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1. MaremaTuydeckuii ammapar

Jlekius 1. BerauciauresbHas MOrpentHocThb. JIu-
HeliHble Pa3HOCTHbIE YPABHEHUS

TlokazkeM, 9TO MEXKIy MATEMATUICCKNH TOUYHBIMU BBITHCICHUSIMHA W BBIYHCIE-
HUSIMU C [IPOU3BOJIBHO BBICOKOM, HO KOHEYHON TOYHOCTHIO MMEETCsl IIPUHIUIIU-
aJIbHOE OTJIMYKE. DTO MPUBOJIUT K TOMY, UYTO AJITOPUTMBI, TPAUIIMOHHO IPU-
MeHsieMbIe B TOYHOI apudMeTHuKe, MOTYT HEKOPPEKTHO PaboTaTh IIPU pacdyerax
na 9BM. Kaxk ciencrBue, K METOIaM U IIOCTAHOBKAM 3aJa4Y BHLIYUC/IMTEILHON
MaTEeMATHKH TTPEIbABIISIOT JOMOMHATEIbHBIE TPEOOBAHMS.

Ilepesoe, permaemMas IUCTEHHO 3aJa49a JIOKHA OBITH YCTOWYHWBA, T.€. MAJIOe
U3MEHEHUE BXOJIHBIX [1aPaMeTPOB He JIOJI?KHO 3HAYUTEJIbHO MEHSITh Pe3YJIbTaT;

68Mopoe, NOJIZKEH OBbITH YMCJIEHHO YCTOWYNB BBIOPAHHBII aJITOPUTM, T.€. OIIU0-
KU OKPYIJIEHUS B IIPOMEXKYTOYHBIX BBIUUCJIEHUSIX HE JIOJIXKHBI UCKAYKATh OKOH-
9aTeJIbHBI OTBET;

mpemove, IMEIONINECs] BIYUCJINTE/IbHBIE PECYPChI (IIaMsITh, ObICTPOJICCTBIE,
IporpaMMHoe 00ecIedeHre) JIOJKHBI IO3BOJIUTh PEATU30BATH AJTOPUTM U II0-
JIVIUTH OTBET 3a TpebyeMoe BpeMsi.

IIpumep 1.1. Marpuma YuIKuHCOHA

20 20 0 0 ... 0 O
0 19 20 0 ... 0 O
A 0 o0 18 20 ... 0 O
o o0 o0 o0 ... 2 20
e 0 0 O ... 0 1

mpu € = 0 mMeeT HaWMEHbBIIEE TI0 MOJYJII0 COOCTBEHHOE 3HAYeHUe, paBHOe 1.
Kax ono msmenntcs mpu € = 20719200 ~ 510777

XapaKTepuCcTHIecKoe ypaBHEHHE JJIsi BO3MYIIEHHOW MATPHUIHI Y UJIKHHCOHA,
UMeeT BUJL

det(A— X)) = (20 = A\)(19 = A) -+~ (1 — ) — 20" - e = 0.

CBoboHbBIN YieH B 9TOM ypaBHeHnn paseH 0, cie0BaTeIbHO, HANMEHbIIee cob-
CTBeHHOe 3HavueHne Takxke paBHo (. Takum o6pas3oM, 3a/1a91 BBIMUCIEHHUS COO-
CTBEHHBIX YHCEJl U ONPEeIeSUTES JJIsd JIAHHON MaTPUIl SBJISIOTCS YUCJIEHHO
HEYCTONYMBBIMU: HE3HAYUTEJbHAS HOTI'PENTHOCTD B 3JIEMEHTAX MATPUIIBI MOXKET
CYIIECTBEHHO MCKA3UTH OTBET. B JaHHOM CiIydae M3MEHEHUE OJHOTO JIEMEHTA
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marpus! 20 X 20 Ha BestmarHy Hopsaka 5-10~7 IpuBeIo K N3MEHEHNIO BEIHIMHBL
onpenemurens ¢ 20! ~ 2.4 - 10'® 1o myss.

st cpasrenus:: 5- 1077 kv = 0.5 mm, 10'® kM npumepro paBHO JuaMeTpy
namreit rajgakTuku Moegansrit [IyTs.

PaccemorpuM mpuMepsl BO3MO2KHOTO BIUSHUS BBIYUCIATEHHON TOTPEITHO-
CTH B M3BECTHBIX ajropurMax. st 3Toro HaM moTpedyroTcs MaTeMaTUuIecKue
OCHOBBI MAIIIUHHON apu(PMETUKHA.

HawuboJiee pacnpocrpanenHasi (popMa MPEJICTABIEHUS] JeCTBUTEIbHBIX YH-
CeJI B KOMITBIOTEPAX — YUCAA € NAasaowet moukot. Muoxectso F guces ¢ mia-
BaIOIIE TOUKOU XapaKTepU3yeTcs YeThIPbMs TapaMeTpaMU: OCHOBAHUEM CUCTe-
Mbl CYUCJIEHUs] P, PA3PAIHOCTBIO ¢ 1 uHTepBajoM nokasatreseii [L, U]. Kaxmoe
YUCJIO X, TPUHAJJIeXKaIee F', mpeacTaBuMo B BHUIE

d d d
r=%(—=+=+...+—)p%,
p p p
rjie TeJible Yucia p, o, dy, . .., d; YIOBJIETBOPSIIOT HEPABEHCTBAM
0<d; <p—-1, i=1,...,t; L<a<U.

Yacro d; Ha3bIBAIOT paspadamu, t — OAUHOT MAHMUCCHL, O — NOPAIKOM YUCAG.
Manmuccot (npobHO# 9acThIO) & HA3BIBAIOT YUCIO B CKOOKax. MuOXKecTBO F
HA3bIBAIOT HOPMAAUI0BAHKbLM, €CIU [T Kaxkoro ¢ # 0 cupasegymso di # 0.

Okpyrienne quces Ipu paboTe HA KOMIIBIOTEPE C TOYHOCTHIO € — ITO HEKO-
Topoe orobpaxkenue fl meficrBurenbHbix ynces R ma mHOXKecTBO F' 4mcen ¢
[JIABAIOIIEH TOYKON, B TOM YUCJIE YOBJIETBOPSIOIIEE YCIOBUIO:

It pou3BoJibHOrO Yy € R takoro, uro pesysibrar orobpakenus fl(y) € F,
fl(y) # 0, umeer MecTO paBeHCTBO

flly)=y-1+n), [nl<e.

Orciona cjeyer, 9T0 OTHOCUTEIbHAST TIOIPEITHOCTD HE MPEBOCXOIUT TOYHOCTH
OKPYTJIEHUS E.

Eciin pesysibrar OKpyrjieHus: He IIPUHAJJIEXKUT F', TO ero 0OBIYHO HA3BIBAIOT
nepenoAreruem 1 0603HATAIOT 0O.

Eciu € — TouHasi BepXHsisl I'DaHb JUIS |7)|, TO IPU TPAJUIHOHHOM CIIOCOGe
OKDPYTJICHUS 9HUCESI UMEEM £ = %plft, [P OKPYTJIEHUH OTOPACHIBAHUEM Da3psi-
108 € = p'~!. BeqmumHy € 9acTO HA3BIBAIOT MAUUHHOLT MovwHocmvo. Marmm-
HYIO TOYHOCTb MOYKHO OIEHUTD cJieiyomum obpasom: double e = 1.; while(1. +
e > 1.) e = /2. Tlpu 9TOM CJIelyeT IOMHUTH, YTO [IPEJCTABICHAE YUCES B pe-
PUCTPaX IOBBIMIEHHOW TOYHOCTH MOYXKET UMEeTh OOJIbIllee YUCIIO PA3pPsiIOB, YeM
B OIIEPATUBHON IIAMSITH, IIO9TOMY TOYHOCTH ApU(MPMETHKH Ha TAKUX PErucTpax
MO2KET OKa3aTbhCsl Bbile. Ha pacrnpocTpaHeHHbIX HA JAHHBIH MOMEHT MOJIEJISIX



Pazner 1. 9

KOMITBIOTEpOB 4ucyio tuna double 3anumaer 8 Gaiir: 1 6ur jyist 3Haka, 11 6ur

IS TIOKa3aTe ist, 52 Jist MAHTUCCHI (cTapinuii OUT MAHTUCCHI BCEr/Ia paBed 1 u B
10

NAMATH He 3allOMUHAETCH); JIMAA30H 3Havenui: ~ 272 ~ 10308

TOYHOCTB: ~ 10718,

, MaldXMHHaA

IIpumep 1.2. Ilycrb OTBICKUBAETCsS HAMMEHBIUI KOPEHb T1 ypPaBHEHUS

y(z) = (r —1073)(z — 103) = 0 & 2% — 1000.001z + 1 =0.
Kakas w3z dpopmyit .

1 _ 2 (2) _

Ty =a a* —1, =y P
Jaer 6ojiee TOYHBIH pe3ysbraT?

Bropas dopmyna npenacrasiser coboit pe3ysabrar n3daBieHns OT UPPAIHO-
HAJIbHOCTHU B YUCIUTEJIE IEPBOIT (DOPMYIIBI, BO BTOPOM CJIy9Yae TOUYHOCTD PE3YIlb-
TaTa 3HAYUTEJIHHO BBIIIE: IIPU BBIYUCJIEHUSIX B Kiacce double st xgl) nmeem 10

BEPHBIX UMD, HEBI3KA |y(:v(11))| ~ 107 naa xgg) nmMeeM 17 BepHBIX 1Udp,

a = 1000.001/2

HEBSI3Ka |y(m§2))| ~ 107'3. B nepsoM cilyuae IPUXOAUTCS BLIYHTATH OJIH3KHE
YUCJIa, YTO IPUBOAUT K aPdexmy nponadaHus 3HAUGUUT Uu@dp, 9acTo CyIie-
CTBEHHO MCKAKaIOIIEMy KOHEUYHBIH Pe3y/bTaT BbIYucJeHuil. ABGCOMOTHAS IT0-
[PEIIHOCTD TAKXKE YBEJUIUBACTCs, €CIIH UMEETCs JeAeHUue Ha MAA0e (YMmHootce-
Hue na boavwoe) aucio. Eme ogaa onacHocTs — 6wixod 3a duanason donycmu-
MOLT 3HAUeHUT B TIPOMEXKYTOYHBIX BBIUUCIEHUSX (ITO NPOU30iIeT, HAIpUMED,
nocje yMHOXKEHHsI MCXOJIHOTO YPABHEHNUS HA, JIOCTATOYHO GOJIBIIOE THCIIO).

10% ._ .
IIpumep 1.3. Ilycrb BuIYUCIAETCS CyMMa » =17 2 Kaxoii ajropurm

So=0, S,= n_1+%, n=1,...,10%,
IR )

R103+1 :07 Rn—l :Rn—i-ﬁ, n = 103,...,17 5103 :RO7
CJIeJIyeT UCI0JIb30BaTh, YTOOBI CyMMaPHAsl BBIYUC/IUTE/IbHAS [IOMPEITHOCTD ObLIa
MeHbIe?

Ciie/yer BOCIIOJIB30BATHCS BTOPBIM CIIOCOOOM (I0JTy U€HHbBIE 3HAUEHHS! COBIIA-
JAI0T TOJBLKO B 14-u 3nakax). IIpu BeIYMCIIEHUT TIEPBBIM CIIOCOOOM [IPOUCXOIUT
ToTepsi TOYHOCTH B pe3yibTaTe CiloykeHnmsa [mcen S, 1 m 1/n?, cymecTsenno
OTJINYAIOIINXCS 110 BEJIMINHE.

IIpumep 1.4. MOXKHO /M HEIOCPEICTBEHHBIMY BHIYUC/IEHUSIMA IIPOBEPUTH, 4TO
0o 1 2
<1 C = xoyuresa? Her.
sl D~y § PACXOIHTC e

2
Bagaua 1.1. Mssectno, uro e® = 1+ x + 5 + .... Haittn el, e 15 720,

OO6bsICHUTH PE3YJIbTAT U YIIYUIIUTh aJropurm: e+ = 1/e”.

IIpumep 1.5. Merton Kpamepa perierust cucrem JIMTHEHHBIX aJreOpanecKux
yPaBHEHUN ¢ HEBBIPOXKJICHHONM MaTpHUIE n X M IH03BOJIgeT HAWTU TOYHOE pe-
ntenre, Beraucyaus (n + 1) onpenesurens Marpull pasmepHoct n X n. Ouenum
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Bpems T'(n) paboThl TAKOrO aaropurMa (HAIIOMHAM, UTO HAXOXK/IEHHUE OLPEJIeNIn-
TeJist B 00IEM CJlydae siBJISIeTC HeyCTONYMBOMN 3a1a49eil, U yKe MOITOMY METOJ]
[PUMEHSITh HE CTOWT).

BrrauciieHne oJ{HOTO OIpeIeIuTe sl METOJIOM MUHOPOB Peajin3yeTcst 3a ~ nn!
apudMeTHuecKux JeficTBuil, s Berauciaenus (n + 1) onpenesnuresis norpeby-
erca N ~ n(n + 1)! apudmernyeckux neiicrsuii. Hanpumep, miug n = 20, 100
UMeeM:

20! ~ 2.4 - 108, N(20) ~ 10%!; 100! ~ 1058, N(100) ~ 10%¢2.
st cpaBrenns: umcao Asoragpo ~ 6 - 1023, mosToMy ycrensoe BHIIOIHEHHE
TAKOTO YUCJIa apU(PMETHICCKUX JeHCTBAN MaJOBEPOSITHO.

IMpoussogurenbaocTs F's coBpemennbix 9BM (ducio apudmMernaeckux aei-
crBuil B cexyHy, flops) Bechma Bbicoka. Hampumep, Jisi IepCOHATBHBIX KOM-
nbiorepos Ha 6ase Intel Core i7 u cynepkomubtorepa " Jlomorocos" (4-s1 mo3uiust
B Top500 3a 2010 r.) mmeem:

Fs("i7”) ~ 50 - 10° flops, F's(”L”) ~ 10'® flops.

I Tak Kak B rofy mopsyka 3 - 107 CeKyHI, TO MOXKHO OI€HHTH Tpebyemoe JiIs
BBIYUCJIEHUN BpeMsi:

T(20,7i7") ~ 6.5 - 10% mer, T(100,” L") ~ 3 - 103 mer.
st cpaBHeHUs: Ha JAHHBI MOMEHT CUMTAETCsI, YTO BO3PACT BCEJIEHHON TOPSII-
ka 13- 10° ser.

B 3akouenue paszesia MpuBejieM CJI0Ba KJIACCUKOB BBIYUCTUTEIHHON MaTe-
matuku P.B. Xemmunra u H.C. Baxsanosa: "llesb pacueroB — moHmMmanue, a
ue yncsa" , "He ciemyer jymarh, 9T0 COBEPIIEHHOE 3HAHME MaTEMaTHKH, YUC-
JIEHHBIX METOJIOB U HaBBIKU PaboThl ¢ 9BM 103BOJISIIOT cpa3y peruThb JIF0yIo
HPUKJIAHYIO MAaTEMATHYIECKYIO 3a/a1y. Bo MHOTHX ciryuasx Tpebyercs dosodka
METOJIOB, IPUCIIOCODJICHNIE X K PEIeHII0 KOHKPETHBIX 3a1a4".

JIuHeiinble pa3HOCTHBbIE YPaBHEHUsS Nn-Tro mopsazaka. Teopus pasnocT-
HBIX YPaBHEHUH SIBJISIETCS BAYKHBIM MAaTEMATUIECKUM AIlapaToOM YHCJICHHBIX
MeT0/i0B. B wacTHOCTH, Pa3HOCTHBIE yPABHEHMSI BOZHUKAIOT IIPU YUCJICHHOM pe-
mennn U QepeHIuaJIbHbIX YPaBHEHUIA.

Onpegenenne 1.1 Iycms neussecmuan Pynkyus y, 3adanmsie GyHruuy a;, f
ABAANOMCA PYNKUUAMYU 001020 Yeaowucierno20 apeymernma k. Tozda ypasrenue

ao(k)y(k) +ar(B)y(k+1) + ... +an(k)y(k+n) = f(k) & Ly=/,

npu ag(k), an(k) # 0 nasvieaemcs AUHETHM DASHOCTIVHBIM YPABHEHUEM T-20
nopadka. Ypasuenue Ly = 0 nasweaemcs 00HOpooHbIM.

Jnst ofHO3HAMHOrO HOCTpoeHust pemenns y(k) oBBIYHO JOCTATOYHO 337aTh
3uadenus y(k;) B HEKOTOPBIX 7. TOUKAX.
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IIpumep 1.6. Haiitu S(k) = (i + i + 1). DTO MPUBOIUT K yPaBHEHUIO

IMw

Sk)y—S(k—1)=k*+k+1, S(il)lz 3.

IIpumep 1.7. Haiitu y(k) u3 ycuosuii
a(k)y(k — 1) — c(k)y(k) + b(k)y(k + 1) = f(k), 0<k<N,
y(0) =yo, y(N) = yn,

ecma a(k),b(k),c(k), f(k), 0<k < N 3agassL

Teopema 1.1 ITycmo y™V), ..., y™) — npouseonvhvie aunetino nesasucumvie
peweHUs 00HOPOOH020 PA3HOCTMHO20 YpasHerus n-20 nopadka Ly = 0. Toezda
obuee peweHue OaHHO20 YPABHEHUA MOHCEM, OVIMb 3ANUCAHO 6 BUOJE

yO(k) = Z iy (k).

HdokazareabcTBo. [lepernmiiem ncxoiHoe ypaBHEHUE B BUJIE

Gt == 5 2By

n)=— 7).

! i=0 an(k) ’

Orciona caemyer, aro ecyu usBectsl y (ko ), - . ., y(ko+n—1), To uckomas HyHK-

must y(k) omHO3HAUHO BOCcTaHaBIMBaeTCs JisA k > ko + n. AnajormuHo, u3

paBeHCTBA
n

aik
== 3

i=1

y(k+1)

cienyer, uro y(k) omHozHauHo BoccraHaBiauBaercd ius k < ko. Takum obpa-
30M, €CJIM J[B& PEIIEHUsI COBIAJAIOT B N IOCJIEJIOBATEIBHBIX TOYKAX, TO OHHU
TOXKJIECTBEHHO paBHbI. [lycTh {y(i)(k)}jzl — HEeKOTOpasl JINHEHHO HE3aBUCH-
Masl CHCTeMa YACTHBIX pernenunil, n y(k) — IPOM3BOJIbHOE DENeHNe OIHOPO/I-
Horo ypasuenwus. Torma n-mMepHble BEKTOpPA {y(i)(k)};l mpu 0 < k < n-1
obpazyror 6azuc B R™. Cienosaresnsho, ipu 0 < k < n — 1 MBI MOYXKeM BbIpa-

suth y(k) = Z ciyD (k). A rak xax y(z) u Z ciy W (k) sasorcs permenmsivm
i=1 i=1
n
Ly = 0, copuagarommmu ipu 0 < k < n —1, ro y(k) = Zciy(i)(k') JId Beex k.
i=1

Teopema 1.2 ITycmov y°(k) — obwee pewenue aunetirnozo 00nopodrozo ypaec-
nenua Ly = 0, a y' (k) — wacmmoe pewenue neodnopodnozo ypasnenusn Ly = f.
Tozda obwee pewernue ypasnenus Ly = f moorcno npedecmasumo 6 sude cymmot

y(k) =y’ (k) +y' (k).
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HokazaresbcTBo. JleficTBUTEIBHO, PA3HOCTH IIPOU3BOJIbHOTO pertenust y (k)
HEOJITHOPOJIHOI'O YPaBHEHUsI U HEKOTOPOI'O YAaCTHOI'O PEIleHUsl HEOJHOPOIHOTO
ypasuenus y' (k) siB/IsieTcst pereHneM OTHOPO/IHOTO yPaBHeHUs U, KAK CJIelyeT
13 T€OPEMBI 1, MOXKET OBITH IIPEICTABIIEHO B BUJIE CyMMBbI JIMHEIHO HE3ABACUMBIX

n .
"ACTHBIX permennit ojHoponoil sagaun: y(k) — y' (k) = 3 ey (k) =: y°(k).
i=1
JIuHeliHble ypaBHEHUS N-T0 TMIOPAIKA C ITOCTOSHHBIMEU KO3 puiimeH-

TaMMu. ,ZLTIH MHOTI'UX BazKHBIX HpI/IJIO}KeHI/Iﬁ KJIaCC pacCMaTpuBaeMbIX JUHEHHBIX
ypaBHeHI/IfI MO2KHO CY3UTb.

Omnpenenenne 1.2 Jlunetinoe ypasHerue
aoy(k) + ary(k +1) + -+ +any(k +n) = f(k)

2de a; (1 =0,1,...,n) — nocmoannve Kosfuyuenmo. u ag # 0, an # 0, Ha-
3bIBAEMCA NUHETHDLM PASHOCTVHDIM YPABHEHUEM N-20 NOPAIKA C MOCTOAHHBLMU
rxoapuruenmamu.

Eciin B aroM ypauenuu 110510:kuth y(k+1) = yr4; u f (k) = fi, To ypaBaenue
IpUMeET BUJI
aoyk + a1Yk+1 + -+ AnYktn = fr-

st OJTHO3HAYHOIO OIPE/IEJICHUST PelleHnusl TpedyeTcs 3aJaTh N yCJIOBUA, Ha-
npumep, y; = b;, ¢ = 0, ... ,n — 1. meerca riayboKast aHAJIOTUS MEXKIY Pac-
CMOTPEHHBIM PA3HOCTHBIM YPaBHEHUEM U OOBIKHOBEHHBIM JiudDepeHIrabHbIM
YPaBHEHUEM C IOCTOSTHHBIMEU KO3 purimenraMu

doy(x) +ary' (@) + - +any ™ (2) = f(2)

KaK B IIOCTaHOBKaX 3a/la4, TaK 1 B ME€TO/laX UX pEHICHUd.
Byﬂel\{ HUCKaThb penieHne OJJHOPOJHOI'O Pa3HOCTHOI'O ypaBHEHUA B BUJAE Yk =
/J/k. ITocae IIO/ICTAHOBKU 3TOT'O BBIPDA2KCHUsA B PAa3HOCTHOE ypaBHEHHNE N COKpa-

n
mennst Ha pF mosyunM xapakTepuctideckoe ypasnenne p(u) = > a;jp! = 0.
j=0

Vreepxkaenue 1.1 ITycmov pi1, ..., [y — PA3AUNHDIE KOPHU TAPAKMEPUCTIU-
MecK020 YPAGHEHUSA, A 01, ... ,0r — UL Kpamuocmu. To2da obwee pewenue 00-
HOpO(?HOZO pPa3rHoCmHo2o YypasHeHUA npedcmae/memCﬂ 6 sude
k k o1—1, k
Yk = cupy +ckpy + - g, KT o

+Cr1,ufff + Crgkuif + -+ Crcrrkarilluff ’

2de Cij — NPOU3BOALHDBLE NLOCTNOAHHDLE.
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Takum 06pa3oM, KaxK0My KOPHIO (4 KPATHOCTU 0 COOTBETCTBYET HADOP JacT-
HBIX peH_IeHI/IfI BUIa
k k k ko'fl k
[T TN S T

ITpumep 1.8. Haiitu obiee penienune ypaBHEeHUs
byry1 — cyr +ayr—1=0.
HaiiieM KOpHU XapaKTepPUCTHIeCKOro ypasHerus bu? — cu+a =0 :
ctvVD
26
U PACCMOTPHUM TPHU CJIydas JJId JUCKPUMHUHAHTA (B HOCIeLyomux hopMysiax
(4, Cy — UPOU3BOJIbHBIE IOCTOSTHHBIE).

a) D >0, p # po — semecrsenusie: yy = Cyuf + Copl ;
6) D<0, pie= peti? — KOMILIEKCHO CONpsKeHHBIE. 371eCh

v/ |D
arctg% ¢/b >0,
a
_ /¢ — v/ |D
p—\/;, Y= W—arctg% ¢/b < 0,
T

c=0.

