy. Pa3bop mnporpamMmpl, peanu3ylomuid METO.

MPUOTMKEHHOTO TTOCTPOCHHMSI CTAI[MOHAPHBIX BOJIH.

Tema 15. IIporpammmupoBaHMe 4YHCJIECHHBIX METONOB /sl pacuera
NMOBEPXHOCTHBIX BOJH HA€AJbLHOM KHAKOCTH (lekyuu — 2 yaca,
npakmuveckue 3anamus — 1 uaca, camocmosmenvhas paboma — 3 waca).
Crpykrypa mporpamMmbl. OCHOBHBIE TepeMEHHBbIC U (YHKIIUH. AJITOPUTMBI U
CTPYKTYPHBI TaHHBIX.

Bonpocsl oTiagky nmporpaMm pacyera TSYEHUN UI€aIbHON KUIKOCTH.

Tema 16. IIporpammmupoBaHMe 4YHCJICHHBIX METOIOB /sl pacyera
NMOBEPXHOCTHBIX BOJH HAEAJbHON JKUAKOCTH HA KOHEYHON IIIyOuHe
(nexyuu — 2 waca, npakmuueckue 3aHamus — 1 uaca, camocmosmenbHasl
paboma — 3 uacay).

Crpyktypa mporpammbl. OCHOBHBIE MEpPEMEHHbIE U (YHKIUU. AJITOPUTMBI U
CTPYKTYPBI TaHHBIX.

Bomnpocs! otnagku nmporpamm pacuera TeYEHUW UACATBHOMN XKUIKOCTH.
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Tema 17. Busyaiau3auusi pe3yjbTAaTOB PAaCYeTOB IMMOBEPXHOCTHBIX BOJH
(nexyuu — 2 yaca, npakmudeckue 3awsimus — 1 uaca, camocmosmenvbHasl
paboma — 3 uaca).

Breibop mporpamm mnis Busyanuzanuu. Peanu3zanus MYTBTUILTAKAIIMOHHBIX

s dexToB. OTpucoBKa rpauKOB OIEHOYHBIX (DYHKIIMOHATIOB.

Tema 18. OueHka BpeMeHH CYHIeCTBOBAHHUSl pelleHMII HA KOMIAKTHBIX
MHOXKeCTBAX (nekyuu — 3 uaca, npakmuyeckue 3auamus — 3 uaca,
camocmosmenvhas paboma — 6 uaca,).

OO0mue Teopembl, MO3BOJISIONINE OICHUBATH BPEMS CYIIECTBOBAHHS PEIICHUN
HBOJIFOLIMOHHBIX YPABHEHUI B KOMITAKTHBIX IIKaIaX.

[IpuMeHeHne MPOEKIMOHHOTO METOAA.

Tema 19. Ouenounble (GyHKUMOHAJBI (Tekyuu — 3 uaca, npakmuyeckKue
3auamus — 3 waca, camocmosmenvHas paboma — 6 uaca).
Omnpenenenue OIEeHOYHBIX (yHKIMOHANOB. Teopembl 00 OIICHKM IMOKa3aTens

IIKaJbl 4CPC3 3HAUCHUA OOCHOYHBIX (1)YHKI_[I/IOHaJ'IOB.

Tema 20. IIpumeHeHHMe MeTOXOB OLEHKH BpeMEeHH CYLIeCTBOBAHMS
(nexyuu — 3 uwaca, npakmuueckue 3aHAmMus — 3 yacda, CAMOCMOSIMENbHAs
paboma — 6 uaca).

[IpakTHYeCKOE MCIIOIB30BAHUE METOJOB OLEHKM BpPEMEHHU CYLIECTBOBAHUS
pELICHUN HEIMHEUHBIX ypaBHEHUHM. [IpuMeHEeHMss B  MareMaruyeCcKOM

MOICIINPOBAHHNHN ITOBCPXHOCTHBIX BOJIH.

Tema 21. Jloka3arejibHble BBIYMCJIEHUS (l1ekyuu — 4 uaca, npaxmuyeckue
3auamus — 5 uaca, camocmoamenvras paboma — 9 uaca).

[loHATHE O JOKa3aTenbHBIX BBIUKCICHUAX. [IpuMepsl  T0Ka3areabHBIX
BBIYMCIICHUM. TPYIHOCTH MpHU MPOBEAECHUN JOKA3aTEIbHBIX BBIUYMCICHUM.