Hi2 = D =c? — 4ab

2

Torna u’f’Q = p¥(cos kptisin k) . Cremosarensuo, y, = p*(Cy cos ko+Cysin k) .

D10 opma 3anmcu JIeACTBUTENLHOTO PEIIEHUS, I KOMIIJIEKCHOI'O MOYKHO HC-
IOJTE30BATE IPELLAYIIH BU, T.e. Yy = Cquk + Copk.
B) D=0, p =ps=p — kparuse: y, = O p* + Cokput.

Jlexiust 2. HacTHoe penieHne HEOTHOPOIHOTO ypaB-
HeHus. PyHamaMeHTaJbHOE pellieHne. 3aJaui Ha
coOCTBEeHHbIE 3HAUYEHUA

Kak u B ciayuae muddepeHmaibHbIX ypaBHEHU, 9aCTHOE PeIleHne Pa3HOCT-
HOT'O ypaBHEHMsI JIJIsl IPABOil 9acTH CIIEIUAJIBHOIO BUJIA MOXKET OBITH HailJeHO
METOJIOM HEOIIPEJIEJIEHHBIX KOI(DDUIMEHTOB.

YrBepxkaeuue 2.1 [Tycmo
fro = o (P, (k) cos Bk + P, (k) sin Bk),

20e Py, (k), P, (k) — muozousenv cmenernu my ume coomsememeerno. Tozda
wacmmoe pewerue modtcem 6omv natiderno 8 sude

yi = k* o* (Qn(k) cos Bk + Qn (k) sin k), (1)

14 Jexuyus 2. Yacrabre permenusi u cOOCTBEHHbBIE (DYHKITHH

2de s = 0, ecau aetP ne asamomes Kopnamu Tapaxmepucmueckozo ypacHe-
HUA, U S PABHO KPAMHOCTU KOPHA 6 NPOMUSHOM cayuae; 1 = max(my, ma) —
cmenens mro2ouaeros Qn (k) u Qn(k).

Yrober HaliTh K03 durmenTsl MHOrOWIeHOB Qn (k) u Q. (k), HamO MOZACTA-
BUTH BeIparkeHue (1) B HEOIHOPOIHOE YPABHEHNE U IIPUPABHATH KO3GbMUIUEHTHI
[IPU TOO0HBIX UICHAX.

IIpumep 2.1. Haiitu By 9acTHOTO peIeHUsT yPABHEHUS

T
Yk+2 + yr = cos —k.

2
Haiinem KopHH XapakKTepucTuueckoro ypasHennst u = =+i. Tak kak (o, ) =
(1,7/2) siBAsieTcss KOpHEM KpaTHOCTH 1, ciefoBaTenbHO, S = 1, W peleHue

ol — us in &
umerca B Buje: y, = k (01 cos Tk + cosin 3 k) .
dyHmaMmeHTaIBHOE perenne. PaccMOTpuM MeTOJ IOCTPOEHUs YACTHOIO
peIlleHns ¢ IIPOU3BOJIbLHON IPABOil YaCThHIO.

Onpenenenne 2.1 Oyndamernmanvroim peuweruem Gy HA3BIBAETNCA peuleHUue
PA3HOCTIHO20 YPAEHEHUA

aoYk + a1Yk+1 + 0+ AnYkrn = Sk

0, k#n

¢ npasoti wacmwio fi, = 0}, 20e 0 = { 1, k=n

ITpumep 2.2. Ilocrpoum orpanudeHHOE (DYHIAMEHTAIHHOE PEIIeHUE ypaBHe-
HUsl IIEPBOrO MOPSJIKA

ayr + byt = (52.
g sToro Haiiaem o0Ilee pelieHre 0 M3BECTHONH CXeMe: Yy = yg + y,i, yg =

a k
C <73) . st onpeesienns yi nMeeM TPU I'PYHIbI ypaBHEHU:

k
ayr +byry1 =0 mpm k< -1, T.e.y,i =c_ (7%) ,
ayo+byr =1 upu k=0,

k
ayr +byr+1 =0 mpm k>1, T.e.yi:CJ’, (7%) .

st k < —1 Bosbmenm c— = 0. Tora Bce ypaBHeHuUst IEpBOIi I'PYIIIIBI BHITOTHEHBI
u yo = 0. VI3 Broporo ypasHeHus ciejyer, uaro y; = 1/b. Orcroga u u3 Tperbeit
rpymnbl ypasHeHuil umeeM ¢y = —1/a. Takum o6pasom, mosydaeM YacTHOE
pelreHne HeOJHOPOIHOTO yPABHEHUS
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ITocsie npubaBieHnst K HEMY ODOIIEr0 PeIeHUs! OTHOPOHOIO YPABHEHUsI HAXOIM
BBIpaXKeHHe JIJIsT OOIIEro pereHns:

c(——)k, k<0,

") e

0
O6oznaunm nocrpoennoe dyHaMenTaibHoe pemenne depe3 Gj. Ero orpamu-
YEHHOCTh BBIPAXKAETCsl B BUJIE 3aBUCHMOCTH NOCTOstHHOM C' 0T BesmauHsb! |a/bl:

C =0, npu |a/b| < 1,
v C, upu |a/b| =1,
C=1/a, upmula/b] > 1.

Teopema 2.1 ITyemo |a/b] # 1, |fx| < F, a G} — oepanunennoe dyndamer-
maavhoe pewerue ypasHenus a Yy + byr1 = 0y . Toeda psad

oo
yli = Z Gan
n=—oo
abcosommo cToOUmMCA U AGAAECMCA HACTIHDLM DEULEHUEM YPAGHEHUA
ayk +byr+1 = fr-
Hoka3zaresberBo. Pacemorpum cayuait |a/b| > 1. Y3 npeapiaymero npu-

Mepa cieayer, aro C = —, T.e.
a
n __
Gi =

CirenoBareJibHO,

1 a
1 k—
Y, = E E(_Z) " fn,
(k—n)<0
n nuMeeT MeCTO cne;(yfomaﬁ OIICHKa

F
il < — >

o (n—k)>0

n—=k B F 1 B r
lal 1—1bl/la]  |a| — o]

b

a

T.€. pAa JAJIsd beHKI_LI/II/I yl}: ABJISIETCA aOCOJIFOTHO CXOOAIIUMCH. KpOMe TOT'O, PAg
ABJIACTCA 9aCTHBIM pEIIeHUEM NCXOIHOI'O YPDaBHEHUA:

ayr +byerr=a ¥ Gifatb > Giyifa=

n—=—oo n=—oo

16 Jexuyus 2. Yacrabre permenusi u cOOCTBEHHbBIE (DYHKITHH

o0

= > (@G +bGE ) fa= Y O fu=fr.

n=—oo n=-—oo

Cayuait |a/b| < 1 pacemarpuBaercst aHasoruaHbM 06pasoM. Teopema jloka3aHa.
OTMeTuM, 9TO M3JI0KEHHAS TEXHUKA MPUMEHUMA JIIs [OCTPOeHust (yHIa-
MEHTAJIBLHOTO PEIEHNUs Il YPABHEHUS N-T'O TIOPSIIKA.

3amaum Ha cOOCTBEHHBIE 3HAYEHHUSA. B HEKOTODPBIX BaXKHBIX s IIPU-
JIOYKEHU CIydasax 3aJ1ady HaXOXKJIeHUs COOCTBEHHBIX BEKTOPOB M COOCTBEHHBIX
qucesI 3a/JaHHOI MaTPHUIIbI y/IaeTCs PENIUTh METOJaMUA PAa3HOCTHBIX yPaBHEHUM.

IIpumep 2.3. Haiigem Bce A, st KOTOPBHIX PA3HOCTHAS 3aa4a,

Ye+1 — Yk—1

2h Yk, Yo YN 3 /

MMeeT HETPUBHUAJILHBIE PEIIeHNUs.
[Teperuiiiem pa3HOCTHOE ypaBHEHUE CJIEIYIOMNAM 00PA30M

Yk+1 + 2hAye — yp—1 =0,
U HaiizieM XapaxTepucTuueckoe ypasnerne mu® + 2hAp — 1 = 0. Ero xopun:
p12 = —hA £ V1+h2X2. Ecomu i1 = po = p, 10 yp = CrpF + kCop*. U us

KpaeBbIxX yciosuii ciepyer, uro Ch = Co = 0. Ecimm py # o, TO 00I1Iee pereHne
PA3HOCTHOTO YPABHEHHUS UMEET BUJL

k k
yr = C1uy + Caps,
a KOHCTAaHTbI Cl u 02 OHpeﬂeJIHIOTCH N3 CUCTEMBI

C1+Co=0, Cipl +Coud =0.

Orciona nosyaaeM, aro Cy = —C; u Cy(pdy — pd) = 0, T.e. HeTpUBHAIBHOE
’ 1 2 )

pelmenne pasHOCTHON 3aJladl CyIIeCTBYeT TOTJa U TOJBKO TOTIA, KOTaa il =

,uév . CirlenoBaTennbHO,

1 ,27m)
— =exp|i— ), n=0,...,N—1.
42 p< N

2mn
Tak Kak piype = —1, T0 p2 = — exp (iT)’ T.€.

. (,7'('7’1) . ( ,7T7’l>
=1€ex 1— =1€ex —1— .
M1 p N ) M2 P N
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Herpusnanbuble perenust UCXOHOM 3aa4u cooTBeTcTBylor n = 1, ... , N — 1
1 UMEIOT BU/,

n . .mkn .mkn
yl(c )= & (M]f - Mg) = Cyi* (GXP (1T> — €Xp (—IT)> =

ks . KT ) . mkn
= (1iF2isin — = C'i**+1 sin —.
N N

ITockoabky

. TN TN . ™
w1+ pe = —2hA =1 (exp (IW) + exp (71W)) = 2icos N

nMeeM
i ™
A = _—cos—, n=1,...,N—1.
h N
OTMeTHM, 9TO KOJUIECTBO PA3IMIHBIX HEHYJIEBBIX COOCTBEHHBIX 3HAYEHUH paB-

Ho N — 1.

3amaua 2.1. IIposectu ananoruio ¢ auddepeHImaIbLHON 3aaadeit
Yy =-Xy.

IIpumep 2.4. Haiitu Bce A, Jjisi KOTOPBIX Pa3HOCTHAs 331298

Ykl — 2Yk + Yr—1
h2

=AYk, Y=yn=0, h=1/N

UMeeT HeTpUBHUAJIbHBIE pentenns. Haiimem xapakTepucTudeckoe ypaBHEeHNE pas3-
HOCTHO 3a/1a4U:

h2
p?—2pu+1=0, tme p= (1—7)\).

Ero kopuu: p11 2 = p+/p? — 1. Ecam pug = pa = p1, 10 yp, = Crp* +kCop*, a us
KpaeBbIX yciaosuii ciemyer, uro Cy = Cy = 0. Ecim py # 2, T0 00I1ee pererne
PA3HOCTHOTO YPABHEHHUS UMEET BUJ

k k
yr = Crpf + Copy,
a koucTauThl C1 u Co ONpenessioTcs U3 CUCTEMbI

Ci+Cy =0,
Cipdy + Copy = 0.

18 Jexuyus 3. Muorowiensr YebbiméBa

Orcrona mosyuaem, aro Cy = —Cy u Ci(udY — 1) = 0, T.e. HerpusnabHOE
9 1 2 )

pelleHne pa3sHOCTHON 3aa49u CYIIECTBYET TOTJA U TOJBKO TOTIA, KOTJa ,u{v =

pd . CrenoBaressho,

9 .2m™n
Tak xax pyjp2 =1, To i = exp IT , OTKY/Ia

LN
1,2 = exp ilﬁ .
HerpunasnbHblie pereHust UCXOMHOM 3aa4u cooTBeTcTByIoTr n = 1, ..., N — 1

1 UMEIoT BUJI

n .Tkn .mkn
g =y (0 —pb) =1 <exp <IT> — exp <IT>) =

n n
= Cﬂisin% = (C sin WT

ITockoubky

h? LT LT ™
2p = 2(1 - ?)\) =1+ po = (exp <1W) + exp <71W)) = 2cos N

nMeeM
(n) 2 .
AV =—(1l—-cos— | =—=5sin“—, n=12,..., N—1.

OTMernM, 9T0 KOJUIECTBO PA3IMIHBIX HEHYJIEBBIX COOCTBEHHBIX 3HAYCHUI paB-

no N — 1.

3amaya 2.2. Ilposectu anajoruio ¢ quddepeHnuaabHOi 3a adeit:
y// = 7>‘ya y(O) = y(l) = 07

Ym)(r) = Csin(mnz), Ay = (mn)
JIeknua 3. MHoro4yenbl YeoObImiéBa

Haiimem obiee perrierue 0mHOPOIHOTO PA3HOCTHOTO YPABHEHUS C IAPAMETPOM:

yn+1(l‘) =2z yn(x) - yn,l(l‘), z € R.
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Nmeem:
2 —=2xp+1=0, pro=x+\a2—-1.

CremoBaresibuo, ipu & # +1 Bepua dopmysta

yn(z) = C1(x)(z + Va2 — 1) + Ca(z)(x — Va2 = 1)™.

Cayuait x = £1 jajiee paccMaTpUBaeTCs OTAEJBHO.
Eciu |z| < 1, To yao6HO niepeiitu K jeiicTBuTesibHON (hopMe 3a1KCH perieHust
Yn(T), IPEJICTABUB (11 2 B TPUTOHOMETPHYECKOM BHjie. IlycTh & = cos ¢, Torma:

yn(x) = Cy(x) cos(narccosx) + Co(x) sin(n arccos x).

3HaueHNs COOTBETCTBYIONIMX KOHCTAHT OIPEIeNIAoTCs HAYaIbHBIMEA YCJIOBUS-
MU, HapuMep, st yo(x), y1(x).

Muorousiensr Yebbiuésa nepsoro poza 1, (x).

Ounpepenenne 3.1 Muozousenamu Gebvuéea nepsozo poda T, () Hasveaem-
CA NOCAEAOBATNEABHOCTND MHO20UAEHO8, YOOBAEMBOPAIOULUTL PEKYDPEHIMHOMY CO-
OMHOWEHUIO

Thi1(z) =22T,(2) — Th—1(x), To(x)=1, Ti(z)==x.
Teopema 3.1 Jas muozousenos Ty, (x) umeem mecmo uppayuonaivroe npeo-

cmaeaenue
(x+\/myb+(xf fol)n
5 .

T.(z) =

HokaszarenbcerBo. Ilycts © # +1. Torna n3 Hava bHBIX YCJIOBUH MOJIydaeM
Ci(x) = Cy(x) = > YTO IPUBOJUT K yKa3zaHHOH dopmyse. na z = +1 umeem

p1,2 =, T.e. Tp(x) = Cr(z)a™ + Co(z)na™. V13 HAYATIBHBIX YCIOBHI IOy IaeM
Ci(x) =1, Ca(x) =0, re Tp(z)|x1 = (£1)™. D10 coBHamaeT o 3HAYCHUIMH,
HOJTy9aeMbIME IPH (GOPMAJIBHOM [TOICTAHOBKE & = £1 B HppaIMOHAJILHOE IIPE/I-
CTaBJIeHNe, TI09TOMY, HafijieHHasi ¢opMysa BepHa npu Bcex x. KoppekTHOCTH
YKA3aHHOTO BBIPAYKEHNUs it & = +1 TakKe CJIejlyeT U3 HEIPEPHIBHOCTH PEKYp-
PEHTHOIO COOTHOIIEHUS ¥ HPPAIIMOHAIBHOIO [IPEJICTABIICHNS [ BeeX © € R n
UX TOYKJIECTBEHHOTO PABEHCTBA i & # *1.

Teopema 3.2 Tas mnozounernos T, (T) umeem mecmo mpuezoHoMempuseckas
Popma
T, (z) = cos(narccosx), |z| < 1.
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JdokazaTesbcTBO. JIO0 13 HAYMAIBLHBIX YCJIOBUi, JIMOO ITOJCTABUB T = COS (0
B MPPAIMOHAJIBHOE [IPEJICTABICHUE, ITOJIYIaeM é'l(x) =1, C’g(ac) = 0. DTo upu-
BOJUT K YKa3aHHOU (hopmy.ie.

OTMeruM, 9TO TPUTOHOMETPHUUIECKYIO (POPMY MOKHO B3SATH 3a ONpEJIeJIEHUE
MHOTOWIeHa JeObIméBa mepBoro poja. leiicTBUTeIbHO, IPpH JII0OOM 1) IMeeM

cos ((n + 1)) 4 cos ((n — 1)n) = 2 cosncos(nn).

[Monarast n = arccos x, moJiy9aeM, 9TO TPUTOHOMETPUIECKasi (DOPMYJIa yIOBJIe-
TBOpSIET PEKYPPEHTHOMY COOTHOIIEHHWIO W YKA3aHHBIM HAYAJLHBIM YCJIOBUSIM.
Orcrona caenyer, uro npu || < 1 peKyppeHTHOe COOTHONIEHHE M TPUIOHOMET-
puueckasi (popMyJia 3aJaI0T OJUH U TOT YK€ MHOTOYJIEH.

MozKHO OKa3aTh, 9TO TPUNOHOMETPHUYeCKas: (popMa BEPHA JIJIs [IPOU3BOJIb-
HOTO KOMILIEKCHOTO Z. JlJIst 9TOT0 JOCTATOYHO BOCIOJIB30BATHCA hopMystoit My-
aspa cos(nf) = 1((cosd + isinf)" + (cosd — isin6)"), rue sinf = 1 — 22, n
BBIOpATH JjIsi BeeX (PyHKIWE moaxodmue Bersu. OTcroa Tak:ke MOXKHO 060C-
HOBATb UPPAIMOHAJBHOE IIPEJICTABJIEHUE JJIsi KOMILJIEKCHBIX .

Msuorounens: Hebbimésa sroporo poga Uy, ().

Ounpenesienne 3.2 Muozouaenamu ebwuésa emopozo poda U, (x) nazwiea-
emces nocaedo8amenvHoCmMb MHO20UAEHO8, YOOBAEMBOPAIOWNUT PEKYPPEHTNHOMY
COOMHOUWEHUIO

Uni1(z) =22 U, (z) = Up_1(z), Up(z)=1, Ui(z) =2z.

Teopema 3.3 /Jlaa muozounenos Uy, (x) umeem mecmo uppauuonaibHoe npeo-
cmasaerue

(z+ m)nﬂ —(z—Va? - 1)n+1
2V — 1 '

JdokazaTesbcTBO. Brinncas perierne pa3HOCTHOTO yPABHEHUS C YIETOM
HAYaJbHBIX YCJIOBUIl, HAXOIUM yKa3aHHYIO dopmyiy s ¢ # +1. U3 Hemnpe-
PBIBHOCTU U TOXKJIECTBEHHOTI'O COBITQJIEHUsI PEKYPPEHTHON TOCJIEI0BATEIHBHOCTH
7 UPPANMOHATLHOTO TMPEICTABICHHUS Oy IaeM, ITO (POPMYJIa TAKKe BEPHA, st
r==+1.

Un(z) =

Teopema 3.4 /J[aa mmozounenos Uy (L) umeem mecmo mpuzoHomMempuieckas

dpopma
sin((n + 1) arccos x)

Up(z) = , |zl < 1.

sin(arccos )

JokazaTenbcTBo. JInb0 13 HAYAIBHBIX YCIOBHIL, INOO MOACTABUB T = COS (0
B HPPAIMOHAJILHOE IIPEJICTABJIEHNE, IOy IaeM YKA3aHHbII BU.

CsoiicrBa MHOrouaeHos eGniésa mepsoro pona 1, (z).



Pazner 1. 21

Teopema 3.5 Bce mnozounervt To, () — wemnvie, Topi1(2) — Hewemmovie; Ko-
appuvuenm npu cmapwem waene x paser 271 Jan x| < 1 umeem | T, (z)| <
1.

Jloka3aTeJabCTBO MEPBOr0 YTBEPKICHUS MOXKHO MOJIYIUTH METOIOM WH-
JIyKIMU U3 PeKyppeHTHO (opMbl 3anucu a). Bropoe yTBepxKienue cieiyer u3
TPUrOHOMETPHUIECKOH (hOopMBI 3amucu b).

Teopema 3.6

I 0 npun £ m

Th(x) T, ’
[mn:/wd:ﬂ: 7/2 npun=m #0,
vi—a T npun =m = 0.

-1

HoxkazareabctBo. [losoxkum x = cos p, Torma de = —sinpdp u

s

™
I = /cos(mp) COS(mtﬂ)d@ = 5(62—'"; + 62+7rz) .
0

Takwum 06pa3oM, cucreMa MHOTOWIEHOB JeOBINEBA OPTOrOHAIBHA, & CHCTEMA
1 V2 V2
{ﬁTo(m), ﬁTl(m), e ﬁTn(m), ...} oproHOopMmaJbHA Ha oTpeske [—1,1] ¢ Be-

coM p(x) = —.
o) = T
Teopema 3.7 Bce nyau muozounsenos Heovwésa Ty (x) umerom eud: x,, =
T (2m —1)
C08 —— ——, 2de m = 1,...,n (8ce nyau aesrcam enympu ompeska [—1,1],
n
UL POBHO N).

JokazaTesbcTBO. VICKOMbIe HY/IM SIBJIAIOTCA KOPHAMHU yPaBHEHUsI
cos(n arccos T, ) = 0.

Teopema 3.8 Bce sxempemymuvs mrozousera Jebviuésa Ty, (x) na ompeske [—1,1]

™m
UMEIOM 6U0: T(m) = cos —, m = 0,...,n (na [—1,1] umeemcsa n + 1 sxcmpe-
n
— m
mym u T (2(my) = (=1)™).
HokazaresibcTBO. VCKOMBIE 3KCTPEMYMBI ABJISIOTCA KOPHAMHA ypPABHEHUS
cos(n arccos () = 1.

Teopema 3.9 /[aa npoudcosbHbLL NOAOHCUMEALHDLL UEADLT M, N GEPHDL TOIHC-

decmea )
T»,,L(QL‘)T»,L(Z‘) = _(Tm-i-n(x) + Tm—n(x))7 m > mn;

T (Th(x)) = Trn ().
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Teopema 3.10 (JIeGenes B.I.) s npoussosbHbiT NOAOHCUMEADHYIT UEADIT
m,n eepHbL Mosrcdecmsa

= 4T, (z)(Tn(z) —
Unn—1(x) = Upn—1(Tn(2))Up—1(z).

S

JloKa3aTesibCTBO MOXKeT OBbITh MOJIYIeHO M3 BUja MHOrouwieHoB T, (z) u
Un(z).

U3 reopembr JlebeneBa B TOM 4uC/e CJELYET, 9TO TPeTh KopHeh T3, (x) saB-
sstiorcst kopasiMu T, (), & KopH# Upyp—1(2) cocrosit u3 xopueit Uy,—1 (T (z)) n

Un_1($).

Teopema 3.11 Cpedu scex mmozounenos Pp(x) = ™ + ... co ecmapwum xo-
appuyuenmom 1 npusedennviti mmozouaen Yebvauésa T, (z) = 217", (x) nau-
MeHee YKAOHAEMCA Om HYyAs Ha ompeske [—1,1] |, m.e.

max ‘Pn(ac)| > max ‘Tn(ac)| =2t ",

[-1,1] [-1,1]

Hokazarenscrso. Ilycrs || Py (2)||¢j—1,1) < 2'7"™. Torga muorounen Q,—1(x)
Ty (x) — Pp(z) nmeer crenensb n — 1 u owimder or Hysaesoro. OJIHAKO IIPH 9TOM
B TOYKAaX () SKCTPeMyMa MHorodiena lebpimésa s3uak pasHocTd Qn—1()
onpeesieTcst 3HakKoM 1, (x):

sign (Tn(:n(m)) — Pn(:c(m))) =(=1™.

CrenoBarenbHo, Qp—1 () ABIASETCS OTIIMYHBIM OT HyJsl MHOTOUJIEHOM CTEIIEHU
n—1, HO UMeeT N HyJIell, IOCKOJIBKY 141 pa3 MeHsieT 3HAK B TOYKAX IKCTPEMYMA..
[Tosygyerroe mpoTuBOpetne 3aBEPIIAET JOKAZATEIHCTBO.

Taxum 06pa30M, MIPUBEIEHHBI MHOTOWIEH 1eObINEBA ABJISETCH PEIIEHIEM
caeayoneii MUHUMAKCHOI 3aJia4un:

arg{ inf max _|P,(z)| } = Th(z).
P, (z)=z"+... z€[—1,1]

Takke MO2KHO JOKA3aTh €IMHCTBEHHOCTDH TAKOI'O PEIIeHNUs, T.€. JJIs IIPOU3BOJIb-
Horo P, () u3 ykaszaHHOrO Kjacca, OTJAMIHOrO OT T, (2), BBINOJIHSETCST OIEHKA:

1T (2)llcr-1,1 < 1Pallci—1,1)-

Teopema 3.12 Cpedu scex mrozousenos Pp(x) = z™ + ... co cmapwum xoofh-
Ppuyuernmom 1 npusedernwviti mnozounern debviuésa

—apl,  (b—a\" 1, 2z — (b+a)
rey - (152 oo, ()
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HAUMEHEE YKAOHAEMCA OM HYAA Ha ompeske [a,b] , m.e.

max | P, (2)| > max [T (2)] = (b— a)"2! 2"

[a,b] z€la,b]

HokazareabcrBo. CrenaeM JUHEHHYIO 3aMeHy MEePEMEHHBIX
a+b n b—a
2 2

[a, b]. MuorOwIeH T, (x) 1pu 3TOM IIpeobpasyercst B MHOTOUIIeH T, (

x’ yig orobpaxkenust orpeska [—1,1] B 3asaHubIil 0Tpe30K

2z — (b+a)
b—a )
co crapmmm ko3 durmentom 2" 1(2/(b—a))™ u sKkCcTpeMyMaMu B TOUKaxX xE‘;’S] =
a+b b—a
2 + Tx(m). Tlocsie mepeHOPMUPOBKE TI0 cTapIieMy KO3 UIINEHTY U UC-

IIOJIb30BaHUA Hpe;u)mymeﬁ CXEMBbI JJOKa3aTeJbCTBa UMEEM, YTO MHOT'OYJICH

T (@) = (b— a)"2! 2T, <72x - (_b; “)>

xr =

ABJIAETCA HauMeHee YKJIOHAIOIMUMCA OT HYJIsI Ha OTPE3Ke [a,b] MHOT'OYJICHOM

—[a,b
co crapmmmM Koaddunuentom 1. Vckomas onenka jis ||T£:l ]||C[a,b} cIIeyeT u3
2r — (b+a
paseHcrea max |T, (b(7)> | = 1.
—a

z€Ja,b]

Teopema 3.13 Cpedu scex mnozounenos Pp(x) pasnor 1 npu xo = 0, x9 ¢
[a,b], npusedenrwili mrozousern debvuuéea

oo - 20

T b—a

HAUMEHEE YKAOHAEMCA OM HYAH Ha ompeske [a,b]. TTpu smom

2 Vb —a
n q1 =

— —

g +4q Vb + va
HokazareabcrBo. OnTuMajibHOCTh MTPUBEJIECHHOTO MHOTOYJIeHA eObImé-

Ba MOXKeT ObITH JIOKAa3aHa [0 PACCMOTPEHHON paHee cxeMe OT MPOTUBHOIO, T.K.

=[a,b
pa3HoCTb TT[L ’ ](m) — P,(z) orsinuHA OT TOXKJECTBEHHOI'O HYJISI, SIBJISETCS MHO-

T[a,b] —
max T ()]

T'OYJIEHOM CTeII€HU He BBIIIE 71, UMeeT T HyJIefI Ha OTPE3Ke [a, b] 1 HOJIb B TOYKE

xo =0 ¢ [a,b].
Haiizem Besimauny ||T,[La’b]||c[a’b] =

YeHue
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a
. Tak kak
—a

b
opu & = —
P b

2vba
b—a b—a

2
_b—l—ai b+a _1:_()—|—ai
b—a b—a

WrvaP o Vb-a
(Vo — Va) (Vb + Va) b Vb+a'
2 2q7 n

Fla.d _ _ < 2"

TO

Teopema mokaszama.

Teopema 3.14 Cpedu scex mnozouaenos Py, (), y0osaemeopaowur ycaosuro
2z — (a+b
m[a)z] |Pn (x)‘ = M, npusedernoili mnozousen Yebvuuésa M T, %)
z€|a, —a
npunumaem rauboavwee no Modyasto srnavenue dan ecex & ¢ (a,b), m.e.

R < (25 | e

Hoxka3zaresberBo. [Ipenonokum IpoTUBHOE, T.€. CTh CYIIECTBYeT Takoe & ¢

26 — b
(a,b), uaro ‘Pn (§)| > M |Tn <%) | Torya y HEHYJIEBOTO TIOJUHOMA
—a

Pa(§) z—(a+b)
Qu(z) = () T, <2 - a+ > — Pu(z)

[a.?]

kak MuauMyM (n + 1) nepemena 3naka Ha [a, b] B TOYKax (s T-€. 1 HYyIelE Ha
(a,b) n HONB B TOUKe . [IpoTHBOpEUHE.

Teopema 3.15 (MapkoB A.A.) (O6obwennas meopema). Cpedu ecex mHo-
eounenos P (x), ydosaemsopsrowur ycaosuro m[a)il ‘Pn(ac)| = M, npuseden-
xre|a,

2z — (a+b)
b—a
MOJYAI0 BHavEHUE NPOU3BodHol daa ecex € & (a,b), m.e.

Pl < M1 (W) e

Houti mroz2ounen debwvuuésa M T, NPUHUMGEM HAUbOADULEE O

r=£ — —a

Pasencmeo docmuzaemces moavko oas Yra3arHHo20 nNoAUHOMA.
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HdokazaresbcTBo. IIpe/onoKuM NIpOTHBHOE, T.€. IyCTh CyIIeCTByeT Takoe & ¢

(a,b), aro |P)(x)| _, > M|T}, (M) | Torja y HEHyJIEBOIO OJIMHOMA

r=¢£ b—a r=¢£"
1P ()], ¢ 2z — (a+b)
Qn(z) = — T, < ) — Py ()
(T ()| b-a

a,b o
Kak MUHUMYM (n + 1) nepemeHna 3Haka Ha [a, b] B TOUKax xEn’l)], T.e. N HyJIell Ha

(a,b). Ho Torma y momuHoMa @), () Kak MuanMyM n — 1 Hysb Ha (@, b) 1 HyJb B
rouke £. Orciona cremyer, uro Q) (z) =0, T.e. Q,(z) = const n mmeer n Hyseii,
r.e. Qn(z) = 0. IIporusopeune. (EauncrBeHHOCTD 9KCTPEMAIBHOTO HOJIMHOMA,
6e3 JI0Ka3aTeaIbCTBA).
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2. Junddepennuaibable ypaBHEHNIS

Jleknus 4. Teopusi pa3HOCTHBIX CXEM

IIycrs B obsactu D ¢ rpanuneit I' 3ajana nquddepennuanbias 3a1a4a ¢ rpa-
HUYHBIM yCJIOBUEM

Lu=f B D, (1)
lu=¢ mna T. (2)

3neck L u | — muddepennmanbabie oneparopsl; f 1 ¢ — 3aJlaHHbIE 3JIEMEHTHI,
a % — HUCKOMBIN 3JIEMEHT HEKOTOPBIX JIMHEHHBIX HOPMHUPOBAHHBIX ITPOCTPAHCTB
F, ® u U coorBeTCTBEHHO.

KoHevuHo-pa3HOCTHBIT MeTOI.

Jljist mpuMeHeHnst pA3HOCTHOTO METO/IA 33JIAI0T HEKOTOPYIO CEMKY — KOHETHOE
MHOMKeCTBO Touek (y3mo8) Dy, = Dy, |J Ty, npunaieskamee obnactu D = DT
(kax npasuio, I'y, C T'), onpesiessitor cerounble npocrpascTsa Fy, &p u Uy u
3a/IA10T OIIePATOPBI IIPOEKTUPOBAHMUS (- )}, SJIEMEHTOB UCXOJHBIX IIPOCTPAHCTB HA
9JIEMEHTBI CETOYHBIX IPOCTPAHCTB (dacto upocrpancrsa Fy, @y u Up, oupene-
JISIOT KAK HPOCTPAHCTBA cirenos dbynxumit u3 F, & u U na Dy, I'y, u D), co-
OTBETCTBEHHO, B 3TOM CJlydae KaskKJasl HelpepblBHas (PYHKIUs U COBIAJAET C
dyukimeit (v)y B y3nax cerkn). IIpu 5TOM B IIPOCTPAHCTBAX 38/IAFOTCST COTJIA-
COBaHHBIE HOPMBI.

Ounpepnesienne 4.1 Hopwmo || - ||, ||+ ||n Hasvisaromesn coenacosanmvimu, ecau das
NPOUEOALHOT JOCTNAMOUWNO 2AG0KOT GYHKUUL U BUINOAHALTNCA COOMHOWEHUE
limy, o || (0)n |[n = [0

Ecitit HOpMBI He SBJIAIOTCS CONIACOBAHHBIME, TO U3 ycsoBust limy, o || (w)nl/n =0
He caenyer ||ul| = 0, r.e. yro u = 0 B ucxoguoMm npocrpancree U. OaHako, 310
TpeboBaHue HEOOXOAUMO Jjisi OOOCHOBAHUS CXOJAUMOCTH CETOYHON (DYHKIMIH U},
K HenpepbiBHON 4. OTMernM, uro npocrpanctsa Uy, u Fj, MoryT pasiugarbed,
T.€. PA3IMYATHCA y3JIbl, TJIE UINETCA PEIIECHNE N 33/IaHa IPABas IacTh.

Bee nponsBoHbIE, BXOAANINE B YPABHEHUE W KPAEBBIE YCIOBUST, 3aMEHSIIOTCS
DPAZHOCTIHBIMY, annporxcumayuamu. B pesymbrare muddepennuaababe omepa-
Topbl L u | 3aMeHSI0TCS pasHOCTHBIMU Ly, 1 I,.

Juist HaxoK JIeHust NpubJIMKeHHOTo perternst 3a1a4u (1), (2) onpenennm pas-
HOCTVHYIO CTEeMY — CEeMEHCTBO PA3HOCTHBIX 33144, 3aBUCAIINX OT IapaMerpa h:

Lpup = fn B Dp, (3)
lhuh = Yp Ha Fh. (4)
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Pemienue uy,, Ha3bIBAEMOE PA3HOCTIHBIM, IIPUHAMAETCS B KAYeCTBE MPUOJIMKEH-
HOrO pernenust quddepeHIuaJIbLHON 3a1a4m.

IIpumep 4.1.
' (a) = f(a),u(0) = wsu(o), f(2) € O [0, s ol = s [o(o)]
h=1/N,z; =ih, (U)Uh = u(ih), (f)Fh = f(ih + h/2);
St U fi=f(i+1/2)h),i=0,... N — 1, up = u’;

h
Up = [’U;Q,.- '7U’N] € RN+17 fh = [f07" 'afN—l] S RN7
lunlln = jmax fuil, [Ifulln = | max  |fil.

Ormerun, uto eskauaoa mopma [|vp e = (30, [0i[2)1/2 u Hopma |ju. =
hllvp||ln e coracosanHBI ¢ HOpMOH McxoxHOH 3ana4un ||v|| , T.k. npu h — 0
uveeM |[(0)p|le = 0, ||(V)n]|sx — 00 Mt IPOM3BONIBHOMN HeHyJIeBOH hyHKIMN
v e C0,1].

CXoauMOCTb.
Ounpenesienne 4.2 Pewenue up, pasnocmuols cxemv (3), (4) cxodumes x pe-

wenuto u dudpepenyuaronot sadawu (1), (2), ecau cywecmeyom maxue no-
cmoannwie hg, ¢ U p, wmo dasa ecex h < hg 6bIMOAHENO HEPAGEHCTMEO

(W, = unlly, <ch?,

npuvem ¢ u p we 3asucam om h. Qucao p naswvearom nopadkom crodumocmuy
PA3HOCTVHOT CTEMDL; NPU IMOM 2080PAM, YMO PA3ZHOCMHOE PEULEHUE Up, UMEET
nopAdoK MowHOCMU P.

Haubonpmmit naTEpEC MPEICTABISIET UMEHHO CXOJUMOCTH KAaK yCJIOBUE OJIU30-
CTH TIOJIy9IeHHOT'O YUCJIEHHO U TOYHOTO pemtennii. [IpoBepky cxopmmoctu yio6HO
CBECTHU K IIPOBEPKE AIIIPOKCUMAIUN U yCTONYINBOCTH.

Annpokcumariusi.

Ounpepenenne 4.3 Pasnocmuas 3adava (3), (4) annpoxcumupyem c nopso-
KoM annpokcumayuy p = min(py, p2) dudpepenyuarvnyio sadawy (1), (2), ecau
Ons A006BLT JOCTNAMOUHO 2400KUT PYHKUUT U, [, © U3 COOMBEMCMBYIOWUT NPO-
CMPAHCME CYWECEYI0M maKue nocmosannsie Ny, ¢1, P1, Ca U P2, 4MO 0L 6CET
h < hy 6bINOAHAIOMCA HEPABEHCMEA,

[Ln(w)v, — (Lw)p, || g, + () p, = fallp, < b,

llh(Wu, = (W)a, llg, + 1(©)e, = enrlls, < c2h,

npuYem 1, p1, C2 U P2 He 3asucam om h.
Buipasicenus, cmoauwjue nod 3HaKoM HOPM, HA3BIEAIOT, NOZPEUHOCTIAMU GTb-
NPOKCUMAUULU.
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Ounpenenenne 4.4 Onepamop Ly u3 (3) aokaavro annpokcumupyem 6 mov-
Ke x; Jugdpeperyuarvroli onepamop L uz (1), ecau das docmamouro 2aa0kol
Pyrryuu u € U cywecmsyrom makxue nosoHcumesvHve nocmoarroe hg, ¢ u p,
ne sasucaugue om h, wmo npu ecex h < hg cnpasediuso HepaseHcmeo

(Lu()o, = (Lu)p, )yey, | < ChP.

Hucao p npu 9mom Ha3vl6aemes nopadkom annpokcumMayul. Anarozuumo onpe-
densemes nopadox AOKANBGHOT ANNPOKCUMAUUL ONEPATOPaQ L}, .

Takke UCIOJIB3YyETCS TOHATHE ANMTPOKCAMAIINN HA PEIIEHNN, [TO3BOJIAIONIEE
CTPOUTH CXEMBI 00Jiee BBICOKOTO TOPSIKA TOYHOCTH Ha (PUKCHPOBAHHOM IIIad-
JIOHE.

Ounpepnesienne 4.5 Tosopam, wmo pasnocmuasn cxema (3), (4) annpokcumu-
PYEM HA PEWEHUL U € NOPAIKOM annpokcumayuy p = min(py, pe) duddepenyu-
aavryro 3adawy (1), (2), ecau cywecmeyrom maxue nocmosnmoie ho, ¢1, p1, Co
U P2, 4mo das ecex h < hg 6bINOAHAIOMCA HEPABEHCTNEA,

ILa(Wu, = fallg, < ah®,  (lh(w)u, —enls, < c2h™,

npuvem ci, pi1, C2 U P2 HE 3aB8UCAM OM h u evinoaHenvl Yycaosus HOPMUPOBKU

lim | = ()r

F, =0, }Lli% || Ph — (Lp)tpn |‘I’n =0.

JlemMma 4.1 M3 annpokcumayuu 3a0a% caedyem annpokcumMayus, 1o Pewerul
¢ NOPAIKOM HE HUHCE P.

HoxkasaresberBo. JleficTBuTeIbHO, TaK KaK Ha perieHnn u nvmeeM (Lu)p, =
(f)Fm (lu)‘l’h = (Lp)q)h7 TO

||Lh(u)Uh + (Lu)Fh - thFn < ||Lh(u)Uh - (Lu)FhHFh + ||(f)Fh - thFn < ch?t,

[ln(w)v, £ (e, = enlle, < h(wWu, — (W), llg, + (@), — enlle, < c2hP2.

B obparnyio cTropoHy He BEpHO, T.e. allllPOKCHMAIINS Ha PEIIEHNH MOXKET OBITH
BBIIIIE AIITPOKCUMAIIMN 33124, T.K. UMeeTcsl ¢Bsi3b Lu = f, lu = ¢ Mex 1y pelie-
HueM u 1 QYHKIUAMEA [, p.

YCTON4YNBOCTbD.

Ounpepenenne 4.6 Pasnocmuas crema (3), (4) yemotiuusa, ecau cywecmey-
em maxkoe hg > 0, wmo dasn mobozo € > 0 natidemes makoe § = 6(g), wmo das
(4)

npouseosoHOT Pyrruul uy’, i = 1,2, aeasmowurca pewenuamu (3), (4), us

HepaseHcmae

n<ho, [ A0 - 1P| <o el - ?|| <6
Fn P
caedyem ouenKa Hug) — uf)‘ . <e.
h

30 Jexuyus 4. Teopust pa3HOCTHBIX CXEM

Omnpegesienue 4.7 Junetlinaa cxema ycmoluusa, ecau CYWECmeyom makoe
L)

ho u maxue NoCmMoAMHbLE C1 U C, 4O OAA NPOUSEONLHBIT PeULeHUT ug), 1=1,2

sadawu (3), (4) npu ecex h < hg sepna ouenka

=, ==, ol =,

Fy,

st citygas TuHEHBIX 38129 PA3HOCTHASI CXEMa, IIPEJICTABIIAET CODOM cCucTeMy

JIMHEWHBIX ajrebpamdeckux ypasuenunii. U ecin f,(ll) = f(f), gagll) = gagf), TO U3

YCJIOBHSI yCTOWYIMBOCTI NMEEM Huﬁbl) fuf) |l < 0. T.e. ¢ HyeBOIt IPaBOIt YACTHIO
3a/1a9a UMeeT eJUHCTBEHHOE PEIlleHne, CJII0BATE/ILHO, 10 Teopeme Kponekepa—
Kamesum 3a1a49a 0HO3HAYHO pa3peniiMa P TPOU3BOJIbHBIX IPABbIX JaCTX.
Takum 06pazoM, JJ1s JIMHEHHBIX yPaBHEHUI yCTORIMBOCTD BJle9eT KOPPEKTHOCTD
— 3aJa9a MMEeT €JMHCTBEHHOE PENIeHUe IPU BCEX NMPABBIX YACTAX, U MAaJIble
U3MEHEHUd B [}, ©p NMPUBOJAT K MAJILIM U3MEHEHUSIM B DEICHNN.

HenpepbiBHY0 3aBUCHMOCTH 110 f;, (DABHOMEDHYIO OTHOCHTEIBHO h) Ha3bI-
BAIOT yCTONYUBOCTBIO MO NPasoli 4acmu, a HEIPEPBIBHYIO 3aBUCUMOCTD 110 (O,
HA3BIBAIOT YCTOWIUBOCTBIO N0 2PAHUYHIM YCAOSUAM.

Haiinem xoncranry C B ycioBuu ycroiiuuocru. IIpencraBum 3anaay (3),
(4) B Buge cucrembl JiMHEHHBIX ypaBHeHuit Apup, = by:

Ly h 1 2 - 1 2
(Y= (2) = 1l = a2 < 0 s = o1

T.e. MoxkHO B3aTh C > [[(Ap)7Y|n. Bamada ycroituusa, eciin HopMa orepaTopa
|(An)~Y|n ocraercs orpanuaennoit pu h — 0.

IIpumep 4.2. "Pasnocrhas cxema" h - up = fp HeycTOHUMBA.

Teopema 4.1 (Pununmos A.®.) (O ceAa3u annpokcumayuy, Ycmotuusocmu
u cxodumocmu). Ilyems euinosnervt cAYouUe YCAOBUM:

1) onepamopwi L, I u L™, I" — aunetinvie;

2) pewenue u Juddeperyuarvroti sadawu (1), (2) cywecmeyem u edun-
cmeerHo;

3) pasnocmuasn cxema (3), (4) annpoxcumupyem na pewenuy Juddeperiu-
anavhyto 3adawy (1), (2) ¢ nopsdkom p;

4) pasnocmuas crema (3), (4) yemotuusa.
Tozda pewerue pasHocmmoli cremvt up Crodumces ¥ peweruto u Jugdeperyu-
anvroli 3adavu ¢ NOpAOKOM He HuHce P.

okazaTesbcTBOo. PaccMoTpuM ciieayrormue 3a/1aau

{ Lyun = fn, { Ly(wuv, = fn+ (La(wu, — fn),
lhun = @n; (W), = on + (h(w)u, — ¢n).
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Tak kak Pa3HOCTHad CXeMa yCTOfI‘{I/IBa, TO II0 OIIpeAeJICHUIO JIJIA JIMHEWHBIX 3a-
Ja4d uMeeM

lun — (Wo, lv, < ellLu(w)v, — fullm, + call(ln(w)v, — on)lle,-

I/I TaK KaK paSHOCTHaH cxeMa aHHpOKCI/IMI/IpyeT Ha peH_IeHI/II/I ,HI/Id)(bepeHLLI/IaJIL—
HYIO 3a/lav1y, TO
lun — (v, lu, < ch?.
DTO HEPABEHCTEO IO ONPEEJICHAIO 03HAYACT CXOIUMOCTD C MOPAIKOM p. Teope-
Ma JOKa3aHa.
O'TMG'TI/IM7 4TO B KJlacce 3a/1a4 C peH_IeHI/IHMI/I KOHe‘{HOfI TJIaJIKOCTH TpeGOBa—
HHUue yCTOIL/'I‘H/IBOCTI/I ABJIAETCA HeO6XO,ZLI/IMI)H\’I yCHOBI/IeM CXOOUMOCTH.