ﬂOKaBaTeJIBHBIe BBIYUCIICHUA B THAPOANHAMHKC IIOBECPXHOCTHBIX BOJIH.
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Tema 22. BoruuciauTe/ibHbIE IKCIEPUMEHTBI (ekyuu — 4 yaca, npakmuyeckue
3auamus — 5 waca, camocmosmenvHas paboma — 9 uaca).
[Toaroroska K IIPOBEJICHUIO BBIUNCIIUTEIIbHBIX 3KCIIEPUMEHTOB.

IIOKYMGHTI/IpOBaHI/Ie BBIYUCIIMTCIbHBIX 3KCIICPUMCHTOB.

Tema 23. IlpakTuka mnpoBeleHHS BBIYHCIUTENbHBIX 3JKCIEPHUMEHTOB:
CTAllMOHAPHBIE BOJHBI (Tekyuu — 2 uaca, npakmudeckue 3anwamus — I yaca,
camocmosmenvHas paboma — 3 uaca,).

Onpenenenre napamMeTpoB  BBIYMCIUTEIBHOTO JKcliepuMeHTa. OnucaHue
METOAUKHA  BBIYMCIUTEIBHOTO JKCIIepUMeHTa. {DakTH4ecKoe IMpOBElCHUE
BBIUYUCITUTEIHLHOTO SKCTIEPUMEHTA.

OO6cyxneHne pe3yabTaToB.

Tema 24. IlpakTnka npoBeleHUS BBIYUCIUTEIbHBIX 3JKCINEPUMEHTOB:
CTOsiUMe BOJHBI (lekyuu — 2 wuwaca, npakmudeckue sanamusi — 1 uaca,
camocmosmenvHas paboma — 3 yaca).

Onpenenenue napaMeTpoOB BBIYUCIUTENBHOIO JKcrnepuMmeHTa. OmnucaHue
METOAUKH  BBIYUCIUTEIIBHOTO JAKCIepuMeHTa. @DaKkThudeckoe MpOBENCHUE
BBIYUCIIUTEIIBHOTO SKCIIEPUMEHTA.

OO6cyxneHne pe3ylbTaToB.

Tema 25. IIpakTnka mnpoBedeHHS] BbIYUCIHUTEIBHBIX JKCIEPUMEHTOB:
oOpymieHue BOJIHBI (nekyuu — 2 udaca, npakmuueckue 3auamus — 1 uyaca,
camocmoamenvHas paboma — 3 uaca).

Onpenenenue MapaMeTpOB BBIYHCIUTEIBLHOTO JKcrepuMeHTa. OnucaHue
METOJIMKH  BBIYUCIUTENBHOTO H3KCIepuMeHTa. @DakTUYEeCKoe MPOBEIACHUE
BBIYHCIIUTEILHOTO YKCIIEPUMEHTA.

OO6cyxeHne pe3ynbraToB.
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Tema 26. IIpakTnka mnpoBeAeHUS BbIYUCIUTEIbHBIX 3JKCIEPUMEHTOB:
HeycToYuBOCThL Penes-Teilnopa (nexyuu — 2 uaca, npakmuueckue 3ausimus —
1 uaca, camocmosmenvrasn paboma — 3 uaca).

Onpenenenue napaMeTpOB BBIYUCIUTENIBHOIO JKcrnepuMmeHTa. OmnucaHue
METOAUKH  BBIYUCIUTEIIBHOTO JAKCIepuMeHTa. @DaKTH4ecKoe MpOBENCHUE
BBIYUCIIUTEIIBHOTO SKCIIEPUMEHTA.

OO6cyxneHne pe3ylbTaToB.

Tema 27. llppuMeHeHre MeTOI0B CTATUCTUKH B YHUCJIEHHBIX IKCIIEPUMEHTAX
(nexyuu — 2 uyaca, npakmudeckue 3awsmus — 1 uaca, camocmosmenvHasl
paboma — 3 yaca).

Craructudeckue MeToabl 00pabOTKU NaHHBIX. BEHISBICHHE 3aKOHOMEPHOCTEH.
[IporpammupoBaHue CTaTUCTUYECKOU o0paboTku pe3yJIbTaToOB

BBIYHCJINTCIIbHBIX SKCIICPUMCHTOB.

Tema 28. BeposiTHOCTHBIII MOAX0X K OIeHKe BpeMeHHM CylIeCTBOBAHMS
pemieHuilt (rexkyuu — 2 uwaca, npakmuueckue 3awasmus — 1 uaca,
camocmosmenvHas paboma — 3 uaca,).