MeTo HeonpeeieHHLIX K03 PUIIEHTOB MOCTPOEHN PAa3HOCTHBIX
cxem. ITocrponm jyist ypasuenus u™) (z) = f(x) pasnocruyio cxemy Lpup = fi,

Ha ceTke ¢ y3namu {z;}. Ilycrs fr, = (f)p,. Torma npaBas 4acTb ammpoKCUMA-
n

pyercs Touno. Oneparop Lpup OyaeMm uckaTh B BUIE E c;u; Ha 1mabdjone

hm

=3
x;, & KoaddumuenTs! onpeaeauM n3 ycaosus |(Lu)p, — Lp(w)y,| < ch?, Te.

n
1
(m) - s p
[t (z,) T ciu(z;)| < ch
i=0
¢ nausbicuM p. [IpencraBum x; = xx + a;h u paszmoxum kaxmuoe u(x;) B paj
Teitiopa OTHOCUTEJIBHO Y3J1a CeTKH I, OyzeMm umerb u(xy + azh) = u(zy) +
o (z)ah+ ...+ O(hPT™). TlojcraBus JanHble PA3/I0KeHUs B yCJIOBUE alllIPOK-
CUMAIUY U TIPUPABHAB KODMUIMEHTHI IIPU COOTBETCTBYOIIUX CTENEHsX A, 10-
JIy MM CHCTEMY JIMHEHHBIX yPABHEHN OTHOCUTEIHHO HEM3BECTHBIX ¢;. [Ipw 3ToM
KOHCTAHTA ¢ B OIeHKe Gy/er 3apucers or sestmaunbt ||[ul®)|| ¢ mrs nexoroporo s.

IIpumep 4.3. Haittu ko3ddurmenTs pa3HOCTHOTO OMEPATOPA IPU HANDOJIb-
meM p:

1
u'(zr) = E(clu(mk — h) + cou(zg) + cgu(zy + h)) + O(hP).
h2 h3

IMoacrasum psit Teitnopa u(zg +h) = u(xy) +hu'(zg) + 7u”(xk) + gu”’(fi) B
CXeMy ¥ IIPHBEJIEM IIOJ00HLIE claraeMble. 9TO HPUBOIUT K CHCTEME YPaBHEHHil

1 1 1 h? h?

— o) =0, —(csh —cih) =1, —(— —c3) =0.

plenteates) =0, plesh—eih) =1, o (e + 5e)
Ee pemenune nmeer Bum c3 = —cp = %, co = 0, ciemoBarensro, Lpupls, =
Uk+1 — Uk—1
— IIpu 3TOM KOHCTaHTa B OINEHKE MOIPENIHOCTH HAXOIUTCA U3 YCIIO-
BHS:

1 3 3
L (Barco L) <o
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Orciofia B TOM 4uCje CJe/lyer, UITO HalJIeHHAs CXeMa MOYHG JIJIsi TIPOM3BOIIb-
HOTO MHOI'OYJIEHA BTOpOIl crermeHu. TakuMm oOpa3oM, cCUCTEMY ypaBHEHHI Ha
K03 (DUIMEHTHI MOXXHO HAafTH W3 YCJOBUS TOYHOCTH (POPMYJIBI PA3HOCTHOT'O
muddepeHImpoBanns Ajis MHOTOWIEHOB HanboJjiee BHICOKO# cremenu. st aTo-
ro MmojcTaBIsAeM ToceaoBaTenso u(r) = 1, 2,22, ... B pasHocTHYIO hOpMY.TY
W PUpABHUBACM K TOYHOMY 3HadeHmio rmpoussosnoi u™) (z). Pemrenue mnosy-
YEHHON JIMHEHHOW CHUCTeMBI OIPEIEsaeT Te XKe KOI(PPUIMEHTHI CXEMBbI.

Jlexiust 5. IlorpemraocTh popMyJT YUCIEHHOTO -
depenmnupoBanus. 3agada Kormm

PaCCMOTpI/II\/I 3a/1a9y YUCJICHHOI'O HaXO2K/ICHUA 3HaAYCHUA HpOI/I3BOﬂHOIU/I B ycCJi0-
BHUAX HpI/I6III/I}KeHHBIX BBIYUCJIEHUI:

1 n
u™(2) = — Z ciu(z;) + ch? = D™u(zx) + E;.

m
i=0
ITycrb m3BecTHBI TOIBKO HpUOIMKeHHbIE 3HaYeHust U(z;) n u(x;) — U(z;) = ;.
Torna

1 O 1 O
=0 i=0

Besimunna D™ 4(x) paBHA BBIYUCIEHHOMY IPHOJIZKEHUIO K u(m)(ac), BeJIu-
n

unna Fy + B = St + ch? naer norpenmocts. ITycrs
i=0

A
By + Bo| < h—j +ch? = E(h),

rae i, leil < A, |e;] < e. Hac maTepecyer munmvmsanust norpemuocru E(h)
3a cuer BbibOpa h. B Touke munumyma hg umeem E’(hg) = 0. Orcioga ciemyer,
910

eA p—1 ptm _ EAM eAm\ 7
—mw + Cpho = 07 hO = o s ho = o .

_1 __m _p _P
Takum obpazom, hg ~ em+r, Fy ~ (51 m4p 4 Em+p> ~ gm¥p,
IIpumep 5.1. M3ssectno, aTo

U”(I) _ U($ +h)— Ql;l(f) + u(x — h) L.
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IlycTh HOrPENIHOCTh € BBIUHCIeHHs (MyHKIuM v He npesocxoxut 1074, Torma
upu h ~ 1074 umeem E ~ 10%. Onrumasbssiii mar hg ~ 10~ naer Fg ~ 1072,

Koneuno-pa3znoctHblii MmeTon perneHus 3aaauu Kormm. /Ina 3amaqu

Y (x) = flz,y(x)), y(zo) =4°,
Yy e cm [x07x0 + X]a ”y” = MaXyc(xg,z0+X] |y(:ﬂ)|

IOCTPOUM CJICIYIONLYIO PA3HOCTHYIO CXEMY

N Za,lyk,l = Z boif (Th—is Yr—i)s

yh = {yz}o Ty = 960 +ih,h =2, |lynllu, = JBax, |yi]

C HEKOTOPBIMY HAYAJIbHBIMU YCIIOBUSIMUA Yo, Y1, - - - , Yn—1-
Ecmu ag # 0, by # 0, To cxema Ha3bIBAETCS HESIBHOM; ecyn ag # 0, by = 0, T0O
siBHOI; et ag = 0, by # 0, TO ¢ 3aberanueM BIIEpe/I.
Hamomunm, ato pasnoctras 3amada anupokcuMupyer nuddepeHnaabHy o
Ha DellleHny Ha OTPe3Ke X, To + X | ¢ HOPSIKOM p, ecin it PYHKIMA TTOrPent-

HOCTH
1 n n
h=y E a_iy(Tp—i) — E boif (Tr—i,y(ze—s))
i=0 i=0

BBIIIOJIHAETCS OleHKa |7 ||, < chP 1 nMeeTcss HOpMUPOBKA 110 IIPABBIM YaCTsIM,
re. ||fo — (f)p,llp, — 0 mpu h — 0. Koaddumuenrsr a_;, b_; dopmanbuo
OTIPEJIENIAIOTCS ¢ TOYHOCTBIO JI0 MHOYKUTEJISI, yKa3aHHAsT HOPMUPOBKA yCTPaHSI-
€T TaKOM ITPOU3BOJI U O3HAYAET, YTO IPaBasl YaCTh PA3HOCTHOI'O YPABHEHUs all-
[IPOKCUMHUPYET MPABYIO 9acThb uddePEeHITNaAIbHOTO yPABHEHHS.

B obmem ciryuae monck koaddunmenTos a_;, b_; CBOANTCS K HETPUBUAJIBHON
HEJIMHEIHO cucTeMe, TI09TOMY aIlIPOKCUMAIINS JIEBOI 1 1TpaBoil qacreit qudde-
PEHIMATHLHOIO YPABHEHUS MOYKET PaCCMATPUBATHLCS OTIEILHO. B 9TOM citydae
K0P GUIUEHTHI G_;, b_; OIPEJESIOTCs U3 YCIOBUN AIIIPOKCUMAIINT 331491

ILn(y)v, = (Ly)p, e < P, ([ fn = (P ll5, < c2hP.

B pmannom pasjiesie Mbl He pacCMATPUBAEM METOJ[bI TOCTPOEHHUsI KPAEBBIX yCJIO-
BUIi g, ..., Yn—1 C TPEOYEMBIM MOPSAKOM ToYHOCTH. OTMETUM TaKKe, 94TO pe-
menne 3ama9u Ko mo cyT CBOAUTCS K MHTETPUPOBAHUIO (DYHKINN f, TTO3TO-
My Pe3yJIbTaThl O IOI'PEITHOCTH (POPMYJI ducaeHHOrOo juddepEeHITTPOBAHIS HE
NIPUMEHUMBI.

VeoBus anmpoKCUMAIIAM p-TO MOPSAAKA. PaccMOTpUM 3aady HAXOXK-
JIeHWsI AlIIPOKCUMAIINY BBICOKOTO TIOpsijiKa Juist ypasHeHus ' (x) = f(x) caeny-

IOIIE CXeMOIA:
1 n n
7 Z a—iYp—i = Z boifr—i-
i=0 i=0
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Boimummenm psag Teittopa st pemei: 3a/1aq1/1 y u npasoii wacru f = y':
h
y(xp —ih) Z v (z) ) + O(hPTh),

)5—1

f(xg —ih) =y (zx, —ih) Z Y (z) 1)

Torpa mis pyHKIUM TOIPEIIHOCTH UMeeM: Tj = E y(zx)Eo + hOy' (x1)E1 +
hly"(xp)Ey + ...+ hP~ 1y(p)(:ck)E +O(hp) e

Eozga_i, Za zz—z:b_l,
()
Eszz;<a_i 5 —b_i(s_l)!>,s:2,...,p.

1=

+O(h?).

n
JlaHHBIE COOTHOIIEHNS ¥ YCJIOBHE HOPMUPOBKH g b_; = 1 aus mpaBoil 9acTH,
i=0
osHavaotee, 9to ||(f)n — frllF, — 0 npu h — 0, mo3BossiOT ¢HOPMYIUPOBATH
CJIe/LyIOIIee YTBEPK ICHHE.

Teopema 5.1 Jlas 3adawu y'(x) = f(x) ycaosus annpokcumayuy Ha peweruy
P-20 NOPAJKA UMENM BUD:

n

n n
Za_i :O7 Zb_izl,Za_ii: —17
=0 i=0 ]

i=0

n
Sa_ii+b_8)i =0 8=2,....p
i=0

ITepsas rpymma (Tpu ypaBHeHHs) 00pa3yeT HeOOXOAUMBIE U JOCTATOYHbIE
ycaoBus ampokcumanuu (T.e. p = 1). Beero umeerca p + 2 ypasaenus u 2n +
2 HEMW3BECTHBIX, JJIi KOPPEKTHOCTH P = 2N, NPH ITOM BO3MOXKHASI TOYHOCTH
O(h?").

OHaKO, METO/IbI C HAUBBICIITUM TIOPSIIKOM aIllIPOKCUMAIIMH OOBIYHO HEYCTOI-
YUBBI, IO9TOMY NIPAKTUIECKHU HE IIPUMEHUMBI JIJIst pacueToB. B HacTostIee BpeMst
UCIIOJIB3YIOT AJrOpUTMbIL pH a¢_; = 0, ¢ > 2 (B 9TOM cJjiydae IPOU3BOIHAS All-
UPOKCUMUPYETCs 110 JABYM TOYKaM). J[jis 0CTadbHBIX CXeM OOBIYHO OTCYTCTBYET
CXOJIMMOCTD JIazKe JjIs KJacca ODECKOHEYHO IVIAJKUX IIPABbIX YacTell U Mpu OT-
CYyTCTBHUU TOTPEITHOCTHU OKPYTJIEHUS, 8 €CJIU CXOJUMOCTD U HAOJIOJIAETCs, TO TI0-
rpentHOCTh pacter Kak €CX . IIpu 9TOM aImpoKCHMAIHsT IPOU3BOIHOMN 10 6OJIb-
IIIOMY YHUCJIy TOYEK BJjedeT pobJieMy HAYAJbHBIX YCIAOBHIA.

IIpumep 5.2. Cxewmbl A amca ¢ opsiikom anmpokenmarun sa pertennu O(h?),

Y — Yk—1
dBHaAdA CXeMa: —————— — _fkfl - _fk72;

h

— Yk— 1
HesIBHAsI CXEMa.: % = §(fk + fr-1)-



Pazner 2. 35

VYcTodnBOCTh Pa3HOCTHBIX cxeM. [l 3amaqun Kormu nmpunsaTo mpose-
paThb Gostee ciaboe yCJIOBUE (-yCTONINBOCTH.

n
Onpegenenne 5.1 Pasnocmmas crema — Z a_iYp—i = fr Ona 3adavu y'(x) =
h i=0
f(z) nasweaemes a-yemotinueoti, ecau 6ce KOPHU COOMEEMCMBYIOUE20 TAPAK-
MEPUCTNUNECKO20 MHO20UNEHA 00HOPOOH020 PASHOCTIHO20 YPASHEHUA NPUHAOAE-
oHCam eOUHUNHOMY KPY2Y U MG 2PAHULE HEM KPAMMLLT KopHeT.

Moxxno mokaszaTb, ITO it JII0OOW PA3HOCTHON CXEMBI, HE yJ/IOBJIETBOPSIIO-
el yCIOBUIO (-yCTONYIUBOCTH, CyIIeCTBYeT auddepeHInajibHoe yPABHEHNE C
6eckonedno muddepeHIupyeMoil IpaBoil YacThIO, JJIs KOTOPOrO JaXKe IPHU OT-
CYyTCTBUU OKPYIJIEHUI U IIOIPEITHOCTH B HAYAJIbHBIX JAHHBIX PEIleHrne Pa3HOCT-
HOI 3a/1a4M He CTPEMUTCS K pelleHuio audepeHraabHON TP n3MeIbIYeHIN
mara. YCJIOBHe (-yCTONIMBOCTH JIJIsi IIITPOKOTO KJIacca 3a/1a49 00eCeInBaeT CX0-
JMMOCTh, HO KOHCTAHTA B OIIEHKE OJIN30CTH PEIIEHNI MOXKET yBEJININBATHCS IIPU
yBesimaennn bl oTpe3ka X . [losTomy Beerza mose3HO TPOBEPUTH CBOICTBA
BBIOPAHHOI pa3HOCTHON CXEMBI JIJIs MOJIEJIBHOIO yPABHEHMSI.

IIpumep 5.3. Hua zanauu y’' +y = 0, y(0) = 1 ¢ Tounsim pentenvem y(x) = e~
PACCMOTPHM Pa3JIMYHbIE CXEMBI, IMEIOIIUE BTOPOil MOPAI0K AIIIPOKCAMAIIAA 1
ABJIIOMMecsa a-ycroitunbivu. OTMeTuM, 9TO paBeHcTBa yg = 1, y1 = 1 — h
ANIIPOKCUMUPYIOT perierne y(x) MCxoHON 3anaun B Toukax ¢ = 0, h co BTO-
poIM mopsikoM. Hac maTepecyer KadecTBeHHAS OJIM30CTH PEIEHnil PA3HOCTHOM
u quddepennuanbHoii 3a0au Ha Gosbimom orpeske [0, X], X = Nh.

IlepBas cxema:

Y+l — Yk | Yk+1 T YUk
Tt ) =0, p=—7, lul<1,

y():l.

IIpu MajbIx h pelleHHe PA3HOCTHON 3aja4i Y, = uF KadecTBEHHO HOXOXKe
Ha perrenne auddepeHnaiIbHONl 3a/1a9m: J; MOHOTOHHO yObIBaeT u lim yy =
h

—0
X/h -X

lim g =e =y(an).

h—0
Bropas cxema:
y'”%hyk*l+yk =0; ma=-hEVI+h2 max|ul>1,
=1,
y():l,yl:l—h.

B jmaHHOM Cilydae y 3a7a9U UMEETCsl PACTYINEEe [0 MOMIY/IIO (HO OrPAHUIEHHOE
ua [0, X] upu h — 0) 3nakonepementoe pemienue. CxeMy He CTOUT IPUMEHSTh.
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Ecju, HanpuMep, IIOIPeIIHOCTh BhIUHCIeHHH ~ 10718, To pacrymee pemenue
BecbMa 3aMeTHO Jjid X ~ 10, a aist X ~ 20 cxoauMocTh He HaDJIFOIAeTCsl.

Tperba cxema:

Yerl — Yk—1 | Yet1 + Y1 1-h
Y <1,
on 2 » T x|l

Yo=1l,y1=1—h.

JanHast cxema 1o CBOUM CBOMCTBAM ITOX0KA HA TIEPBYIO CXEMY, HO IMEET 3HAKO-
[IEPEMEHHOE PEeITeHne.

Eme pa3 ormernm, 9TO pacCMOTPEHHOE (-yCJIOBHAE XapaKTEPU3yeT YCmoli-
YUBOCMD CTeMb, U TIPU HAJIMYUU AIIPOKCUMAIINU OOBITHO BJIEYET CXOUMOCTD
pellleHrs: pa3HOCTHOMN CXeMbI K peleHuto Juddeperiuaibaoi 3aadu. OgHaxko,
CXOJIMMOCTD MOYKET CYyIIECTBEHHO 3aBUCETh OT JJIMHBI OTPE3Ka WHTEIPUPOBAHUS
U OTCYTCTBOBATH i OObImmx X .

Jleknmuss 6. Meroabl pemmenns 3agaqan Komm

Kpome koHEIHO-pa3HOCTHOTO MEeTO/1a JJTs perneHns 3aaadu Kormm npuMeHsores
cJle/lyIoliye ajaropuTMbl.

Merton Teitsopa. Ilycrs Ha oTpeske [xg, g+ X | TpebyeTcst HANTH pereHue
nuddepennuaibaoro ypapuenus y' = f(x,y) upu HagasbaoM ycuaosuu y(xo).
Huddepernupyst ypaBHeHHE 110 T, AMEEM CJIEIYIONLYIO EeTOYKY COOTHOIICHMIA:

V' = ot fs ¥ = fow + 20y + (W) s

ITocnemoBaTEHHO TOJACTABIAS HAYAJbHBIE JAHHBIE B IIOJy9€HHBIE COOTHOIIE-
HUsI, TI0JIy9IaeM 3HAUEeHUs! IPOU3BOHBIX CKoMOl dyukiwmu: y' (zo), ¥ (xo), - . ..

n % .

DT0 MO3BOJIAET HAIINCATH IPUOJIMKEHHOE PABEHCTBO: Y(T) ~ Z‘; W (x—x0)".
i=

Eciin Besimunna |z — xo| Gosiblite pajuyca CXOAUMOCTH PAia, TO GOPMAJILHO Me-
TOJ|, HEIPUMEHHM, HO MOXKHO Pa3buTh [xg, zo + X| Ha [OIOTPE3KHU U IIOCTPOUTH
pellleHre B TOUKe T 38 HECKOJIBKO IMaroB. JJaHHbIil aJlropuT™ MOYKET OBIThH MMoJIe-
3€H, KOTJla TPeOyeTcsl PenuTh OOJIbIToe KOJTMIECTBO 3a/ad BIIOJHE OIPeJIeIeH-
HOIO BUJIa C PA3JIMYHBIMU HAYAJBHBIME JIAHHBIMH. B 9TOM citydyae Tpebyembie
[IPOM3BOJIHBIE MOXKHO HAWTH aHAJUTUYECKH U COXPAHUTH JIJIsi MHOTOKPATHOTO

IIPUMCHEHHNA.
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Metonpr Tuna Amamca. Paccmorpum ciiefyroliee HHTErpajbHOE TOXKIe-
CTBO, BepHOe Ha pemtennn 3axaan y' (z) = f(xz,y):

x+h x+h
y( +h) = y(x) + / ¥ (r)dr = y(z) + / f(ry(r)dr.

3aMeHUM TOYHOE 3HAYEHUE MHTErpaJsia Ha MPUOJINYKEeHHOEe 3HaYeHre, [IPUMEHUB
CJIETYIONLYIO JIEMMY.

b
Jemma 6.1 ITycmo g € C2[a,b]. Tozda das unmeepana I1(g) = / g(z)dz sep-

a
Hbl CAECOYIOWUE OUEHK!

DIE(g) ~ g(a)(b— )] < [l 52
2)[1(g) = g()(b - a)] < |19/ 455,
3)[1(9) — 9(#2)(b - a)] < lg"[| 457,

2 3
4)[1(9) = (g(a) + g(0)) (b — a)| < [lg” ]| 55>,
20e ||gl| = maxqefa,p) 9 ()|

HoxkazareabcTBo. [lepBbie Tpu OMEHKH MOTYT OBITH IIOJIy9YEHBI U3 PA3JI0-
xenunit Teitsropa:

g(z) = g(%F2) + ¢/ (F2)(w — 42) + 59" (&3(2)) (@ — 452)%,

JeTBepToe — U3 TOXKJ/IeCTBa:
b b

[o@ e =252 6@ + 90) = 5 [(a = 2)(b - 2)g" ()

a a
KOTOpO€E MOYKHO MPOBEPUTH, MPOUHTEIPUPOBAB IIPABYIO YaCTh PABEHCTBA IO Ta-
cTsM JIBa paza. JlemMMa qoka3aHa.

Aeubiit meton Ditstepa. U3 onenku 1) jieMMbl coiefiyer, 4ro

y(z + h) = y(z) + hf(z,y(z)) + O(h?).
DTO NPUBOIUT K PACUETHBIM (DOPMYyJIaM

Ykt1 = Y + hf (T, uk),  yo = y(xo),

UMeromuM JIoKasbHy1o orpertaocts O(h?) u exomumocts ¢ nopskom O(h), T.e.
CcXeMa UMeeT Nepsuill NopAdoK MoYHOCT.
HesBubiii meton Ditnepa. I3 onenku 2) jgeMMbl CJIeIyer, 9To
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y(z +h) =y(@) + hf(z+ h,y(e+ h) + O(h?).
OTO NPUBOAUT K PacueTHLIM (DOPMYyJIaM
Yre+1 =Y + hf(Trr1, yes1),  yo = y(zo),

TaK7Ke IMEIOIIM JIoKarbHy1o iorpentioctsb O(h?), exomumocts O(h), Ho yeroi-
YUBBIM JI71s1 60JIee MUPOKOTO Kaacca ypasHeHuit.  Ha KaxKI0M 1mare HessBHOTO
MeToIa Diisiepa TpebyeTcst pelaTh HeJIMHeHOe YPABHEHNE OTHOCUTEIBHO Y41 .-
Ilpu dpuxcupoBannoM k pelienue MOXKHO HAHTH CJIELyIOIIUM BHYTPEHHUM UTe-
paInmoHHbIM 1porieccoM 1o 7 = 0,1, ...:

. .
ity = Uk + b Tk, Vi) Y = Uk

Mo2KHO OKa3aTh, 9TO IPHU JOCTATOYHO MAJIBIX h 1 Tyiajkoil MyHKImu f MeTos
g ;
CXOJIUTCH, T.K. OTOOparKeHmne yiil = Y(yi Jrl) SABJISETCS CIKUMAIOIITAM.
Dopmyabl Agamca BToporo mopsinika TouHoctu. /s popmysibl Tpa-

neryii orneHka 4) u3 JeMMBbI JaeT

N S

y(x+h) =y(x) + = (f(@,y(@) + f(z + h,y(z + h))) + O(h?).

CooTBercTByOIIast pacueTHast (OpMyJia UMeeT B

h
Ykt =Ykt 5 (f(@r,yn) + f(@re1,yk41)), Yo = y(wo).

Pemenne yg11 mrsa kaxmaoro k 9acTo ygaercs HailTh BHYTPEHHUM HUTEPAITNOH-
HBIM METOIOM:

yiii =Yr + §(f($k7yk) +f(l‘k+17y-]z;+1))5 J= 0517" =

IIpu masbix 3HAaYEHUSX h COOTBETCTBYIOIIEE OTOOPAXKEHHE OOBIYHO SIBJISIETCS
CXKUMAIOIINM, ¥ UTEPAIMOHHBII IPOIECC CXOAUTCH K HMCKOMOMY Ykt1-
Vupocrum pacderHbie (hpopMysIbl HesIBHOTO MeTona Amanvca 663 MOHMKeHWsT

h
nopsiKa To9HoCTH. JTo6aBUM B IpaByIoO YaCTh CaracMble :|:§ flx+h,y*(z+h)),

re y(x + h) — y*(x + h) = O(h?). Tax kax

% (f(@+h,y(z+h)) — f(z+ h,y*(x + h))) =
5 fy(z+h,§)(y(x+ h) —y*(z + h)) = O(h®

rae g sgexur Mexay y(z + h) u y*(x 4+ h), o

y(x+h) =y(@) + 5 (f(z,y(@) + f(@+ h,y* (@ + h))) + O(h?).

N S
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U ecan BeiGpats y*(x + h) = y(z) + hf(z,y(z)), To TpeGyemoe Ha y* yciaoBue
TouHOCTH OyzeT BbinosHeHo. COOTBETCTBYIONHE PacueTHbIE (bOPMYJIbI UMEIOT
BIJT;
Yr1 = Yk + hf (@i, uk),  vo = y(zo),
Yirr = Yk + 2(f(zr, ye) + fF(@re1,¥501))-
3ameuanmue. JTaHHBII TOIXO IO CyTH COOTBETCTBYET IEPBOMY ATy B IIPH-
OJIMKEHHOM PEIICHNT UMEIOIerocs HeJuHeifiHnoro ypapHeHnd. OTMeTHM, 9TO
JaJabHeie nrepanui GOopMaJIbHO He MOBBIIAIT HOPAZO0K TOYHOCTH, HO O0BIY-
HO yMEHBINAIOT TJIABHBIH YjIeH HOTPENTHOCTH.
Sameuyanmue. [Ipumennm nero 3amenbl y(x+h) Ha HEKOTOPOe IPUOINKeHNe
y* B cilydae HeslBHOTO MeTofa Ditaepa. ITomyuamm:

Yri1 = Yk + hf (e, k),
Ykl = Yk + hf (Trp1, Yig)-

®opMaJIbHO JIOKaJIbHag TorpermuocTs octaercs O(h?), HO yeTORIHBOCTD CXeMbl
[TOBBIIIAETCS.

IToctpoum apyryio mapy pacdeTubx dopmyst. s 9Toro 3aMeHnM WHTerpaJ
10 hopMyIIe TPAMOYTOJBHIKOB 110 IIEHTPAJIBHON TOYKE:

o+ h) = (o) + hf G+ oy + 1)+ o).

Ecm y(z+2) = y*(z+ £)+ O(h?), To Kax u B IpemeCTEYIOMEM CIytTae IMeeM
h h 3
Y+ h) = y(@) £ hf (et 0y (@t )+ O(°).
CootsercrByiomnue pacderbie (hOpMyJIbl IPUHAMAIOT B
Yyt = Yb T B f(@r ur),
Ykt1 = Yk + hf($k+%7yz+%)-

Meroast Pyare—Kyrra. Oaun n3 nanboJsiee TOMYISIPHBIX MOJIX0/IOB K pe-
nrennio 3aga4au Kormu jyis ypasaenunit nepsoro nopsika y’ = f(x,y), y(xo) = yo
3AKJIIOYAETCA B CIIEIYIONMEM. 3ahuKCupyeM HEKOTOPBIE IUC/Ia

Q2,..., g, Pi1,---, Pq, Bi,ja 0<j<Z§q

" I1ocJjsie10BaTe/JIbHO BHIYUCJINM

ki(h) = hf(z,y),
ka(h) = hf(x 4+ ash, y + B2, 1k1(h)),

ko(h) = hf (& + aghs g + By k1 (h) + -+ Byarkar (1)
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B srom ciryuae pacdernasi popmysia Oyrer uMeTh BUJL:
a
y(x+h) ~ z(z+h) = y(x) + Y _ piki(h).
i=1

O603HAYMM TTOTPENTHOCTH MeTOIa Ha mmare 9epes ¢(h) = y(x+h)—z(z+h). Ecom
f(z, y) — mocrarouno raankas GyHKIUS CBOMX apTyMEHTOB, TO CIIPABEIINBA
dopmysa Teitstopa:

_ —~ ¢1(0) i etV (0h) s+1
“"(h)_; ot e
rage 0 < 6 < 1. BeibepeM mapaMeTpel METOAA <, P;, (i Tak, 1ro ¢’ (0) =
... = ¢®)(0) = 0. Torga mokampHas morpemuocTs Metoga pasna O(hst1), a
BEJIMUNHA, § HA3BIBAETCS MOPSJIKOM METO/IA.

IMocrpoum Merox npu ¢ = 1 u Boiumem GopMysry norpemHocTd. Mveen:

p(h) =y(z+h) —y(x) —pihf(z, y), ©(0)=0,

¢'(0) = (' (z + 1) = p1f (@, y)lho = [z, y)(1 = p1),

¢"(h) =y"(x+h).
Pasencrso ¢’ (0) = 0 BbinosHsercs s Beex riaagkux Gyakuuit f(z, y) aumb B
caygae p; = 1. JIyist morpenHocTr 9TOr0 METOIA Ha IIATe MOy Ya€M BhIPasKeHue
p(h) = y"(x + )5

ITocrpouM Bee MeTop! ipu ¢ = 2. JIJIs1 IIOTPEITHOCTY MMEEeM:
(p(h) = y(I + h) - y(I) - plhf(xa y) _thf('f7 g)v
rae & = x+aoh, § =y+ Barhf(z, y). Boraucium npoussonusie dyuximu @(h):

¢'(h) =y (x +h) = pif(z, y) = paf (T, §) — p2h(azfu(Z, §)+
521fy(f7 g)f(xv y))a

(p”(h) = y”(x + h) —2p2 (O‘Qfl‘(‘fa g) + B21fy(‘f7 g)f(xv y))_
_th(a%fWC(‘f’ g) + 2a2521fl‘y(j7 g)f(xa y) + B%Ifyy(jv z})(f(x, y))2)7

cplll(h) = yl”(x + h) - 3p2 (O‘%fzz(ja g) + 2a2521f93y(i'7 _)f(xa y))+
+B51 fuy (Z, 9)(f (2, 9))?) + O(h).

Cortacao ucxogaomy auddGepeHInaJIbHOMY YPABHEHIIO TMEEM:

y/:fa y”:fmJnyfa y”/:fzz+2fzyf+fyyf2+fyy//~
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Ioxncrasum B Beipaxkenust p(h), ¢’'(h), ¢”(h), ¢ (h) 3navenune h = 0 u, Boc-
HOJIb30BABIIUCH STUMU COOTHOIICHUSIMU, TIOJTyTIM:

¢(0) = y(z) —y(x) =0,
(0) (I=p1—p2)f(z, y),
©"(0) = (1 = 2paa2) fo(x, y) + (1 — 2p2fa1) fy(x, y) f (2, y),
"'(0) = (1 — 3p203) fua (@, Y) + (2 = 6p2far) fay (2, y) f (2, y)+
+(1 = 3p2f31) fyy (z, v)(f (2, ¥)? + fy(z, v)y" (2). (1)

Coornomenue ¢’ (0) = 0 BbimosHsiercst pu Beex f(z, y), ecan
1—p1—p2=0; (2)
cootrortenne '’ (0) = 0 BBIIOIHSETCS, €CAK
1—2pras =0 mw 1—2pyBs1 =0. (3)

Taxkum obpaszom, ¢(0) = ¢’'(0) = ¢”(0) = 0 upu Bcex f(x, y), ecan BBIIOI-
HEHBI TP yKa3aHHBIX BbIIIe cooTHOIEHNs (2), (3) OTHOCHTENBHO YeThIpex Ha-
paMeTpoB. 3a/aBast MPOU3BOIBLHO OMH W3 TAPAMETPOEB, TOJYIAM Da3JInTHBIE
Mmerospl Pyrre-Kyrra BToporo nopsiyika. Hampumep, npu p; = 1/2 noayvaem
p2=1/2, ag =1, B2y = 1. Ilpu p; = 0 mosyqaem ps = 1, ag = 1/2, Bo1 = 1/2.
B cayuae ypashenust y' = y, coriacuo (1), umeem ¢’ (0) = y HezaBUCHMO OT
3HAYEHUN p1, P2, a2, [21. OTCIOMA CileyeT, 9TO HeJb3si TOCTPOUTH (POPMYIT
Pyure-Kyrra co 3navenusyu ¢ = 2 u s = 3.

Jlekius 7. Onenka ry100a/JbHON NOTPENIHOCTHU

T'naBubIii yeH norpenrHoctu. /g 3amaamn

y(z) =y, y(0)=1
paCCl\JOTpI/IM CXeMy

L};yk:yk, Yyo=1 k=>0.

Haiijiem B passoxkenun ommuabku (T, ) — yn = co + c1h + cah? + - - - nocrosinHbIe
Cp, C1 JJIsT TOUKU T,, = 1.
Toumnoe pernrenne pa3HOCTHON 3aa9M UMEET BUI:

Yn =1+ h)yp—1 =1+ h)"yo = (1 +h)"
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a Tounoe pemutenue xuddepeHuaIbHONR 380890 IPH £ = &, PaBHO Y(Ty,) =
exp(xy,). Tak Kak =, = nh = 1, ciaegoBaTenbHo,

y(xn) —yn=e— (1 +h)Y/" =e —exp [%ln(lJrh)] =
=e (l—exp[-2+0((?)]) = £h+0(R?).

e
Taxmm obpazom, mmeem ¢ = 0,¢1 = —.
2

O1neHKa MOrPEnTHOCTY SIBHOT'O OJHOIIAroBOro meroza. s ypasHe-
aud y' = f(z,y) ¢ HAYAIBHBIM ycjI0BHEM Y(Zp) PACCMOTPHUM sIBHYIO OJIHOIIAIO-
BYIO PA3HOCTHYIO CXeMy ODIIEro BHIa

Yo, Yk+1 = F(Zkaykakarl 71’1@)7 k= 0,1,...,n—1, z,, = o+ X.
Hac unTepecyer omeHKa IOTPEITHOCTH B N-Oif TOYKEe WHTErpUPOBAHUS, T.€. Be-
smausa |Y(Z,) — Yn|. JoKazkem BcrioMoraTesbHOE yTBEPKICHUE.

JIemma 7.1 ITyemo y1(x) u yo(x) — déa pewenus dugdepenyuanbrozo ypas-
nenun y' = f(z,y), x € [a,b], ede f — nenpepuenas u nenpepuero dugddepen-
yupyemasn no y Pynryus. Toza

y2(b) — y1(b) = (y2(a) — yl(a))e{ Fu@ )iz

2de ynryus §(x) saxarouena mencdy y1(x) u ya(x).

,D;OKa3aTeJII)CTBO- PaCCI\/IOTpI/IM JIBa pelieHusd C pa3/JIMIYHbIMU HavdaJIbHbIMN
JaHHbBIMI

ya(x) = flz,y2(x)), y1(x) = f(z,y1(x)).
ﬂﬂﬂ ux paSHOCTI/I nmMeeM TO2KJ1eCTBO

(ya(z) —y1(2)) = fy(z, ) (y2(2) — y1(x))

¢ nekoropoit dyukmueit j(x). Tak kak §(x) duxcuposana, u fy,(x,§) 3aBucur
TOJILKO OT &, TO MOXKHO ompeneuts dyukimio g(z) = fy(x, ). Torga

7fg('r)d7' 7fg('r)d7'
e o (y2(z) —pn (@) =e = 9(@)(y2(x) — y1(x)).
- fg(T)dT
CrenosaTenbHo, e (e y2(x) —y1(z))) = 0. Unrerpupys 1o [a, b], nve-
7fg(‘r)d'r
eM (y2(b) —y1(b))e @ = ya(a) — y1(a). Orcrona, yMHOXKAasI HA SKCIIOHEHTY,

mosryaaeM Tpebyemoe paBeHcTBO. Jlemma okazana.
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Hepef/meM K IIOJIYYE€HUIO OII€HKU JI00aJILHOI IIOI'PEIITHOCTHU JIJIdd OJIHOIIIaro-
BOT'O dBHOI'O MeTO/1a, CM. PUC.:

y(x) 2y(x)
L )
i 3 §¥—1(X‘)
¥—1()$<71 ):W
,
= . T : 'YX,
Wy —— %0
Wv%
s oot TN TS NN O
%o X Xa X X1 X,
3aech y(x) — TOYHOE pellleHre UCXOAHOIO YPABHEH S, Y, — HaliJIleHHOe IPU-
OmkenHoe perienue, a yi(x) — pemenne ypasuenus vy (x) = f(z,yi(z)) ¢

HAYAJIBHBIMU YCIOBUIMA Vi (Tk) = Yk

Iycrs y1 = F(xo, Yo, h1). IIpu sTom yo — y(x0) = ro — HOIPENTHOCTH Ha-
YaJbHBIX JIAHHBIX, Y1 — Yo(T1) = clh‘f+1 4+ §1 — HOIPelmHOCTbh METOIa ILIIOC
BBIUUC/IATE/bHAS OrPEIIHOCTh. 1 Tak jasee, yr — Yr—1(Tk) = Ck hzﬂ + 0y nys
Bcex k= 2,...,n.

PaccMOTpuM CIIeyIomee TOXKAECTBO:

n

Un = Y(@n) = Yn(@n) = y(@n) = D (Wk(Tn) = yr—1(zn)) + yo(xn) — y(n)-
k=1

U3 onpenenennst byskmmn yy(x), (cM. puc.) U JIeMMBI UMeeM:

Tty (rgu(r)dr
Yr(®n) — Yp—1(2n) = (Yr(2r) — yp—1(zk))e™*

Tak kak Yg(Tr) = Yk, & OUEHKA JIOKAJHHOW HOIPENIHOCTU MMeeT BHI Yk —
_ s+1
Yr—1(zk) = cphy" + 0, TO

n T (rn(r)ar T £y (rago(r))dr
Yn — y(zn) = Z(Ckhzﬂ + Ox)erx + roe -
k=1

[yers |cx| < ¢, |0k| < 0, hy < h. Pacemorpum jBa cirydast.
L. |fy(7, yx(7))| < L. Torma

lyn — y(xn)| < eH@n=20) (ch®hn 4 6n) + roeX@n=0) = L X (X h® 4 6n + r).
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n L [dr 1
2. fy(r,9x(7)) < —L. Torma, tx. >, e "+ < T =In MeeM
k=1 —e€

CLX ch*tt +6
- Lh

DopMaJibHO JIaHHASI OIIEHKA He YXYJIIIAETCs [IPU YBeJIMYeHNH OTPEe3Ka NHTErPU-
poBanus X, HO ¢ pocroM X KOHCTaHTa ¢ MOXKET CYIIECTBEHHO PACTHU.

VYcToiuuBbie M HEyCTOMYMBBIE 3a/Ja4n. PacCcMOTpUM KadeCcTBEHHOE TTOBEe-
JeHUe PelleHnil CaeyIouX YPaBHEeHUN:

LX

1
[Yn — y(x,)] < (ch*™ + 0) ——— + roe +roe”
1—eLh

Y1 =Y Yo =—y2; Y5=—2(x—1)ys;
x

yi1(z) = ce®;  yo(z) = ce % ys(x) = 067(171)2,

WarerpaJibHble KPUBBIE IEPBOI0 CEMENCTBA PACXOJISITCS C YBEJIMIEHUEM &, BTO-
pOro — cOMKAIOTCS, & TPETHETO — CHAYAJIA PACKOJIATCS, & 3aTeM COTMKAIOTCS.
Tak kak Ha k-oM ImmIare HaiigeHHOE MPHUOJIMKEHHOE 3HAYEHUE YY) CMEIAeTCs C
UHTErPAJILHOI KPUBOH Y1 (Z), TO BHECEHHAsS B PE3YJILTATE ITOIO IIOIPEIIHOCTD
MO2KET B 3aBUCUMOCTH OT IIOBEJICHUs CEMENCTBA PeIlenuii b0 BO3PaCTATD, JIU-
00 yMEHBIIAThCS, CM. PUC.:

C exp(x) C exp(-x) C exp(-(x-1)"2)

B cBs13u ¢ stum nmeercst CyIIeCTBEHHAasl Pa3HUIla B YUCJICHHOM MHTEIPUPOBaHUN
ABYX Ha HepBbeI B3IJI4d 1 9KBUBAJICHTHBIX 3a/J1a4

yi =y, 11(0) =1; yh=e", y2(0) =1,

TaK KaK COOTBETCTBYIOIINE UM CEMEUCTBA WHTErPAIbHBIX KPUBBIX CYIIECTBEHHO
oramuatorest: Y1 (z) = ce®, yo(x) = ¢ + €®.
Bamaua 7.1. BrisicHUTBH, KaKOe U3 PACCMOTPEHHBIX ypaBHEHUE SIBHBIH MeTOI
Diltepa TPOUHTETPUPYET TOUHEE.

2Kecrkue cucrembl. PaccMoTpuM 38189y MHTErPUPOBAHNS yPABHEHUS i)' =
—ay, a = const > 0, z € [0, X]. s pemienus: JaHHOM 3391 3aIKMIIEM SIBHYIO
PA3HOCTHYIO CXEMY

Yie+1 — Yk

h
11 KagecTBEHHOrO COBIIAICHNS ITOBEICHNSI PEIIeHII Pa3HOCTHOM 1 auddpepeH-
[UAIBHON 3a7a1 HeobxouMo, uTobbl |1 — ha| < 1. CoorseTcTByOIEe MHOKE-
CTBO IIAroB h Ha3bIBAETCsI 0OJIACTHIO YCTOWYNBOCTH PA3HOCTHOM CXEMBI, 8 MaK-
CHMAJIBHO JIOIYCTUMBIHA AL Reoy, = 2/a — aucsiom Kypanra. Eciau b > heoy, TO

= —ayr = Yr+1 = (1 — ha)yx.
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MbI HE TOJIbKO TE€PsieM KA4eCTBEHHOE COBIIAJICHUE DElIeHUN PA3HOCTHON u ud-
depeHnnaIbHON 3884, HO U CTOJKHEMCS ¢ KATACTPOMUIECKAM POCTOM HOPMBI
IpUOIMZKEHHOTO PENIEHUs] U BBIYUCIUTEIbHON OIPEITHOCTH.

Tak kak y(x + h) = y(z) + hy'(z) + h;y”(g), riae ¢ < & <z + h, To morpent-
HOCTB ampokcnvanun uveer sut |2y (€)|. Bemrunna y”(€) = a’e~* < 1 upn
a& > 1. llosromy tipu aé >> 1 jyd JOCTUKEHHUsT TPEOYEMON TOYHOCTH JIOKAJIb-
HOM alllIPOKCUMAIIAH |%y’ ()| < € He TpebyroTCs Mesikue mard, Ho b < Aoy, 17151
BCEX I M3 YCJIOBUS KAYECTBEHHOTO COBIAJIEHUs PerneHnii (yCJIoBusT yCTONINBO-
cTH).

JlaHHBII TIpUMEpP IIOKA3BIBAET, YTO PA3yMHO BBIICJIUTH KJACC T.H. YKECTKUX
3azad. Bysem cuurarh 3a1ady ¥’ = f KECTKOii, ec/iu XapaKTEepPHOe BPEMS U3-
MeHEHHUsI PeIlleHNs] MHOI'O MeHbIlle OTPe3Ka WHTerPUPOBaHusl (B JAHHOM CIIydae
370 o3HadaeT, uto aX > 1). Cucrema ypapnenmit y' = Ay, y = (y1,...,yn)’
CUNTAETCH YKECTKOM, eCn

max; |[Re(A\;(4))]
min; |Re(\;(A))|

1) Re(M\i(A)) <0, 2)s= > 1.

Yucio s NPUHSTO HA3BIBATH YUCJIOM KeCTKOCTU. JlaHHOe ompejiesieHne ecre-
CTBEHHO 00001aeTcst Ha caydail maTpur A(x), a Takxke (Ha OCHOBE METOJIA 3aMO-
pOXKeHHBIX KO3(hUIMEHTOB) Ha ciIyuail IpaBeix dacTeit obmero suga F(y, ).

B caygae ommoro ypasuenust 3amada OymeT »KECTKOH, €CJIM PeIleHue Co-
JIEPXKUT HECKOJIBKO KOMITOHEHT C CYNIECTBEHHO OTIMIAIONIMMUCS XaPAKTePHBIMU
BpeMeHamu m3MeHenusi. Hanpumep, nyers ' = —a(y — sinx) + cosx, y(0) = 1,
a > 1. Torga TouHoe pemenue nmeer BUJ y(r) = e~ % + sinx. 31eCh MOXKHO
BBIJIEJINTH [TOTPAHUYHBIN CJION OBICTPOr0 M3MEHEHUsI PEINEeHUs], Jlajlee PelleHne
MaJIO OTJIMYAEeTCs OT IJIaBHOM dyHKIMH sin x. OHAKO TIPU BCEX X JJIs yCIIelll-
HOT'O WHTEIPUPOBAHUST HEOOXOIUMO BBITIOTHEHNE YCIOBUA h < Aoy -

Eie pas ormernm, 94To yeTORYnBOCTS JudDepeHInalbHON 3a1a9u OIpe,ie-
JISIETCsI TUTIOM yPaBHEHMs] U 3HAYEHUsIMU [1apPaMeTPOB, YCTONINBOCTH Pa3HOCT-
HOI 3aJ1a91 — THUIIOM PA3HOCTHOW CXEMbI, 3HAYEHUSIMU TIAPAMETPOB U BEJIMYN-
Hoil mara. Tak siBHbIE CXeMbl C HOCTOSHHBIM IHAIOM Ykt+1 = Yk + hf(Tk,yk)
OOBIYHO TPEOYIOT MEJIKHX IMAroB, HO MPOCTHI B peasju3anuu. HesiBHbIE cXeMBbI
Yk+1 = Yk + hf (T, Y1) OOBIYHO MMEIOT MEHee JKEeCTKHE YCJIOBHsl Ha h, HO B
obIeM cjrydae KaXKJiplil mar Tpedyer pelleHus HeJuHeHHOro ypaBHeHus. Jljist
PaCCMOTPEHHOI'0 MOJIEJILHOTO YpaBHEeHUsl iy = —ay yCJI0BUe YCTONIMBOCTH HEsIB-
HOIt cxeMmbl npuauMmaet Bug, 1/(1+ha) < 1, T.e. BblosHEeHO IpU BeeX h, moaTomy
BeJInIuHa h BBIOMPAETCS TOJBKO € YIETOM TOYHOCTH AMTPOKCUMAIIHH.