Craructuueckue METOAbl  BEPOATHOCTU  CYIIECTBOBAHUS  PELICHHH Y
HEJIMHEMHBIX ypaBHEHUU. [IpuMepsl B 3a1a4ax MOAEIMPOBAaHUS TOBEPXHOCTHBIX

BOJIH.
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Onucague CUCTEMbI KOHTPOJIA 3HAHUI.

Byl KOHTPOJIS 3HAHUN

- HammcaHue pedepara mo BEIOpaHHOU TeMe

- WTOTOBBIM KOHTPOIb B (hOpMe MUCHbMEHHON UTOTOBOM PaOOTHI

Jlist orieHKH paboTHI CTY[IEHTa IPUMEHsIeTCs OamibHas cuctema. Hammyumemy
pe3ynbrary cooTBeTcTBYIOT 100 GaioB, KOTOpBIC pacHpeestoTcs IO BHIIAM
KOHTPOJIS CIEAYIOIIUM 00pa3oM:

- KOHTpOJIbHas padota — ot 0 10 25 6ayos;

- pedepar — ot 0 7o 25 6aI0B;

- utorosast padora — ot 0 10 50 6asioB.

Llenpio KOHTPOJILHON PabOTHI SIBISIETCS MPOBEPKA YCBOCHUSI MaTepHuaia Kypca.
PaGoTa BBIMONMHSAETCS KaXXKIbIM CTYJEHTOM B ayIUTOPHHU, O€3 OOpaiieHus K
KOHCTIEKTaM | JIuTepaType mo npenmery. KontponbHas paboTa COCTOUT U3 JIBYX
3amad. OneHuBalTCS Kak XoJ pemeHus (4ETKOCTh PacCyKIACHUH, JOoCTaTOuHas
apryMeHTaIus ), Tak ¥ IPaBWIHLHOCTH MOJTYUYEHHOTO OTBETa. TOUHOE COMep:KaHue
KOHTPOJIbHOM paboOThI CTyICHTaM 3apaHee Heu3BeCTHO. lIpumepHbIe BapHaHTHI

IIPUBEACHBI HUXKE.
Bapuanr 1.
1. BeiBecT ypaBHeHHMs Oiijiepa [ ONUCAHUS JOHUHAMUKH HJEAIbHOU
KUJKOCTH.

2. Jloka3aTh JIOKaJIbHYIO Pa3pelIMMOCTh YPaBHEHHS HEJIMHEITHOTO MepeHoca

Cc ucnoib30BaHueM Teopembl Hupenbepra-Hucumapl.
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Bapuanr 2.

1. HpI/IBeCTI/I PAa3JIMYHBIC TI'PaHUYHBIC YCJIOBHA [JIA OIIMCAHHA TCUYCHHUA

UJCATbHON U BSI3KOM KUAKOCTH. OOBSICHUTH (PUINYECKHUI CMBICI ATHX

YCIOBH.

2. TlocTpouTh NPOEKIIMOHHBIA METOJ HJisi HAXOXKICHUS MPUOIMKEHHBIX

pELIEHUN TSI YPaBHEHUS HEJIMHEUMHOIO IEepeHOca C MEPUOAUYECKUMH

KpPaeBbIMHU YCIIOBUSIMU.

CooTBEeTCTBHE CYMMapHOTO KOJIUYECTBa HAaOpaHHBIX OAallJIOB UTOTOBOM OIIEHKE

(Mo mATHOAUTBHOM ITKAJIE M €BPOIEHCKOMY CTaHIapTy) MOKa3aHO B TaOIHUIIaX.

bamer 0-50 51-68 69-85 86-100
Ouenka HEY/I. YIOBIL. XOPOIIIO OTJINYHO

bamer 0-30 |[31-50| 51-62 63-73 74-83 84-92 | 93-100
Ouenka F FX E D B C A

MGTOI[I/IKa BBICTABJICHHUS M IIIKAJd MTOI'OBBIX OLCHOK OTBCYAIOT IIPUHATBIM B

PYJIH nns TeopeTHdeCKUX TUCHUATIINH.
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IIporpamma kypca

AHHOmMUpOBAHHOE cO0eplicanue Kypca

Paznea 1. I'mapoauHaMuKa UaeaJbHOH KUIKOCTH
Tembl: 1,2,3

TpynoémkocTts: 1 kpenut, 32 yacoB, U3 HUX

- JIEKIIUU — 8 9acoB,

- IpaKTHYeCKHUe 3aHATUA — 8 yaca,

- caMocTosTeJIbHas padora — 16 Jaca.

B nepBom paznene Kypca BBOIUTCS OCHOBHAs MpoOIeMaTuka paccMaTpruBaeMbIX
3aga4. PaccmarpuBarOTCd  TMIOTE3Bl  OTHOCUTEIBHO  CIUIOIIHOM  CpElbl.
Onpenensitorcss OCHOBHBIE KOOPJAWHATHI, ONUCHIBAIOIINE TEYEHUW HUIACATbHON
KUJKOCTH.

BBoasiTcss ocHOBHBIE (U3MYECKHE YpaBHEHUS, OMKCHIBAIOIINE JIBH)KCHUE
UJCAITBHOM JKUIKOCTU. PaccMaTpuBaroTCsl ypaBHEHHS ONMMUCHIBAIOIIME JUHAMUKY
ITIOBEPXHOCTHBIX BOJIH HJI€AJIbHOW KUIKOCTU. M3ydaroTcss KMHEMaTU4eCKHUE U
TUHAMUYECKUE KpaeBble YCIOBUS Ha CBOOOIHOW MOBEPXHOCTU HCATHLHOM
KUJKOCTH.

PaccmarpuBaercs cnemuduka aByMepHOro ciydas. I[IpuBomsiTcss mpuMeps

TEYEHUU UACAIBHOMN KUIKOCTH B JIBYMEPHOM CIIy4ae.

Paznen 2. KondopmHblie nepeMeHHbIe B THAPOANHAMMKE HI€aIbHOI
FKUAKOCTH

Temnl: 4, 5, 6.

TpynoémkocTh: 1 kpeaut, 40 yacoB, U3 HUX

- JeknuH — 10 gacos,

- IpakTH4Yeckue 3aHATUA — 10 yaca,
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- camMocTosTeJIbHasA padora — 20 yaca.

Bo BTOpOoM paznene Kypca M3y4aroTcs ypaBHEHUN THIPOJWHAMHUKH UEAIbHOU
KHUIKOCTA B KOH(POPMHBIX TEpeMEHHbIX. Wnes mnpumeHeHusT KOH(POPMHBIX
npeoOpa3oBaHUil B 3a7adax THUAPOINMHAMHUKU WACATBHOW KUIAKOCTH SIBISCTCS
TpaauIoHHON. OgHaKo OOBIYHO KOH(POPMHOE MpeoOpazoBaHUE MPUMEHSIETCS
UL W3y4YEHMs]  CTAllMOHApHBIX  TEUYEHUH  HAeadbHOM  KHAKOoCcTH (B
MOTECHIIMAJILHOM Cclydae) Oyiarofapsi W3BECTHBIM CBOWMCTBAM KOH(POPMHBIX
npeoOpa3oBaHuii coxpansaTh omnepatop Jlammaca. C  gpyroit CTOpOHBI B
MOCJIEMHEE BpPEMs B CBSI3M C CYHIECTBEHHBIM pOCTOM BO3MOXKHOCTEU
BBIUMCITUTEIFHON TEXHUKHA KOH(GOPMHBIE TIEPEMEHHBIC CTald MPUMEHSITHCS IS
ONMMCAaHUS JUHAMUKHA WACATBHOW >KHUIKOCTH CO CBOOOIHOW TMOBEPXHOCTHIO.
VYpaBHeHUs1 B KOHQOPMHBIX IEPEMEHHBIX 00J1a/1alIi PSAOM Ba)KHBIX CBOMCTB MIPH
OCYIIECTBICHUU YHCICHHOTO pEIIeHHs 3a7ad. B Toxke Bpemsi mpu paboTe ¢
KOHQOPMHBIMH TIEPEMEHHBIMH HEOOXOAMMO COOJIONaTh OCTOPOXKHOCTh. B
YaCTHOCTH TIPU YHCICHHOM MOJEIHPOBAHUNA MOTYT BO3HUKATh A(OPEKTHI
BBIYMCIIUTEIILHOM HEYCTOMYNBOCTH.

B Hacrosmem Kypce OCYIIECTBISETCA MOCIEAOBAaTEIbHOE NPUMEHEHHUE
TEXHOJIOTUM HCIIONB30BAHUSI KOH()DOPMHBIX TMEPEMEHHBIX ISl HCCIEeIOBaHUS
TE€UEHUS UIeaTbHOMN KUIKOCTU CO CBOOOMIHON MOBEPXHOCTHIO. B yacTHOCTH, MBI

UCITIONIb3YEM ypaBHEHHsI, OMy4deHHbIe B paboTtax A. . JIpsueHKo.