Meton JlebeneBa perneHusi >KeCTKUX cuctem. [ljist pereHust cucre-
MBI OOBIKHOBEHHBIX juddepeHmanbabix ypasHennit y'(x) = —Ay, y € R”
PacCMOTPHUM SIBHYIO CXeMy C TepeMeHHbIMU maraMu. Torga 3a N maros Oymem
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UMEeThb

N
yn = Pn(A)yo, Pn(A) =[]0 —hid):= S, yin = S yo.

i=1

Jlemma 7.2 ITycmo cobecmsennvie pyrxyuu onepamopa S obpasyrom 6asuc. To-
2da

lim ||S*¥|| < const < |A(S)] < 1.

k—o0

HokazarenbcrBo. Hamommmu, wrto ||S*|| = sup || S*z||. Orciona, pasnoxus
llzll=1

n
10 6a3ucy U3 cOOCTBEHHBIX BEKTOPOB {€;} BEKTOP & = Y . a;€;, MOIyInM Tpedy-
i=1
eMylo OIeHKy. JleMma oKazana.
Iycre sp(A) € [0, M], u coberBennbie hyuknuu oneparopa A o6pasyior 6a-

suc B R"™. Haiiem Habop Takux maros {hi}i]\il, 4TO CXeMa, OCTaBasICh yCTONYIN-

BOIA, TO3BOJIsIET 32 [N IIAr0B TPOMHTETPUPOBATD 33/1aMy 110 OTPE3KY HANOOJIbITIEH

s, Tak kak A(S) = Py(A(A)) = [T (1 = hiA(A)), To, ¢ yaeTom memmbr,

HICKOMBIE 3HAYEHUA {hi}ivzl PaBHBI 06paf[l‘HbIM BeJIMIMHAM KOPHEH TaKoro MmoJIn-
HoMa Py (z) = vazl(l — h;z), 9TO

max |Px(@)] <1, T, b = —P(0) — sup.
Pemennem siBnsiercss MHorousien YeObiména, T.K. PN(x) =Ty (#) uMmeer
TpebyeMblit BU/I, YIOBJIETBOPSET YCJIOBUIO YCTONINBOCTU U UMEET, COTJIACHO TEO-

peme MapkoBa, HAMOOJIBIYI0 TPOU3BOIHYIO B Hyse. CiemoBaresbHO, GopMyIa
. N 2i—1) _\_
JUTsi 4eOBIIEBCKUX MAros Hahjena: {h; = (% + % cos %ﬂ) 1N . Berauc-

JIIM COOTBETCTBYIONIYIO JINHY OTpe3Ka MHTEIrpUpoBanus, T.e. 3Haderne Py (0):
Tn(z) =cos N6, cosf = x;
N sin(N arccos z)

T} = = NUpn_ :
n(@) sin arccos N1 (®);
. fr2 1\ (S22 1\
Un-i(z) = (etve” 12)\/1.2(: 221" NNt +O0(Wa? —1);
2
orciona maxommm |-L Ty (2M) |, g = |2 TY (2) |o=—1 = 2.

Taxwmm 06pazoM, cymMMapHasi [JIMHA OTPe3Ka HHTerpupoBanns ¢ [N 1eObIéB-
CKUMH IIaraMu paBHA % MakcumaabHO J0IYyCTUMBII [IOCTOSTHHBIH MIAr SIBHOM
CXEMBI PABEH N¢gy = %, ITO9TOMY CyMMAapHas JIJIMHA OTPE3Ka WHTErPUPOBAHUS
3a N TOCTOSTHHBIX IIIArOB PaBHA %, qT10 B N pa3 MeHbIIE, 9eM C IeOBITEBCKUMI
Iaramu.

BazkHoit mpobsieMoii B citytuae deObIIIEBCKUX MATOB SIBJSIETCS YCTONIMBOCTD
METOJIa [0 OTHOINEHUIO K OIMMOKaM OKpyTJeHus. JleJo B TOM, 9TO ycjIOBuE
ycToianBocTH || HzN:1(I — h;A)|| < 1 rapanTupoBaHHO BBINONHSETCS 3a N IIa-

OB, XOTs J|jisi GOJIBIIKX 4 BeJIndnHa 1mara h; u, cieioBaresbHo, HopMa || I—h; Al
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Oy/LyT CyIIeCTBEHHO DOJIbINe euHUTIBL. J[eiiCTBUTEIbHO, IIyCTh € — HOPMHUPOBAH-
HBII COOCTBEHHBIN BEKTOp MaTpHIpl A, oTBedaiomuit HanbOJIbIeMy COOCTBEH-
HoMy umcity A(A) = M. Haiinem HopMy Bektopa y = (I — h;A)e musi i = N.

Nmeem
= (MM a s L)) (ML T e
NZA\ Ty TR T oy 2 24N? M

Iosromy y = (I — hyA)e ~ (1 — NVZM)e, re. ||ly|| ~ N2 Crenosarensuo, ais
6oJibIKUX 3HaYeHnit N IpUMEHEHIE MeTOJ[a MOXKEeT IIPUBECTH KaK KaTacTpodu-
YECKOMY POCTY IIOI'PEIIHOCTU BBIYUCJIEHW, TAK ¥ K MEPEIOJTHEHUI0 MAITUHHBIX
paspsizioB. st yerpaHeHus: 1aHHON 1IpOo6JieMbl HEOOXO/MMO MEPEYIIOPSJI0IUTh
[OCJIeIOBATENLHOCTD AroB {hy, he,... hy}. Ha nanubii MOMEHT U3BECTHBI U
crporo obocuoBanb! aaroputMel st N = 2P39. IIpusemem 0e3 10Ka3aTeIbCTBA
OJINH U3 TaKWX pe3y/abraroB jyii N = 2P rapaHTUPYIOIIHl, 9TO HOPMa OIle-
patopa nepexona P, (A) 110 MO0 He NPEeBOCXOJUT eJAMHUIBI JJIsl KayKIOoro
n=12,...,N.

IIycts hAnti1-i = (% + %COS (25&1)7T)_1,
maros Bejiercst "ot 60JIbIero K MenbieMy" .

Hua N = 2 ycroituusas nocsenoBaresbuocTb umeer suj (2,1). Ilycrs s
N = 2P~1 nocnenosaremsnocts ocrpoena: (i, ig, . . ., igp—1), T.€. MATH GEPyTCS
B caeayomeM nopsiike: {hi,, Ry, ..., i, o }.

Torma mist N = 2P mocie1o0BaTeIbHOCTD OTpeiesisieTcs: GpopMyIIoii:

(20 + 1 —i1,i1,2P + 1 —ig 9, ..., 2P + 1 — gy, inp1).
Hampuwmep: (3,2,4,1), (6,3,7,2,5,4,8,1). Takum 06pazom, JejiaeTcst cepust Iia-
I'OB TI0 MPABUJLY "MaJIblii — GOJIBINOH" |, caMblii MAJIBIH TIAT BBITOJTHAETCS TIPe/I-
MTOCJIETHUM, & CAMBIM OOJIBIION — MOCIIETHIM.

1 =1,..., N, T.e. HyMepaIus

Jlekiusa 8. YpaBHeHHUSI BTOPOTO IOPSIKA

Pacemorpum crreyromyio 3amady:

y'=flzyy), yla) =&, ¥ (b)=¢&.

Beenenuem HoBoi HeusBecTHOl dbynkimu v(x) = y'(x) ona Moxker ObITH CBeJeHA
K CHCTEME yDABHEHWH IIEPBOTO MODSIKA:

v’:f(x,y,v), U(b) :gba
y=v, yla)=%&.

1 ecou b = a, TO JJId ee pelleHusd MO2KHO ITPUMEHUTHb METO/bl, paCCMOTPEHHbIE
BoIlre. B HEKOTOPBIX CJIydadxX ,ILaHHbe/'I opueM OKa3bIBa€TCd ITOJIE3HBIM. O,ZLHaKO
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B O0IIEM CJIydae METO/bl, IIPUCIIOCOOIEHHDBIE K PEIICHUI0 KOHKPETHOTO KJIacca
3a/1a4, OKa3bIBatoTcs 6osiee addexrusnbl. atee OymeM paccMaTPUBATD 33,191
C IIPaBBIMU YacTsIMu, He 3aBucsimumu ot 4’ f(x,y,y') = f(z,y), T.e. ypaBHeHust
BUJIA

y' = flz,y) (1)
€ KpaeBbIMH YCJIOBUSIMU, 3a/IaHHBIMA Ha Ipanuie orpeska [0, 1]. B ganHOM city-
qae (1o anasornu ¢ 3ajadeit Komu st ypaBHEeHUs IEPBOTO TIOPSIJIKA) PAZHOCT-
HOl CxeMoOli Ha PaBHOMEDHON ceTke xp = To+ kh, k > 0 HazpBaeTcsa cucrema
Pa3HOCTHBIX YPaBHEHU

1 n n
72 E a_iYp—i = E boife—i, k=nmn+1,... (2)
=0 =0
C U3BECTHBIMU HaYaJIbHBIMU yC.HOBI/IHMI/I yO7 yl7 ey yn_l, rae a—;, b_i HE 3aBUCAT

ot h, ag,an # 0, 1 fr—i = f(Tr—i, Yr—i)-

Teopema 8.1 Heobrodumvie u JoCTRAMOYHYIE YCAOBUSL ANNPOKCUMALUL HG Pe-
wenuy ypasuenua (1) pasnocmuol cxemot (2) umerom ud

%Zn:a*i =0, *%Zn:iafi =0, %Zn:zga,i =1, Zn:b,i =1.
=0 i=0 i=0 i=0

Hoxka3zaresnbcrBo. [Togcrasum pererne y(x) B GOpMysty pasHOCTHOI CXeMBbI,

JUTsT KasKJION0 CJIATaeMOTrO BBIIUINEM pa3JioykeHue B psj Teilsiopa B Touke Xy,

npupasHseM nyo Kodbduruents mpu h~2, h~ h% u, nobasus yciosue HOp-

MHUPOBKH TIPABO#i YaCTH, [TOJIYyIUM TpedyeMble COOTHOIIEHHsI. Teopema JToKa3aHa.
PacemorpuM pasHocTHBIE cxeMbl yist ypanenus y'' (z) = f(x).

IIpumep 8.1. EcrecrBennast anmmpoKCUMAITA:

Yet1 — 2Yk + Yr—1
h2

=k
[aBHBII YJIeH HOTPENIHOCTH Ha perenun paBed 1y, = Ly (y)n— frn = }f—;y(‘l) (xg)+

O(h%).
IIpumep 8.2. Cxema

Yk+1 — 2Uk + Yr—1
h2

=fi+ h—2f”(:c )

k 19 k
ATIIPOKCUMUPYeT ypaBHeHue Ha pertenun mopsaxom O(h%).
IIpumep 8.3. Cxema Hymepora:

Yet1r — 29k +Yk—1 _ Serr +10fk + foa
h2 12 '
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TaBHBI WIEH NOTPEINIHOCTH Ha DelleHun uMeer BUI: 7h, = Lp(y)p — frn =
4

2 4 2 4 h
%y(4) (zx) + ?%y(fi) (z) — 1112f(2) (z) — 1’24 (4)(xk) = — H073,(6) (zg) + O(hG) .

IIpumep 8.4. Paccmorpum cireyiomiee ypaBHeHMe

/
—(k(@)y') +p(@)y = f(z),
riajikue Ko3(UIMEHTBl KOTOPOTo yI0BIeTBopstoT yeaosusam 0 < ko < k(x) <
k1, 0<p(x)<p;. Torma cxema

1 it1 — Yi i — Yi—
-5 k(xiJrl/Z)% - k(%ﬂ/z)yzihyzl +p(zi)yi = fi

nMeeT MOPSJIOK AIIIPOKCUMAIIN O(hQ).

Kpaesoe ycsoBue jyist 3anaan (1) Moxker ObITh 33/J1aHO Ha, JI0OOM U3 KOHIIOB
OTpe3Ka B BUJIE JIMHEHHOI KoMOnHAIMY (DYHKINA U IIPOU3BOIHOM’, T.H. KPAEBOE
YCJIOBHE TPEThEro poaa:

ay+by =c.

B srom cayuae ciremyer obpaTtuTh BHUMAHHE HA CIOCOO €r0 AIIPOKCHMAIIAN.
Annpokcumarivsi TPAHUYHBIX YCJIOBHUI TpeTbero poja. llycrs s
yPaBHEHUS
—y"+p(@)y = f(2)
zagano rpanudnoe ycsosue ay(0) 4+ by'(0) = c¢. [locTrpoum i 3T0ro ycaoBus
KOHEYHO-Pa3HOCTHY IO alllIPOKCUMAIIMIO BTOPOIO IMOPSIIKa TOYHOCTHU Ha, PEIIEHNH,
UCTIOJIb3Ysl 3HadeHuss PYHKIMKU y§ B TOYKaxX g = 0 u x1 = h. U3 dopmysst

Teitiopa nmeem
2

h
y(h) = y(0) + hy'(0) + 5 y"(0) + O(h%),
OTKy/J1a CJIeJyeT

y'(0) = y(h) ; y(0) . gy//(o) + O(hQ) .

U3 ucxonuoro ypasHerust nosaydaeM, aro —y” (0) = f(0) — p(0) y(0) . Tlosromy

ay(0)+b <M + g (f(0) = p(0) y(O))) = c+0(h?) . Uckomast anmpok-

CcCuManud uMeeT BUJI:

h - h
(agbp(0)>yo+b%c§bf(0).

VYcTOMYUBOCTh PA3HOCTHBIX CXE€M BTOPOTO mopsigka. B ciaydae 3amatdun
Ko npunsito mpoBepsith GoJiee cjiaboe OIpeie/IeHue (-yCTONYNBOCTH.

Omnpepnesienne 8.1 Jas sadavwu Kowu y"(x) = f(x) cxema nasvsaemes o -
Yemotinueotl, ecau 6¢e KOPHU COOTNEEMCMBYIOUE20 TAPAKMEPUCTIUMECKOZ0 MHO-
3

k—i

T
204A€HA Y, it " 00HOPOdH020 YPasHEHUA NPUHAOAEHCAM COUHUYHOMY KDY2Y

=0
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U MO 2PAHUYE KPY2a HEM KPAMHLX KopHel, 3a uckmovweruem (b = 1 xpammo-
cmu 2.

OTnuyane JaHHOTO yCJIOBHSI YCTONYMBOCTH OT YCJIOBHSI YCTOWIHMBOCTH JIJIsT

ypaBHEHUsI IEPBOTO MOPsiJIKa, 00YCIOBIEHO G0Jiee BLICOKOH CTENEeHbIO h B IPaBoii
.\ _ 2y
HACTH: ) ;o A—iYk—i = D) Lo bifr—i.

VcroiiunsocTb Kpaeoii 3amavu. [Iycrs ypasrenue y” (x) = f(x) moonpe-
JIEJIEHO KPAEeBBIMU YCJOBHSIMHU HA PA3HBIX KOHIAX OTpe3ka. HamomumMm ompe-
JIeJIeHNe yCTOWIMBOCTH JIsl JTMHEHHbIX 3a7ad. PasnoctHas cxema Apyp = fr
JIMHEWHOH 3ajiaum ycroiuuBa, eciau cyiiecrByor C, hg Takue, 9TO JJIsl IPOU3-
(1,2) _ ((1,2) 1 _ (2 (1) _ £(2)
BosbHBIX Apy, " = f,77 Bemosnsiercs onenka ||y, —y; ||ln < C\\fr, = .7 In
npu Bcex h < hg ¢ koucranroit C, He 3aBucsmeir ot h.

Eciu marpuna Ajp, He BBIPOXKEHA, TO YY), = A,:l fr- Orciona nosryaaem Hepa-
BEHCTBO JIJIsI HOPMBI BEKTOPOB:

1 2 _ 1 2
s =y < 1A A 1D = £ [1n.

CrenoBatenbio, Moo BBIOpats C' > ||A; |4
Meton cobcTBeHHbIX dyHKIM. llccnenyem ycToianBOCTh PA3HOCTHOM
CXEMBI

Ye+1 — 2Uk + Yk—1
_ =

=fes vo=yn=0 & Apyn=/n
B ceTouHoll uuTerpasibHoit Hopme ||ynl|7 = (yn, Yn)n = Z]kvz_ll y2h, SKBUBAJIEH-
1
TOIl HOpME ||y(ac)||%2(0 = J y?(z)dx ncxonnoit sanaun. Jljist 9TOro oneHnM HOp-
’ 0

My omneparopa || Ay |5, Te

A7 = sup v A e,
" vn#0  (UnYn)n

IlycTh m3BecTHBI COOCTBEHHBIE YMCIA A, MATpUlbl Ap, a COOCTBEHHBIC BEKTO-
n
pa y,i ) opromopmaibbt: (y™, y(™), = §". Torma cobeTsennbie BeKTOPa 00-
pasyioT 0a3uc, W IPOM3BOJLHBIA BEKTOD Yi MOXKHO IPEICTABUTHL B BUIE Yk =
N-1 (n) -1, _N-1y-1_ (n) —1, — -1
Yoneq Yy - Cydgerom Aty =D 1 Ay teny,  umeeM [|AT|, = max, [A .
Panee 6bLIO IIOJIy9eHO, UTO pelleHne pasHOCTHOI 3a/1auu Ha COOCTBEHHBIC

SHaYCHUA

Ye+1 — 2Yk + Yr—1
h2

:_)‘yk‘a yOZyN:O7 hzl/N
nMeeT BU

n . 4 h
yl(c):smﬂ'nkh, )\n:ﬁst%, n=1,... , N—1.
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IIposepum, [uTo (y(”),y(m))h = 0 upu m # n. Paccmorpum oneparop Aj Kak
oreparop, AefiCTBYONIU HA Y1, . .., YN—_1. B 9TOM ciiydyae marpuna A, cummer-
puuna A, = A{, CJIEJIOBATEJILHO,

0= (Ahw(n)7¢(m))h _ (W("),Ahgo(m))h - ()\(n) _ )\(m))(go(m),ap("))h,

re. (o™ ™), =0 g A £ X OproromanbHocTsh COBCTBEHHBIX BEKTO-
pos foxazana, mosromy ||A7|, = AL

. 0
Iostyuum oneHKy i Amin = A1. VI3 HepaBencTsa sin |5 > — |[3| upu | 5] < 5
nMeeM A o A
Alfﬁsln 7>4 )\maX:)\Nflgﬁ.
_1 1
Takum 06pa30M, BepHa He 3aBucsimas oT h oneHka jyist HopMbl ||[A71 |, < i

Ilo OoIIpe/ieJIEeHNI0 3TO O3Ha4vaeT yCTOﬁ‘{HBOCTb CXEeMBbI.

DHepreTuvecKnii MeTo NCCJIeI0BaHNS yCTOMIUBOCTH. PaccMmoT-
PYUM SHEPreTHIECKUI METO/I MCCAEIOBAHNS YCTONINBOCTU Ha TIpuMepe audde-
PeHIUAJIbHON 3a/1a91

—y"+p(@)y=fz), y0)=y1)=0, px)>0.
YMHOXKMM ypaBHenue Ha y(x), u pe3yJbrar npouHTerpupyem mo orpesky [0, 1]:

1

1
/ ydm—i—/py dm—/fydx
0

0

ITocne HUHTEI'PUPOBAaHULA 110 YaCTsAM IIOJIYIUM HHTEI'DaJIbHOE TO2KIECTBO
1 1 1

/(y/)de—i—/prdx:O/fydx.

0 0
Hasiee nHam moTpebyeTcs HEPABEHCTBO, CBA3BIBAIOIIEE NHTETPAJIBI OT KBAJIPATOB

GyHKIIMT 1 ee MPOn3BoaHOI. VI3 paBeHncTBa

CJIey€eT, 9TO
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ITocsie mHTErPUPOBAHUS 110 T 110 OTPE3KY [0, 1] 06enx JacTeil Moy InM HCKOMOE
HePaBEHCTBO

1 1 1 1
[wteoaro < [y /momn/fmsﬂw%w
0 0 0 0
B pesynabrare numeem
1

1 1 1 1
1
/ Yz < / () 2dx + / pyde = / fyds < 5 / P + / e |
0 0 0 0

0

— |mhgwmwrm|ma:/fm.

DT0 — alpuoOpHAasi OIEHKA JjIs PeIlleHUs], O3HAYAIAs YCTONInBOCTD ude-
PeHIMaJIbHON 3a/1a9u 110 IIPaBOil YaCTH.

JlokazkeM HepreTUIeCKNM METOIOM YCTONIMBOCTD CTAHIAPTHON PA3HOCTHOM
CXEMBI

Ykt1 — 2Yk + Yr—1
_ 2

+pkyk:fk7k:17"'aN71a yOZyNZO

VMmuoKUM Ha y) u upocymmupyem or 1 go (N — 1). Tak kak yg = yny = 0, 10:

N-1 N-1
1 1
—Z Y1 — Yk)Yk + ﬁz Yk — Yk—1)Yk =

h2
k=1 k=1
1 N 1]\71 1 N
=35 ) Wk — vyt + 55 > (s~ vre 1yk—h—2yk—yk !
k=2 k=1 k=1

OTCIO,ZLE% ciaeaxyer KOHeLIHOMepHI)Iﬁ aHaJIOT THTETr'PpaJIbHOTO TOXKJIeCTBa:

. -
72 Sk —u1)*+ > pvi = Y ftn-
k=1 k=1 k=1

Bseziem ciienyrorue 0603HaAYEHMS:

Vye = yr — yr-1, (u,v] E uiv, (u,v) E UV; .-
=1
TOI‘,ZLE% KOHe‘IHO—paSHOCTHOG I/IHTeI‘paJ'H)HOG TOXKIECTBO HpI/IHI/IIVIaeT BUI:

% (Vy, Vyl + (py,y) = (f,y).
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JlokarkeM CeTOYHBIN AaHAJOr HEPABEHCTBa Jisi (DYHKIIUA U €e IPOU3BOJIHON B

Toukax k=1,..., N — 1.
k

U3 Toxaecrra gy, = Z(yZ — yi_1) cuemyer

i=1

k k N
Ui < <Z 12) : (Z(?Jz‘ - y¢—1)2> <N (i —yi1)”

i=1

OTCIO,ILa noJrydaeTcsd Tpe6yeMaﬂ OIlCHKa

Takum obpazowm,
N-1

N-1 N-1 N-1

2 2 2 2

Zyi < meTﬂ Z?Jihg Zfih'

i=1 i=1 i=1 i=1

OTcroma ciemyer, 9TO aIpUOPHAsA OIEHKA JJIA PENICHUs Pa3HOCTHON 3aJa4ud B
N—

wopme ||y, ,, = (X y?h)'/2, cornacosaunoit ¢ Ly(0,1), nmeer sug ||y|L, , <
1=

I/ |lz,. .- YeroituupocTs mokasana. U T.K. cxeMa MMeeT BTOPOH MOPSIIOK allpPOK-

CHMAITIH, TO COryIacHO Teopeme Puannmnosa BepHA

Teopema 8.2 Pewenue paccmompenioti pasHocmmoti cremvr crooumes K pe-
wenuio Juddeperyuarvroti sadavu ¢ nopadxom O(h?) 6 nopme Lo, m.e.

1(W)n = YnllLs, < ch®.

Jlexiust 9. MeToapl penieHnst ypaBHEHUT BTOPOTO
MopsiiKa

Pacemorpum s dexkTrBHBIE YUCTEHABIE AJITOPUTMBI PENTEHUS CUCTEM JITHEHHBIX
aaredbpandecKnxX ypaBHEHU, BO3ZHUKAIONINX, HAIIPUMED, MPHU AIMMTPOKCHMAIINN
OOBIKHOBEHHBIX (D PEePEeHIINATBHBIX yPABHEHUI BTOPOIO MOPSIIKA.