Pa3znea 3. KoppekTHOCTSH 3a/1a4 THAPOAMHAMUKH U/€AJIbHON JKUIAKOCTH CO
CB00O/IHOII MOBEPXHOCTHIO

Temsl: 7, 8, 9.

TpynoémkocTts: 1 kpenurt, 32 yacoB, U3 HUX

- JIEKIMM — 8 JacoB,

- IPAKTHYCCKHUEC 3AaHATUHA — 8 gaca,
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- caMocTosATeJIbHAadA padora — 16 yaca.

[Tocne BBeneHME 1 U3YUYEHUSI OCHOBHBIX CBOMCTB ypaBHEHH, MBI IPUCTYTAeM K
JI0Ka3aTelIbCTBY TEOPEM CYIIECTBOBAHUS WM EAMHCTBEHHOCTH IJIsi ypaBHEHHIA,
OMMCHIBAIOIINX TUAPOJUHAMUKY HUJACATBHOW KHUIKOCTH CO CBOOOMHOM
MTOBEPXHOCTHIO.

Jlist 5TOrO MBI BBOAMM B PAacCCMOTPEHHE CHEIHaTbHBIC IIKAJIbl OaHAXOBBIX
MIPOCTPAHCTB. M3yuaem CBOWCTBA BBEICHHBIX IITKaJ, JJOKA3bIBAEM KOMITAKTHOCTH
BJIIOKEHUH TIPOCTPAHCTB U3 pacCMaTPUBAEMBIX IIKaJI. PaccmMarpuBaeM OCHOBHBIC
OTIepaTOPhI BO BBEJICHHBIX IITKAJIAX.

[Tocne ompeneneHus mIKad TPOCTPAHCTB, MBI CBOAWM HAIlM ypPaBHEHHS K
a0CTpakTHOMY Ciy4dal0o U TmpumeHseMm TeopeMy HupenOepra-Hucuaer mns
JI0Ka3aTelIbCcTBA CYIIECTBOBAHMS W EIUHCTBEHHOCTH pEIICHUS B IIKaje
0aHaxXOBBIX TPOCTPAHCTB.

[Tocne momydyeHus: pe3ylbTaTOB O KOPPEKTHOCTH YpPAaBHEHHWM B IIKajax
a0CTPaKTHBIX TMPOCTPAHCTB, MBI HU3y4aeM CBSI3b HAIIUX MPOCTPAHCTB C

MPOCTPAHCTBAMH AHAIIUTUYECKUX (PYHKITHIA.

Pa3nea 4. UncjeHHbIEe MEeTOABI

Temsr1: 10, 11, 12.

Tpynoémkocts: 1 kpenut, 32 yacoB, U3 HUX
- JIEKIIUU — 8 9acoB,

- IpaKTHYeCcKHUe 3aHATUA — 8 yaca,

- camocTosiTeIbHasA padora — 16 yaca.

B d4erBeproM pasmene Mbl H3y4aeM UHMCICHHBIE METOABI B  3a7adyax
TUJPOJUHAMUKN HUJCAIBHON >KUIAKOCTA CO CBOOOJHOW MOBEPXHOCTHIO. MbI
MIPUMEHSIEM HaIlld YpaBHEHUS B KOH)OPMHBIX ITIEPEMEHHBIX.

MpbI BBOIUM U U3y4aeM MPOEKIHUOHHBIE METObI CBEACHUE UCXOAHOW 3a1a4u JJIs
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UHTETPO-nuPepeHINaNTBHBIX YPAaBHEHUHN B YACTHBIX MPOW3BOMHBIX K CHCTEMAaM
OOBIKHOBEHHBIX MU PepeHInanbHbIX YPaBHEHUN.

PaccmarpuBaem aOCTpakTHBIE TEOPEMBI O CXOJUMOCTH MPOCKITMOHHBIX METOJOB.
N3ywaem mnpuMmeHeHHe aOCTPaKTHBIX pPE3yJIbTaTOB K KOHKPETHBIM 3a/ladam
TUAPOIMHAMUKH UICATHHON KUIKOCTH CO CBOOOTHON MOBEPXHOCTHIO.
PaccmarpuBaeM  mpuMeHeHHWE ~ METONOB  CIUIAMH-ANMPOKCUMAIIUU  JJIS
MOCTPOCHHUS MPOESKIIMOHHBIX METO/IOB.

[ToCKONBKY TPHU HCIOJIB30BaHUU KOH(POPMHBIX MEPEMEHHBIX JIJISI YUCICHHOTO
MOJICJIMPOBAHUSA 3a/1ad THUAPOIWHAMHUKHU HACATHHOU >KHIKOCTH CO CBOOOTHOMU
MOBEPXHOCTHIO YAaCTO BO3HHUKAET d(PPEKT UMCIEHHON HEYCTOWYMBOCTH, TO MBI

OTIEIBHO PaCCMaTPUBAEM BOMPOCHI C PEryIspU3aLNeil TPOSKIIMOHHOIO METOAA.

Pa3znen S. Hayunoe nporpaMmmupoBaHue
Temsbi: 13, 14, 15, 15, 16

Tpynoémkocts: 1 kpenut, 32 yacoB, U3 HUX
- JIEeKIIMHM — § JacoB,

- NpaKTU4YecKue 3aHATUSA — § yaca,

- camocTosiTeIbHasA padora — 16 yaca.

B 3amagax ruaponMHaMUKH BOIPOCH MPOrPAaMMUPOBAHUS SIBISIOTCS BEChMa
HETpUBHATBHBIMH ~ TipoOsiemamu.  [losTomMy  HeoOXoAMMO  HE  TOJBKO
paccmaTpuBaTh YUCICHHBIE METO/bI, HO M PacCMaTpUBaTh BOIPOCHl KOHKPETHOMN
peanu3anuu 3TUX MeTo/10B Ha DBM.

MBI paccmarpuBaeM HJIEOJOTHI0 HAYYHOTO NPOTrPaMMHUPOBAHMSA, IMOKA3bIBAEM
€ro OTIHYHUs OT O(QPUCHOTO U CUCTEMHOTO TIPOTPAMMHUPOBAHUSI.

[TompoOHO M3y4arOTCs KOHKPETHBIE MPOTrpaMMBbl IS TIOCTPOSHUS YHUCIECHHBIX
METOZIOB TIONYYCHHS] TMPUOMMKCHHBIX PEIICHUN JUIsi Pa3INYHbIX PEKUMOB
TE€YEHUSI KUIKOCTH.

OTaenbHO paccMaTpuBaIOTCA BOIPOCH BU3yallM3alluu pPE3yJAbTaTOB pacyera

HeCTAIMOHAPHBIX TCUCHU UICATHHOM KHJIKOCTH CO CBOOOTHOM MOBEPXHOCTHIO.
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Paszgen 6. MeToabl OLEHKM BpPEMEHH CYLIEeCTBOBAHHMS PpPelLICHMH,
ONMHUCHIBAIIIMNX IMHAMHUKY NOBEPXHOCTHBIX BOJIH

Tempbl: 18, 19, 20

Tpynoémkoctn: 1 kpenut, 32 yacoB, U3 HUX

- JIEKIIUH — 8 9acoB,

- IpaKTHYeCcKHe 3aHATUsA — § Jaca,

- caMmocTosiTeJIbHasA padora — 16 yaca.

[Ipy wu3ydyeHUH SBONIONMOHHBIX HEJIUHEWHBIX YPABHEHHWM YacTO BO3HHKAET
dbyHnaMeHTanbHas TpoOsiieMa OIEHKM BPEMEHU CYIIECTBOBAHUS pEIICHUN.
JIeiCTBUTENBHO, YAacTO YAAETCA [0Ka3aTh JIHIIb JIOKAIbHYIO Pa3pelIiuMOCTb
3a71a4, 1P 3TOM HU NPUMEHSEMBIE TEOPEMBI, HU METObI UX JOKA3aTEIbCTBA HE
MO3BOJISIFOT OLICHUTBh BpEMsl CYLIECTBOBaHUsA. B TOxke Bpems YacTo A
YUCJICHHBIX METOAOB MOXHO JI0Ka3aTb CXOJAMMOCTb 3THUX METOHAOB B YCJIOBHSIX
CYILLIECTBOBAHHUS CAMOTO PELICHMUS.

B HacTodmeM Kypce paccMarpuUBaKOTCA METOABI, ITO3BOJISIOIIME JI€JIATh
JI0Ka3aTeNIbHbIE BHIBOJBI 00 OIEHKM BPEMEHU CYIIECTBOBAHUS PEIICHUN UCXONS
U3 PE3YJbTATOB YUCIEHHBIX YKCIIEPUMEHTOB.