Meton nporonku. Ilycrs Tpebyercss HaWTH pellleHne CUCTEMBI ypPaBHEHUI
Ay = fa roney = (yOa Yi, - .- 7yN)T — BEKTOD HEU3BECTHDIX, f= (f07 fla te fN)T
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— 3a/laHHBI BeKTOD npasbix uacreil, A — kBagparHas (N + 1) X (N 4+ 1) mat-
puna:

co —bp O 0 ... 0 0 0 0
—a; C1 7b1 0 ... 0 0 0 0
0 —az C2 7b2 ... 0 0 0 0
0 0 0 0 —aN—-2 CN_—-2 —bN_2 0
0 0 0 0 ... 0 —anN—-1 CN-—-1 —bN_1
0 0 0 0 ... 0 0 —an CN
[Teperumiem 3ama<y cireyrommM 0Opa30M:
coyo — boy1 = fo, k=0,
—akYr-1 + ckYk — bryrt1 = fr, 1<E<N-—1, (1)
—anyn-1+cenyn = fn, k=N.

OCHOBH&H naesd MeTola COCTOUT B IIpeJCTaB/JICHUN PeEIleHud B BUJIC
yk:ak+1yk+1+ﬁk+1a k:Nf]-aN*Qa"'aOa (2)

JIJIl KOTOPOI'O 3HAYEHUS (i, Sk U Y) BBIUUCISIOTCH 110 KO duUImenTaM ucxo-
HO# cucTeMbl U IPaBO YacTH.
W3 nepsoro ypasrerus (1) ciemyer:

yo=oiy1+P1, a1 =bo/co, b1 = fo/co.

Haiinem nocsenyomue ko3pdUIUEHTHI B PABEHCTBE Yk = k11 Yk+1+ Bk41. iist
9TOrO IOJCTABUM YK€ HaleHHYI0 POPMYIY Yr—1 = QkYr + Ok B ypaBHeHUe u3
(1):
Yk—1 = QY + B
—arYk—1 + ckYr — bryrr1 = fr -

Orcrona nmeeMm

(—arak + cu)yr — oxBr — brYrr1 = fr
by fr + arBr
app1 = ————, Bpp1= ——.
Cr — QO
DTOT NPOTECC 3aKOHIUTCST, KOT/IA MBI IPAJIEM K ITOCIETHEMY yPABHEHUIO CUCTE-
Mbl (1), coleprKaliemMy TOJbKO JBa 3HAYEHUs HEU3BECTHBIX:

YN—1 = aNYN + BN,
—aNyN-1+cNYN = [N -
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Wckiouenne u3 31oil cucTeMbl YN —1 IPUBOIUT K (bopMlee JJId YN:

_ Int+anpn
N CN —aANON ’

DopMaAIILHO OTMETUM, 9TO YN = Sn+1. BeiBog dopmys 3akonder. Chopmysin-
pPyeM ajIrOpuTM B IIEJIOM.

Hust perennst cucremsl (1) cHaYaIa PEKYPPEHTHO BBIYUCIISIIOTCST TPOTOHOY-
Hble KO3 PUIMEHTHI o, Ok :

b
ay =by/co, Qi1 =—"-,
Cl — Qs
_ _ frk+agB
B = folco, Brt1="——,
Cl — QpQp
rie k mocse0BaTe/ibHO IpuHUMaeT 3Hadenus 1,2,..., N — 1.

3aTeM BBIYUCIIACTCS YN':

_ fntanBy

YN .
CN —aNON

H, HaKOHEI, PEKYPPEHTHO OIIPpEJIe/IAI0TCs OCTaJIbHbIEe KOMIIOHEHTBI BEKTOPa HEU3-
BECTHBIX:
Yk = Og+1Yk+1 + Bet1, kK=N-1,N—-2,....0.

TTosryueHHBIE COOTHOIIIEHUSI HA3BIBAIOT (DOPMYJIAMU NPABOT NPO2OHKU.

Teopema 9.1 (Jocmamourvie Yycrosus KOPPEKMHOCTIY U YCMOTHUBOCTNUY Me-
moda npozowku). ITycmo koapduyuenmo, cucmemui (1) deticmeumenvru u ydo-
BAEMBOPAIOM YCAOBUAM: Co, CN, Ak, Ck, bk npu k =1,2,... N —1 omauwro, om
HYAA U

|ck|2|ak|+|bk|, k=1,2,...,.N—1,

lcol = [bol,  len| = lan],

npuvem Toms bv, 00HO U3 HEPABEHCME ABAALMCA cmpoeum. To20a Oas dhopmyn
MEMOOa NPOOHKY CNPABEOAUBH, HEPAGEHCMEA:

Ck*akak%oa |ak|§13 k:1327"'7Na
2aPARMUPYIOUWLUE KOPPERTMHOCTL U YCMOtMUBOCTD MEMOOa.

JlokazaTeJILCTBO IIPOBEJEM MeTO0M UHIYKIUN.
Baza: |ag| < 1. Har: Iycrs |ag| < 1.
Iokaxkem, uro |cp, — agag| > 0 u |agy1] < 1. HeiictBuresnsHo,

ek — agak| > |ek| — |ak|lak| > |ex| = [ak| > [bk] > 0.
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Orcroa cireryer, 9To

b | <1

lagt1] = ———— < L.
lex — aan)

OrmernM, UITO €M IpU HEKOTOPOM ko BBIIOJHSIETCS |ak,| < 1, Torma |aj| < 1
mpu Bcex § > ky.

Pacemorpum |eny — anan| > |en| — |an]lan|. Tlo ycrosuto:

mbo |an| < 1, ecn |cg| > |bo| wnu |cgy| > |ar, | + 10k,

6o |en| > lan],
csleoBaTesbHo, ey — ayay| > 0. Teopema mokasana.
IIpumep 9.1. Hua sanaun —y” = f, y(0) = a,y(1) = b pasHOCTHAs ANIPOK-
CHMAIsT IMEET BUJL

2 10 0 0 ...0 u
12 10 .. 0 Y2
1]l0 12 -10 ..0 ' s
h2 -
0 -1 2 -1 :
0 0 -1 2 Yn—2
YN—1

a b .r
rie f= (fl + ﬁ)f27"')fN—2)fN—1 + ﬁ) .
B nanHOM cilydae Mbl MCKJIIOUUIM U3BECTHBIC 3HAUEHU ¥g, YN . MeTo mpo-
TOHKHM yCTOUYUB.
IIpumep 9.2. ns zamaan —y”’ = f, y'(0) = a,y'(1) = b pasHOCTHAST ANIPOK-
CHMAIAA UMEeT BUJ

2 20 0 0 0 Yo

1 2 -1 0 0 L
1l o -1 2 10 0 ' s
7z =f,

0 -1 2 -1

0 0 -2 2 YN-1

YN
2a 2b
Fﬂef:(fO_T,flw--,fN—l,fN_%)T-

AnnpokcnManyst, HAIPUMED, JIEBOIO KPACBOI'O YCJIOBUsL HOJLyUeHA CJIEyIO-
mum obpasom: y(h) = y(0)+hy'(0)+ h—;y"(0)+0(h3), U 13 yPABHEHNS HAXOMM
~(0) = £(0).

B naHHOM Cilydae u3 TeopeMbl He CJIEIyeT KOPPEKTHOCTH METO/IA TPOTOHKH.
Ho u 3a/1a49a HEKOPPEKTHA, T.K. €CJIM y PENIeHUe CUCTEMBI, TO y + const TakxKe
perenwe.
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IIpumep 9.3. s samaun —y” = f, y'(0) = a,y(1) = b upu paccMOTpeHHBIX
aIIPOKCUMAIIAX METOJI, IIPOTOHKY TPUMEHKM.

Meron crpenbbbl. es 3TOro moaxoia BBITISIAT CJICLYIONAM 00pasoM.
Jljist pemennst cucTeMbl ypaBHEHUI

Yk+1 — 2Uk + Yk—1
_ =

PacCMOTPpHUM AB€ BCIIOMOraTe/IbHBIC 3aaT1

= fi, (& Luyn = fn), yo=a,yn =b

Lpup = fn, uwo = a, u1 = uy;
thh = 07 Vo = 07 U1 = 1717

u mocrpouM pertenne Y, = up, + Cvup, onpeneaus koddburment C u3 ycaoBus
yn = b. DopmajbHO 3HAYEHUS U], V] MOTYT OBITH TPOU3BOJILHBIMY, OJHAKO, I
HOBBIIIEHNUs] YCTORIUBOCTH CXEMBI PA3yMHO BeIOpaTh U1 — ug = O(h), v1 —vg =
O(h) .

Merton @ypre (6asucubix dpysknmii). Ilycrs Tpebyercst HaliTu perenne
cucTeMbl JMHEHHbIX ypasuenuit Ay = b, y € RM npu yciosun, uro m3secTHb
BCe COOCTBEHHBIE BEKTOPA M COOCTBEHHBIE YUC/Ia MATPHUILI A:

Ay(n) = )\ny(n)v n= 17 "'7M7

u y(") o6pasyior oproHOpMupOBaHHbIi 6asuc B npoctpancrse RM .

OcHoBHast Wjiest METOJIa COCTOUT B (DOPMAJIbHOM Pa3JI0YKEHUN PEIIEHUs] Y 110
CcOOCTBEHHBIM BEKTOpaM y = Zﬁil ey ™, onpesesennn k09bdUIIEHTOB ¢, B
JIAHHOM IIPEJICTABJIEHUH U TIOCJIEIYIOIEM BOCCTAHOBJIEHUU BEKTOPA Y.

Tak kak mpobJiema HAX0XKJIEHUST COOCTBEHHBIX BEKTOPOB U COOCTBEHHBIX 3HA~
YEeHUIT CYIEeCTBEHHO CJIO’KHeEe PEIIeHNd CUCTEMbl JIMHEHHBIX yPaBHEHUIt, TO JaH-
HBII MeTO/T 1103BoJIsAeT 3D DEKTUBHO HAXOIUTH BEKTOD Y, €CJIU BCE COOCTBEHHBIE
BEKTOpa U COOCTBEHHBIE YKCJIa 33/aHbl AaHAJUTUIECKN, ¥ CUCTEMa COOCTBEHHBIX
BEKTOPOB 00pa3yeT B IIPOCTPAHCTBE PEIeHNil OPTOHOPMUPOBAHHBIN 6a31C OTHO-
CHTEJIbHO HEKOTOPOro ckajsproro mpomsseaenns: (y(™,y(™), = 6. B srom

m*
cirygae KO3(hMUIUEHTHI ¢, MOTYT OBITH HalIeHbI 110 ABHOM dopmyte. JleiicTBu-

TEeJIBHO,
M M

A(Z ay™)=b = Z endny™ = b.
n=1 n=1

VMHOXKHM JIAHHOE PaBEHCTBO cKassipHo Ha y(™) ausa m = 1,..., M. C y4uerom
OPTOHOPMUPOBAHHOCTH 0A3MCa MOJLY IUM

M
O Aneny™, y ™) = b,y ™)y = cndm = (by ™).
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OTciona uMeeM ¢, = dy,/Am, tie Bemmannst d,, = (b, y(™), asnsorcs xKoad-

M
dburpenramu B pa3iioxkeHun BekTopa b = > Ay ™.
m=1

IIpumep 9.4. BroinucaTh ajJropuTm pemieHust CUCTEMbI

Yk+1 — 2Yk + Yk—1
- 72 :bk,k‘=1,...,N—1,y0=yN:0,th/N

METO/JJ0M (Dypbe. ﬂJISI ,HaHHOI;'I 3a /a9 COOCTBEHHBIE BEKTOPbI 1 CcOOCTBEHHBIE
qucJjia MOryT OBITh HaﬁﬂeHbI aHaJIUTUYICCKHU

4

ﬁsinQ(ﬂ—m), n=1,...,N — 1.

yl(c") = V2sin(mnkh), A, = 5

HpI/I 9TOM y(n) OpTOHOpMI/IpOBaHHbI OTHOCUTEJIbHO CKaJIAPHOI'O IIPpOU3BEICHUA

(™, y ™) = Z yk”) h

OpTOFOHaJII)HOCTb cJIeJlyeT U3 CUMMETPUYHOCTH oneparopa A, jeiicTBytore-

IO HA Y1, ..., YN—1. [I[POBEPHM yCJIOBHE OPTOHOPMAJLHOCTH:

N-1 N-1

(y™,y™)Y), =h Z (n) =2h Z sin?(rnkh) =
k=1 k=1

N-1 N-1

=h Z (1 —cos(2mnkh)) = (N —1)h—h Z cos(2mnkh),

k=1 k=1

N-1 N-1

3 cos(2mnkh) = Re Y eli2mnhk) —

k=1 k=1
N1 q—q"

=Re(g+...+¢ )(1—q)/(1—q)=Relfq-

Tak kak ¢V = cos 2r Nhn+isin2rNhn =1, AN = 1, To (y(”),y(”))h =Nh=1.
IIpumep 9.5. [l zamagun
Yk+1 — 2Uk + Yr—1
_ s
2
—73(W1 —90) =bo, 73(yn —yn-1) = by, h=1/N

=by, k=1,..,N—1,

CcoOCTBEHHBIE BEKTODPHDI, COOCTBEHHBIE YUCJIA, U COOTBETCTBYIOIIEE CKAJIAPHOE IIPO-
I/ISBeﬂeHI/Ie I/IMeIOT BUI

y,io) 1y, = v/2cos(nmnkh), n=1,...,N — 1,y,(§N) = cos(mNkh);
4 h
)\(0)20,)\ :ﬁsm(%),nzl,...,]\h
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N—-1
(y(m)7y(7l))h _ ,;1 yl(cm)yl(cn)h+ %yé m) (n) + zygv) (n).

s mokasaTesbCTBa OPTOrOHAJIBHOCTH COOCTBEHHBIX BEKTOPOB ITOKAXKEM,
4To omepatop A, meficTByrommit Ha BeKTOPax (Yo, Y1, - -, YN_1,YN )", CHMMET-

pUY€H OTHOCUTEIHHO BRIOPAHHOIO CKaJIHpHOI‘O HpOI/ISBe,D;eHI/IH LeiicTBuTeIHHO,
N-1 N

(Au,v), =h Z Za”u]vl + = Zaojuﬂo + = ZCLNJUJUN = h(Au v),

i=1 j=0
1 - . ~
5&03 a()], 50,]\[: = Ny AJIA V]; a;5 = Gi; AHAYIE.

Ho marpurna A= AT CHMMETPHHA, CJIEJJOBATEBHO,
(Au,v)y, = h(Au,v) = h(u, Av) = h(Av,u) = (Av,u), = (u, Av),

OpTOHOPMAJILHOCTH COOCTBEHHBIX BEKTOPOB MPOBEPSIETCS] AHAJIOTHYHO PEJIbI-

rie

nymemy mpumepy. Tak kak A? = 0, y(© = 1, To HeOOXOMUMBIM I TOCTATOU-
HBIM YCJIOBHEM KOPPEKTHOCTH MCXOHON CUCTEMBI YPABHEHUN SBJISIETCS YCIOBUE
(b,1), = 0.

OTMmeruM, 9TO JJIsi PACCMOTPEHHBIX IIPUMEPOB HaXOXKIeHHe KO3(hUIueH-
TOB d,;, U BOCCTAHOBJICHHE PEIIEHUsI Y}, MOXKHO CYIIECTBEHHO YCKOPUTH 3a CUET
apudmermyecknx cBoicTs y(™) MpH MOMOIM TAK HA3BIBAEMOTO OBLICTPOTO IIpe-
obpazosanus Oypne.
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3. JluneitHas ajredpa

Jleknius 10. BekTopHble 1 MaTpUYHble HOPMbI

Omnpenenenne 10.1 Hopmot sexmopa x = (x1,...,x,)T nasweaemesn dymx-
) )
yuonan, obosnauaemud ||X|| u ydosaemeoparouutds caedyrouuM YCAOBUAM:

x| >0, ecan x#0, [o] =0,
x| = [a] [xIl
I+ vl < Ix] + llyll

Hawubostee ynorpeduresibHBI Ciieayoniue HOPMBbI:

1<i<n

n
Ixlloo = max Jail, [x[li = Jil, [Ix]l2 =
i=1

Ounpepnesienne 10.2 Hopmw ||-||1 w ||]|11 Hasvisaromes sxsusasenmmvimu, ecau
o scex x € R™ ¢ odnumu u memu oce noAoHCUMEADHBMU NOCTNOAHKLMY C1
U Co CPABEOAUBVL HEPABEHCTNEG

cr [Ix[ln < Ix[lr < ez [|x/|r-

IIpumep 10.1. [|z]0o < ||Z]l2 < V7|7 0o-

Teopema 10.1 ITyemv C' — cummempuunas noAOHCUMENLHO ONPEJCACHHAA
mampuya. Tozda Pynkyuonanr \/(Cx,x) = ||z|lc s3adaem nopmy eexmopa x,
U BEPHA CAEOYIOWAA OUEHEKA

min/lJells < Jl#llo < maxy/ 2]l
ede {\i} — cobemeennvie wucaa mampuyss C.

HoxkazareabcTBo. [lepBas yacTb TeopeMbl ciiemyer u3 mpejcrapienust C =
QTDV2QQTD'Y2Q, znecy QTQ = I, DY? = diag{\/\1,..., v n}. Haiigem
KOHCTAHTBI IKBUBAJIEHTHOCTU ¢ HOPMOI || - ||2. Ilycrs eq,...,e, — oproHop-
MHpPOBaHHAs CHCTeMa COOCTBEHHBIX BeKTOpoB Marpuisl C (T.e. (e;,€;) = 0;5), a
A1, ..., Ay — COOTBETCTBYIOIINE COOCTBEHHDIE 3HaYeHusi. JIT000# BEKTOP X mpe-

n
CTaBUM B BUJie X = Y «;€;. [loaromy,
i=1

(CX, X) = (i )\,‘O&iei, i a,e,) = i )\Zaf
i=1 i=1 i=1
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OTCIO,H& JJIg IIDOU3BOJIBHOI'O BEKTOPa X IIOJIyY9aeM

min ;- (x,x) < (Cx,x) <max \; - (x,%x), (x,x)= Za?.

ITockosbKy BCce A; > 0, mOMy9eHHOE HEPABEHCTBO O3HAYACT SKBUBAJCHTHOCTH
eBKJINI0BOM HOpMe [|X||2 ¢ mocTosTHHBIMI

c1 = ,/min);, cg=,/max\;.
3 K3

Omnpenenenne 10.3 Hopmoti mampuyvt A nasvieaemcs GyHkuuoHan, 00603Ha-
waemwil ||Al| v ydosaemsoparowuti caedyrouum ycaosusm:

[Al >0, ecm A#0, o] =0,

e Al = fe | Al
A+ Bl <Al + 1B,
fACt < lAllC]-

n

1/2
IIpumep 10.2. @yukimonan N(A) = ( > azj) SBJISIETCS MaTPUYHON HOP-

,
ij=1
moit. Hopmy N (A) masbiBator nopmoti @Ppoberuyca (nopmot Llypa, eskaudosot
mMampusHot Hopmoti) u o6o3uadaior ||All g.

IIpumep 10.3. Dyukimonan n(A) = max; ; |a;;| He ABIsIETCS HOPMOIL B TIPO-
crpancTse marpul,. CoiicTsa 1-3 onpeje/ieHus MATPUIHON HOPMBI OYEBHIHO
BBIIIOJIHEHBL. Pacemorpum marpunst A = B @ a;; = b;; = 1, 11 KOTODBIX
umeror Mecto coorHomenust (AB) = n, n(A) = n(B) = 1, uporusopeuarye
gerBepToMy CBoiicTBY MaTpnaHoil HOpMBL: 1)(AB) < n(A)n(B). OrMernm, 9TO
dynxmonan M(A) = nn(A) aBisiercsa MATPHYHONR HOPMOIi.

JIemma 10.1 ITycmo 3adana nexomopas eexmoprasn Hopma || - ||,. Toeda mam-
PUHHYIO HOPMY MOICHO ONPEeAUMD KAK ONEPATMOPHYIO

A
1AL, = sup 1A _n A,
|- %0 ||X||v Ixllo=1

JToKa3aTeJJbCTBO CBOJIUTCA K 3JIEMEHTAapHOH NpoBepKe cBoiicT 1-4 Mar-
PUYHOI HOPMBL.

ITocrpoennast MaTpuuHasi HOPMa Ha3bIBAECTCS NOOUUHEHHOT, COOTBETCTBYIO-
el BeKTOpHOH HOpMe || - ||,. OTMeTHM, 9TO /IS TPOU3BOJIBHON MOIMHEHHON
MaTPUYIHOI HOPMBL || - ||, 1 equuuanoit marpuis I umeem || I, = 1.
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Teopema 10.2 Mampuurvie HOPMbL, NOOUUHEHHDIE BEKMOPHBIM HOPMAM || - || 0o s

-1l wl -2, umerom eud
|Alloo = max Z laij|, |41 = maXZ lai;|, |42 = max)\ (AT A).
Jj=1

Hoxka3zaresberBo. [losyunm oneHKy cBepxy zjist BeJIMIUHbL || AX|| oo

[Ax[loc = max
7

S ayyy| < max (z as maXijl) <
J ¢\ j

< max (3 |aij] | [[x]|oc-
J

IIOKa)KeM7 YTO 9Ta OIICHKa JOCTUI'aeTCd. HyCTI) MaKCUMYM II0 1 IMeeT MeCTO npu

1 = [; TOrIa BO3LMEM X = (sign (ar1),sign (aj2), .. .,sign (aln)). Nmeem ||X||oo =
n

1 u TOYHBbIE paBEHCTBA BO BCeil 1e0UKe Bblile, T.e. [|Al|s = max Z la;;|. Ana-
?

Jj=1
n

JIOPMYHO TI0Ka3bIBaeTcs, 4ro || Alj; = max E laij;|.
Tis
Haiinem ||All2. To onpeseneHnto MaTpUIHON HOPMBI, NOJMINHEHHON €BKJIN-
JOBOJ BEKTOPHOH HOpMe, UMeeM

1A[l> = sup || ||2 Ax Ax) — sup ATAX X)
x#0 |12 (%) x#0 (x,x)

Marpuma C = AT A — covmverpiranas, n (AT Ax, x) = (Ax, Ax) > 0, ciaenoba-
resibHO, Bee A(C) > 0. Paccyskast 1ajee Kak U B IPeJbLILyIIeil TeopeMe, MOTy-

(Cx,x)
9UM SUp ————
z#0 (Xa X)
cobererHOM BekTope. [Tosromy ||All2 = , /max \; (AT A).
7

< max \;(C), a paBEHCTBO JIOCTUIAETCsT HA, COOTBETCTBYFOIIEM
K3

Cﬂe,qyeT OTMETUTh BaKHbIN YaCTHBII CJIy‘{aIU/I CI/IMl\leTpI/I‘{HOIu/I MaTpuIbI: €CJIn

A= AT, 10 || ]l = max|\i(A)].

Teopema 10.3 Modyav 4106020 cobCMBEHH020 3HAMEHUS MAMPUYDBL HEe DOABULE
w060l ee nopmow: |A(A)] < ||A]l.

JokazaTeabcTBO. 3aduUKCUpyeM IIPOU3BOJIbHBIN COOCTBEHHBIN BEKTOD X
MaTpursl A u nmocrpouMm mMarpuily X, CTOAOIAMEA KOTOPOM SIBJISIIOTCA BEKTOPA
x. Houyunm pasercreo A X = A X. Orciona caeayer A || X || < ||A]l | X, aro
[IOPOKIAET UCKOMBII OTBET.
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CaencrBue 10.1 /s 1106020 cobemeennozo snavenus A(A) Hesuposcdentot
mampuys A cnpasedausa oyenxa 1/||A71| < |A(A)).