JIns OLleHKM BpEMEHH CYIIECTBOBAHMS HUCIOJIB3YIOTCS KaK METOAbI CBEAEHHUS K
cucteMaM OOBIKHOBEHHBIX Ju((depeHInanbHbIX YpaBHEHUH, TaK METOIbI
HCTIONIB3YIONINE CIEIUaIbHBIE OIEHOYHbIe (QyHKIHMOHANBL. [IpuMeHeHue 3THX
OIICHOYHBIX (DYHKIIMOHAJIOB TMO3BOJISIET TapaHTUPOBAHHO OIICHUBATh BpeMs

CYILIECTBOBAHUSI PELIECHUM.

Pa3nen 7. MeTonbl npoBeleHUS BLIYMCIUTEIbHBIX IKCIIEPUMEHTOB
Tembl: 21, 22

TpynoémkocTh: 1 kpeaut, 32 yacoB, U3 HUX

- JIEKIIMHM — § JacoB,

= IPAKTHYC€CKHUEC 3AaHATUHA — 8 gaca,
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- caMocTosATeJIbHAadA padora — 16 yaca.

B stom pa3zgene mMbl paccMaTpuBaeM MPUMEHEHUE U3JI0KEHHBIX PaHEE METO/IOB
U1l TPOBEACHUS BBIYHCIHUTEIBHBIX OSKCIEPUMEHTOB B TUIAPOAUHAMHUKU
U7IeaIbHON KUIKOCTH CO CBOOOIHOM MOBEPXHOCTHIO.

MpsI noka3piBaeM, Kak abCTpaKTHBIE METOJIBI CIEAYyeT MPUMEHSATHh B PEalbHBIX
HKCIIEPUMEHTOB.

[TockolbKy TpPOBEAEHUE BBIYUCIUTENBHBIX JKCIIEPUMEHTOB B MaTeMaTUKe
SBIISIETCS HE CTOJIb OOBIYHBIM JIEJIOM, TO B 3TOM pa3lielie paccMaTpPUBAIOTCS
o0lue TPUHIMIBI MPOBEACHUS IKCIEPUMEHTOB. PaccmarpuBaroTCsi BOMPOCHI

JOKYMCHTHUPOBAHHA BBIYHUCIINTCIIBHBIX DKCIICPUMCHTOB.

Pa3zpnea 8. IlpakTuka npoBegeHUs IKCIIEPUMEHTOB
Tembr: 23, 24, 25, 26, 27, 28

TpynoémkocTts: 1 kpenut, 32 yacoB, U3 HUX

- JIEKIIUU — 8 9acoB,

- IpaKTHYecKHe 3aHATHSA — § Yaca,

- caMocTosiTeJibHAsA padora — 16 yaca.

B mocnegnem paszgene Mbl NPOBOJAWM BBIYMCIHUTEIBHBIE SKCIIEPUMEHTHI B
peaNbHBIX 3a7adax THAPOJAMHAMHUKH HJICATbHON JKHJIKOCTH CO CBOOOIHOM
MTOBEPXHOCTHIO.

MpbI paccMaTpuBaeM KOHKPETHBIC T€UEHUSI UACATBHOM KUIKOCTH CO CBOOOTHOM
MMOBEPXHOCTHIO: CTAIlMOHAPHBIC TCUCHHUM, CTOSYNE BOJIHBI, PEKUMBI OOPYIICHHUS
BOJIH, HEyCTOMYHUBOCTH Penes-Teinopa u npyrue.

Takxke B 3TOM paszaelie pacCMaTrpUBAKOTCS CTAaTUCTUYECKUE METOAbl IMPHU

00pabOTKH PE3yJIBTaTOB AKCIIEPUMEHTORB.
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Y4eOHbIH TEMATHUECKHI IJIAH Kypca

Ne Ha3zBanue pa3mesioB Bcero B TOM 4YHCJIe
" TeM yacop | TEKUMH | MIPAKT. | CAMOCT.
3aHATHS | padoTa
1. [F'mapoaMHamMuKa HaeaJ bHOI
KUAKOCTH
BBognast rema 12 3 3 6
YpaBHEeHUS UI€aTbHON KUJIKOCTH 12 3 3 6
[ToBepXHOCTHBIEC BOJIHBI HcAIbHOM | 12 3 3 6
KUJKOCTH
2 | KondopMmHble nepeMeHHbIE B
THAPOAUHAMHUKE UAeaTbHOM
KUAKOCTH
[Tpumenenne KOHPOPMHBIX 12 3 3 6
IIEPEMEHHBIX
VYpaBHeHus psaueHko 12 3 3 6
CranroHapHbI€ BOJHBI 12 3 3 6
3 |KoppekTHOCTH 32124
TUIPOAUHAMUKH W1eaJTbHOI
AKHIKOCTH CO CBOOOTHOM
IMOBEPXHOCTBIO
[Ikanbl GyHKITMOHATBHBIX 12 3 3 6
MIPOCTPAHCTB
PazpemmmocTs ypaBHEHHM 12 3 3 6
J{bstTueHKO
OBOJIOIMOHHBIE YPABHEHUS B 12 3 3 6

IIKaaaxX THIbOEPTOBBIX

IPOCTPAHCTB
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Ne Ha3zBanue pa3mesioB Bcero B TOM 4YHCJIe
o TeM yacop | TEKUMH | MIPAKT. | CAMOCT.
3aHATHS | padoTa
4 YucjaeHHbIEe METOABI
HucneHHble METOIBI B TEOPUU 12 3 3 6
MIOBEPXHOCTHBIX BOJIH
Perynapuszanus metona npsiMbIx B 12 3 3 6
YCJIOBUAX MAIIMHHOW TOYHOCTH
[IprumeHenue crutaiis- 12 3 3 6
anmpoKCUMaluu
5 |Hay4Hoe mporpaMMHupOBaHUeE
Hayunoe nporpammupoBanue 12 3 3 6
[IporpamMMupoBaHHUE YUCIEHHBIX 6 2 1 3
METOIOB JJIsl pacuera
CTAallMOHAPHBIX OBEPXHOCTHBIX
BOJIH
[IporpamMMupoBaHHE YUCIEHHBIX 6 2 1 3
METOAOB JJIsl pacuera
MIOBEPXHOCTHBIX BOJIH UAECAIBHON
KUJKOCTH
[IporpamMMupoBaHHE YUCIEHHBIX 6 2 1 3
METOAOB JJIsl pacuera
MIOBEPXHOCTHBIX BOJIH UAEAIBHON
KHUJIKOCTH HAa KOHEUHOU TITyOuHe
Busyanusanus pe3ynbraToB 6 2 1 3

pPacdCTOB IMTOBECPXHOCTHBIX BOJIH
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Ne Ha3zBanue pa3mesioB Bcero B TOM 4YHCJIe
o TeM yacop | TEKUMH | MIPAKT. | CAMOCT.
3aHATHS | padoTa
6 |MeToabl OLIECHKN BpeMeHH
CyLLIECTBOBAHMS PeLIeHUI,
ONMHUCHIBAIOIIMX TUHAMHUKY
NOBEPXHOCTHBIX BOJIH
OueHka BpEMEHHU CYLIECTBOBaHUS 12 3 3 6
pPEILICHU Ha KOMIIAaKTHBIX
MHOXECTBaX
OrneHouHBIE (PYHKITMOHAITBI 12 3 3 6
[IprumeHeHne METOIOB OLIEHKU 12 3 3 6
BPEMEHU CYLIECTBOBAHUS
7 |MeToabl IpoBeeHUSA
BbIYHMCJINTEIbHBIX
JKCIIEPUMEHTOB
Jloka3zareapHbIE BBIYUCIIEHUS 18 4 S 9
BrruncnurenbHbIe 3KCIIEPUMEHTBI 18 4 S 9
8 IIpakTuKka npoBeaeHU
JKCIEPUMEHTOB
[IpakTuka npoBeneHus 6 2 1 3
BBIYMCIIUTENBHBIX DKCIIEPUMEHTOB:
CTalMOHAPHBIE BOJIHBI
[IpakTuka npoBeaeHUs 6 2 1 3
BBIYMCIIUTEIIbHBIX YKCIIEPUMEHTOB:
CTOSIYME BOJIHBI
6 2 1 3

[IpakTuka npoBeneHHs
BBIYMCIIUTENBHBIX SKCIIEPUMEHTOB:

00OpyIIeHUE BOJHBI
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Ne Ha3zBanue pa3mesioB Bcero B TOM 4YHCJIe
o TeM yacop | TEKUMH | MIPAKT. | CAMOCT.
3aHATHS | padoTa
[IpakTuka npoBeneHUs 6 2 1 3
BBIYMCIIUTENBHBIX DKCIIEPUMEHTOB:
HeyCcTONYMBOCTh Penes-Tennopa
[IprumeHeHne METONOB CTaTUCTUKU 6 2 1 3
B YHCJICHHBIX 3KCIIEPUMEHTAX
BepoaTHOCTHBINM MOAXO0/ K OLIEHKE 6 2 1 3
BPEMEHU CYHIECTBOBAHUS PELICHUI
Hror 288 72 72 144
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