DJieMeHTBhI Teopuu Bo3MyleHuii. PaccMorpuMm cucremy JMHEHHBIX a-
rebpanyeckux ypasaeHuii Ax = b ¢ KBaapaTHO# HEBBIPOXKIAEHHONH MaTpurei A
¥ TOYHBIM pelieHneM X. B pesyibrare 9nc/eHHOTO PeleHus ¢ KOHeYHOH pas-
PSIIHOCTBIO BMECTO X IOJIydaercst npubausicennoe penierne x: Ax = b. Ilpu
9TOM BEKTOD Z = X — X Ha3bIBAETCs 8EKMOPOM 0wubky, a BeKTop r = b — Ax
HA3BIBAETCS 8EKMOPOM HEBAZKU.

Haiimem nackoabKO HPUOJMKEHHOE PEIIeHre OTJINYaeTCs OT TO4HOro. M3
HEPaBEHCTB

I = x| < [|AY[IIb =B, [lAlllx]| > o]
[TOJIy9aeM, 9TO JjIsi OTHOCUTEILHON OIMUOKN BepHA OIEHKA,

b—b] 1y I —As)
BER b1

Ix —x[| _
]l

Besmmauna || Al| || A7 masbiBaercs wucaom obycaosaennocmu MaTpunsl A u
qacro oboznavaercst cond(A). st BeIpokaeHHbIXx MaTpull cond(A) = co. Kon-
kperHoe 3HaveHne cond(A) 3aBucuT OT BBHIOOPA MATPUYHONW HOPMBI, OJJHAKO, B
CHJIY WX 9KBHBAJIEHTHOCTH IIPU IPAKTUIECKUX OIEHKAX TUM Pa3JIMIneM OObIT-
HO MOXKHO npenebpeub. Eciau cond(A) Beauko, TO MATPHILY HA3BIBAIOT NMAOLO
06ycA084EHHOT.

< papay =Rl gy 4

ITpumep 10.4. Ilokaxkem, 9To ecyim mMaTpuria A MmIoxo o0yCJIOBJIEHA, TO Ma-
Jiasi HEBA3KA He MOJCem TapAHTHPOBATH MAJIOCTh OTHOCUTEJLHON ommOKu. Bo-
Jiee TOro, MOYKET OKAa3aThCs TaK, 9TO JOCTATOYHO TOYHOE pPeIleHne OyIeT nMeTh
6osbIIyIo HeBsA3Ky. IlycTh

(2)()-()

Bekrop X = (1 + 1,¢)7, KoTophIit He ABIAETCS GIUBKEM K X, JaeT MaJeHbKYIO
nepszky r = (—¢,0)T. Bexktop X = (1,e + +/€)T mocrarouno 6im3okx kK x B
CMBICJIE OTHOCHTEIBHOM IOTPEITHOCTH, OJHAKO X JaeT OOJIBIIYI0 HEBA3KY I' =

(0,-1/v&)"

JIemma 10.2 J[aa arbot mampuywt A umeem cond(aA) = cond(A), cond(4) >
1 u conda(Q) = 1 das opmozonasvrol mampuys, Q.

HokasaTenbcTBo. [lepBoe yTBepKIeHNE CIIeIyeT U3 CBOMCTB 0OpATHOI MaT-
pUIBL U OIpejienennst MaTpudHoil Hopmbl. Hasee, tak xak I = T - I, ||I| <

I, I = AT1A, mo
1<) = A" Al < A7 [|All = cond(4).
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Hautee, umeem:

Qx7Qx 1/2 (QTQ.,L,7$ 1/2
Qs = sup G2OE _ ,, @Qmay P,

lallaro [12ll2 folzo Izl
Amasormano maxomum, 1to ||Q e = [|QT ]2 = 1.

IIpumep 10.5. ITlokaxxem, 4TO eC/iv OIPeeUTEb MATPUIIBI MAJI, TO MaTpPU-
112 He 00s13aTeJIbHO IJI0X0 00YCJIOBJIEHA, & OIPE/IETUTEb IIJI0X0 00YCIOBIEHHON
MAaTPUIBI MOYKET PABHATHCS 1.

IIycts nana jguaronasnpaass matpura A = eI, tae € > 0 — Majioe 9ucyao
u I — enuananas marpuna. Onpegennress det(A) = €™ BecbMa MaJ1, TOrJa KAk
MaTpuiia A XopoImo 00yCIOBIIEHA, TOCKOJIbKY

condoo(4) = [[Allse [A™ oo = el lloe e ™ [T floo = 1.

IMycrs A = < g 2_1 > , rorma det(A) =1, condy(A) =e 2.
IIpumep 10.6. Ilyctn
1 -1 -1 ... -1 1 1 2 on—2
g0 -1 ... - A 0o 1 1 2n—3
Bnecs marpuna A~! maiinzena kak pemenme cucteMbl AX = b npu momornn

obparnoro xona merona Laycca. Onpenenurens A pasen 1, BBIYUCIAM €€ YUCIO
obyciosmennocru. Homyumv: [|Afl = n, [A™Y |, = 1+1+2+2% +... +
2772 = 2771 condy, (A) = n2"" !, T.e. maTpuna A 1m0X0 06yC/IOBIEHA, XOTH
det(A) = 1. Ormerum TakzKe, 9To B naHHOM caydae \;(A) = 1, Ho marpuia A
HECUMMETPUYHA, MO3TOMY 38 00YCIOBJIEHHOCTH OTBEYAIOT COOCTBEHHBIE YHCTIA

AT A.

Jleknus 11. Tounble MeTOIbI peleHnst CUCTEM JIN-
HEITHBIX aJireOpamvecKnX ypaBHEHU

K Tounbim merozam pemrerusi cucrembl Ax = b jmHEHHBIX ajrebpandecKux
ypaBHeHuil (cAay) OTHOCSTCS aJlOPUTMBI, KOTODPBIE IIPU OTCYTCTBUM OIIMOOK
OKPYIJIEHUSI ITO3BOJISIOT TOYHO BBIYMC/IMTH UCKOMBIA BeKTOp X. Eciau dwmciio
HEHYJIEBBIX 3JIEMEHTOB MATDPHUI[BI MMEET MOPSIIOK N2, TO GOJBIIMHCTBO TaKO-

ro pojia aJTOPUTMOB TI03BOJIsteT Haittu pemenne 3a O(n?) apudbmermdyecknx
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gevicrBuit. /laHHast OleHKa, a TakyKe HeOOXOIMMOCTh XPAHEHUsI BCEX 3JIEMEH-
TOB MATPUILI B HAMITHA MAINIMHBI, HAKJIAJIBIBAIOT CYIIECTBEHHOE OIPAHUICHUE
Ha 00J1aCTh MPUMEHUMOCTH TOYHBIX MeT0/10B. OIHAKO, JIs pelleHust 3a1a9 He
odennb Gompmioit pasmeprocTr (n ~ 103%%) B GonbImHCTBE CiTyvaeB pasyMHO
[PUMEHEHNE TOYHBIX aJropuTMOB. OTMETHUM, UTO MPU YUCJIEHHOM DEIIeHUN 3a-
Jlad MaTeMaTHuIecKoil (DU3MKU YacTo Tpebyercs obpalarb MaTPUIlbl OJIOYHO-
JIMaroHaJIbHOTO BHJIa. B 9TOM cily4ae yaaercsi [MOCTPOUTH TOYHBIE METOIbI C
MEHBIITUM II0 TOPSJIKY YnucaoM apudmernyecknx peficrsuit. K rakum ajgropur-

MaM OTHOCATCsI METOJI IPOrOHKH, cTPesibbbl, Pypbe (6asucHbix GyHKIMIA).
Merton uckiarodenus I'aycca spisgercs HanboJiee U3BECTHBIM U3 TOYHBIX
METOJIOB, TIPUMEHSIEMBIX JIJIs 33J1a9 ¢ MATPHUIIaMu 0b1ero suja. B mpe/mosoxke-
Huu, 910 Ko dunuenT a1 # 0, ypaBHEHUsT UCXOTHON CUCTEMbI 3aMEHSIIOTCS Ha,

CJIe Iy I0IITe
n
a1j b1
1 + —r; = —,
— a1l a11
j=2
n

b1

a1y .
E QijTj — — Q315 :bi— —a;1, ZZQ,...,TL,
= ail ail

T.e. IIEPBOE YpaBHEHUE JIEJINTCsSI HA (11, & 3aTEM, YMHOXKEHHOE Ha COOTBET-
CTBYIOIIMI KOX(DMUIUEHT @1, BBIYUTAETCS U3 TOCIEIYIOINX ypaBHeHuil. B mo-
nygennoii cucreme ANz = b1 HemsBecTHOE %, OKA3BLIBAETCS MCKITIOYCHHBIM
U3 BCeX ypaBHeHuii, Kpome mepsoro. lasee, mpu yciaoBuu, 9To KO3bDUIMEHT
agé) marpurpsl A orimmden or Hyss, HCKITIOYAEM Ty U3 BCEX YPABHEHMH KPOMe
IIepBOrO 1 BTOPOro, n T.j1. B mrore moayumm cucremy A™x = b(™ ¢ Bepxmne-
TPeyroJibHOM MaTpurieil. Jlannast mocJieI0BATeIbHOCTD BEIYUCIICHII HA3BIBAETCS
IpAMBIM X070M MeToma aycca. VI3 mocieaero ypaBHeHIS IPUBEICHHON CACTE-
Mbl OLPEJIesIsieM KOMIIOHEHTY DeIleHus Z,. Jajee nojcrasisem &, B (n — 1)-e
ypaBHEHUE, HAXOIUM Tp_1 U T.;1. COOTBETCTBYIIOIIAs OCIEI0BATEILHOCTD Bbi-
quCJIeHnil Ha3bIBaeTcss oOpaTHbIM xoj0M [aycca. Eciu Ha k-m 1mrare mpsiMmoro

k-1
x0/1a K03 hunment aé & ) paBeH HYJII0, TOrIA k- CTPOKA YPABHEHUS II€PECTAB-

JISI€TCsI C TPOU3BOJILHOI (-1 CTPOKOIA, [ > k ¢ HEeHyIeBbIM KO3(DDHUITHEHTOM al(:_l)
upu z. Takas crpoka Beerga Haifinercs, ecau det(A) # 0.

Eciu va k-M mare mpsiMoro XoJia JuaroHaJIbHBIA 9JIeMeHT a,(j;l) OTJINYIEH
OT HyJIsI, HO UMeeT MaJjioe abCOMIOTHOE 3HAYEHHUE, TO KOIMPQMUIMEHTHI oUepe/i-
roit Marpuisr A% GynyT BBrUECIEHBI ¢ GOMIBINOI AGCOIIOTHOMN TOIPEITHOCTHIO.
DTO MOXKET CYIIECTBEHHO UCKA3UTh HaiiieHHbIi oTBet. [loaromy npu nmpakTude-
cKoit peasmm3anuu MeTojia [aycca cielyer Ha KaXKJIOM Iare mpsiMoro Xo/Ia mepe-
CTaBJIATH Ha k-€ MECTO CTPOKY ¢ MAKCUMAJIBHBIM 110 MOJLYJIIO 3JIEMEHTOM al(lkcfl)
cpenn Beex | > k. Takass neobrodumas npnu pacderax MOAUPUKAIMS HA3ZBACTCS
MeTosoM [aycca ¢ 4aCcTUIHBIM BBIOOPOM TJIABHOIO 3jieMeHTa. JIaHHbIH ajropurm

[TO3BOJISIET TAPAHTHPOBAHHO HANTH TPUOJIMIKEHHOE PEIlleHne X ¢ MaJioil HOPMOit
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HeBs13KH ||b — AX||/||b|| HO, Bo3MOXKHO, ¢ Gosbiiol ommbKoil ||x — X||/||x]|.

Jlemma 11.1 Peasusavyus npamozo u obpamnozo xoda memoda Laycca mpeby-
em nopadka gn‘s U §n2 apupmemuveckux deticmeuti cCoomeemcmseeHHo.

JleficTBUTEILHO, YNCIO0 YMHOXKEHHH IpsSIMOro xofaa pasHo n? + ...+ 1 ~
n - o
Jo @*dx = n3/3, crombko xKe coxKenmit; 17151 0GPATHONO X0Ja KOMTIECTO apud-
METUYECKUX AeUCTBUI HAXOAUTCH aHAJIOTUYHO.

JlemMma 11.2 Ilpamoti xod memoda laycca coomeememeyem nocaedosamenb-
HOMY YMHONCEHUIO UCTOOHOT cCucmemvl Ha Jua2oHasvhvle mampuuys, Cy u Husic-
nempeyeoavrvie mampuyss Cy,: mampuya Ci, noayuaemca uz mampuyse I same-

-1
. . k—1
1ol QUA2OHANDHO20 IACMEHMNA C UHOEKCOM k. HA SNEMEHTN (CL§c k )) , Mam-
’

puya Cj, noaywaemes uz mampuyss I samenol k-20 cmoabya na cmoadey,

T
(k—1) (k—1) (k—1)
(07 R =4y o~ 0o g Oy g ) .

Metoy laycca mo cyTu COOTBETCTBYET Pa3JIOXKEHUIO UCXOMHON MarTpuiibl A Ha
[IPOM3BEJICHIE HIKHETPeyroIbuoit L u Bepxuerpeyroibsuoit R. [elicrBuresbHO,
CA = R, tiie C = C,C/ _,...C{C1y — HIKHETpEyroibHas MaTpuna, a R —
BEpXHETPEYToJibHAsl MATPUIa C €JIMHUYHON juaroHasbio. [lostomy A = LR,
re L =C"L

IIpsamoit xox meToa ['aycca ¢ vacTuaHBIM BEIOOPOM TUIABHOTO 3JIEMEHTA COOT-
BETCTBYET IIOCJIEI0BATEIHHOMY YMHOYKEHUIO MCXOHON CHCTEMbI HA HEKOTODBIE
JuaroHasbubie Marpuipl Cg, HUKHETPEyroIbHble MaTpuibl C), U MaTPUILBI IIe-
pecranoBok Pj. Ilpu srom marpuisr Cy, C}, cOBIAJAIOT ¢ MATPHIIAMU METOJA
Taycca, marpuisl Py mojiydarorcst U3 eIMHUYHON MaTpuiibl I HEKOTOpOii mepe-
CTaHOBKOU CTPOK.

Taxkoiil moax0/1 TapaHTUPYET, ITO METO/T HAXOIUT IPUOJIMZKEHHOE PEIIeHne C
MaJIOil OTHOCHTEJBHON HEBA3KOH (HO, BO3MOXKHO, GOJIbINO ommbOKoit). Metos
Taycca ¢ BBIOOpOM Ha KaxKJIOM I1are HauOOJIBINETO JIEMEHTa [0 BCeil moaMar-
pulle Ha MPAKTHKE [MOYTU HE IMPUMEHSIETCSI, XOTsI UMEITCS HEMHOIOYHC/IEHHBIE
[IPUMEPBHI, KOIJIa OH JIaeT KaueCTBEHHOE YJIydIlleHue.

OrmernM, 9TO JJIsi HEBBIPOXKJIEHHOM MATPUIIBI A CyIIECTBYIOT MATPHUIIHI TIe-
pecranoBok P| u P,, HmKHAS TpPEyrojbHas MaTpuia L u BepXHETPEyTroJbHAs
R rakue, uro Py AP, = LR. Ilpu sToM gocrarodso oaHOi u3 MaTpul P;. YMHO-
xenne A Ha marpuily P cjeBa IepecTaBjisieT CTPOKM UCXOIHON MaTpHIlbl, a
yMHOXKeHue Ha P, cnpaBa — crosionel. st Toro urober marpuria umesia LR-
pasJioKeHre, HeoOXO/MMO U JIOCTATOYHO, YTOOBI BCE ee BeIyIHe IIOIMATPHUIBI
(B ToM uncie n A) OBIIM HEBBIPOXKICHHBIE.
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Cpeji TOYHBIX METOJIOB, TPeGYIoNmX Jijist peasusanunu nopsyka O(n3) neii-
CTBUIl, OJIHUM U3 HanbOJIee YCTOWYMUBBIX K BBIYUCUTEIBHON MTOTPENTHOCTU SIB-
JISIeTCST MEMOd ompastcenud.

ITycrs umeercss nekoropelit eauauynbii Bekrop w € R”, ||wll2 = 1. Io-
crpouM 1o Hemy ciemyiontyio marpuiy U = I — 2w w?, HasbBaeMyio MaTpu-
neit Xaycxoszaepa. 3xece I — eauHuuHbIi omepaTop, ww! = () — MaTpuna
C DJIEMEHTAMHU W;; = W;W;, SIBJISIONIASCA Pe3yJIbTATOM IPOU3BEJICHUSI BEKTOD-
cTOJIONA W Ha BEKTOP-CTPOKY W1 .

Teopema 11.1 (Csoticmsa mampuuys. Xaycroadepa,).

1. Mampuya U asasemca CuMMeMPUIHOT U 0OPMO20HaAAbHOT mampuye,
m.e. U=UT w UTU = I, u sce ee cobemeernmie snaverus pasro, £1.

2. Uw = —W; ecau 8eKmop vV opmozonasen W, mozda Uv = v.

3. O6pasz Uy npou3soavrozo 6eKmopa y AGAAECMCA 3EPKANDHBLM OMPAIHCE-
HUEM OMHOCUMEALHO 2UNEPTLAOCKOCTIU, OPTMO20HANDHOT 6EKMOPY W .

JoxkazareabcTBo. 1. Cummerpuanocts U cieyer u3 sisaoro sujga U. Tax
Kak (W, w) = 1, ciieoBaTesibHO,

n
QQli; = > wiwpwpw; = Qyy nUU =T - 4Q 4400 = I, re. U? =UTU = I.
k=1
2. Tax kak (Qw); = >0, wiwjw; = w;, crejoparensro (I — 2Q)w =
w — 2w = —w. Anajormano Qv = 0, ecim Y7 wiv; = (w,v) = 0.
3. IlpeacraBum y B Buge y = (y, w)w + v. Torma us u. 2 caenyer Uy =
—(y,ww+v,rmev=y—(y,w)w, v L w. Teopema jnokazana.

IIpeobpazoBanue Xaycxosiaepa. [l eMHNIHBIX BEKTOPOB Y U € Haii-
JIeM eJIMHIYHBI BeKTOp W Takoil, uro Uy = e, rue U = I — 2w w’ . 13 cBoii-
CTBa 3ePKAJIBHO OTPAYKEHUsT 3 MPEJIBLIYIINEl TeOpeMbl HECJIOKHO 3aMETUTh, ITO
w=+(y —e)/\/(y — e,y —e). Heiicreurensno, (I —2ww’l )y =y —{ = e,
TaK Kak

n

2> (yi —ei)(yr — ex)yk
= _2pi—e)d=(yv.e) _
“= (y—ey—e) - 2-2(ye) =~ e

Ormernum, uro nipeobpasoBanre U He MeHsieT JJIMHBI BEKTOPA, CJIEI0OBATEJIBLHO,
JJ1s HeeIMHUYIHOTO BEKTOPa Y MMeeM:

(y—ae) _, (a"'y—e)
ly —aelz lla~ly —ell

Uy =cae, a=|y|2, w==%

Metoa orpaxkeHuii. [IpoussoabHas KBaapaTHas MaTpuia A MoxKeT ObITh
IIPUBEJIEHA K BEPXHETPEYTOJIbHOMY BHUJLy B PE3YJILTATE ITOCJIE0BATETHHOTO YMHO-
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JKEHUSI CJIeBa Ha OPTOTOHAJIbHBIE MATPUILLI OTpazKeHuii. JleiicTBUTeIbHO, 10 BeK-
Topam y1 = (a11,...,an,1)" u e = (1,0,...,0)7 moxno nocrpouts BekTOp
W1 U COOTBETCTByMONIyIo Marpuily U; Tak, 9ToObI HepBbIil CTOJOeN, MaTPUILbI
AWM = Uy A 6bu1 nponoprmonasen sekropy e, € R™, ne. Ujy:s = taje;. Bor-
ancm oy = (af; + a3 + ... + a2 1)Y? u onpenemu
)T

w1 = (a1,1/0q +sign(ai1), a1/, ... an1/00)", w1 = Wi/[|[Wil|2.

Takoit BLIGOp 3HAKa U IIpeiBapUTe/bHasd HOPMUPOBKA Ha (¢ TapaHTUPYIOT Ma-
JIOCTH BBIYUCJIUTEIHHOM IOTPEITHOCTU U yCTOWNUUBOCTD aJIrOPUTMA.

Ro-1 — (D (7

Jlajiee B IpocTpaHCTBE O BEKTOPY y2 = (G35 ,...,0Gs, )" CTpOHTCH

maTpua Uj, 0Tobpaykaiolmas ero B BeKTOp, KoJmnHeapHeii ey = (1,0,...,0)T €
1 0
R" L. 3arem onpenensierca Us = ( 0 U ) U pacCMaTPHUBAETCA MaTPHIA
2

Ix,—1 O
0o U
06pazom, maTpulla orpazkenuii Uy, CTPOUTCS 110 BEKTOPY Wi = Wi/ ||Wil|2, Wi €
R, rme

A®) = U U, A, u rax nasnee. Ha k-m mare umeem Uy, = . Takum

wi, = (0,...,0, a,(f,;l)/ak + sign(ag’cgl)), a,(clif,)c/ak, A aiflzl)/ak)T,

k—1 k—1 k—1
ar = (a2 + (@) + o+ @),

B pesyabprare npeobpazoBanumii Moy IUTCS BEPXHsST TPEYroIbHAsA MaTpura R =
UA, tie U = Uyp—1 ... U;. Ilpu npakTudeckoil peam3annun SBHOE BBIYUCICHIE

Uy me TpeGyercs, Tak kKak Up AF—D = AG=1 _ 9w, (WZA(’“*I)). IIpu stom
N3MEHSIOTCH TOJIBKO 3JIEMEHTBI agf_l), k <i,j<n marpumsr A®—D,

W3 yemosust UU = I umeem A = U R. Takum 06pa3om, IpoU3BOJIbHAST KBaJI-
parHasi MaTpuna A MoxkeT OBITb NIPEJICTABIEHA B BUJIE IIPOU3BEJIECHUS] CUMMET-
pUUHOI opTOroHaJLHON MaTpullbl U U BepXHEH TPEyroJibHON MaTpuisl .

PaccMoTpeHHbBI# alrOpUTM MMO3BOJISIET CBECTU CHUCTEMY JIMHEHHBIX ypaBHE-
uuit Ax = b k Bugy Rx = U,,_1...U;b, a 3aTem HaiiTu ee perreHne o0paTHBIM
xomoM MeTojia [aycca. ITycTsb pemaercst 3aa4a ¢ BO3MYINEHHON TPABO 4aCThIO
AXx =b+ 4§ u ||6|| < ||b||. Tak Kak opTOroHaJBHBIE IPEOOPA30OBAHNS HE MEHsI-
0T €BKJIMJIOBY HOPMY BEKTOPOB, TO JJisi IIpuBeJieHHON cucreMbl RX = Ub + U4
nmeeM ||Ud]| = [|d]] < ||b]] = ||[Ub]|, n orHOCHTE/IbHAS HOTPEITHOCTH HPABOI
qacTu He yBesmamiack. B meroze aycca marpuna npeodbpazosanus C He opTo-
FOHAJIBHA, U B ODIIEM CJIydae MOXKET OKa3arbcs, 4To ||C'd]| cTaneTr cpaBHEMBIM €
[ICb]|. To ecTb Masas HaYaIbHAS IOIPEINTHOCTh MOYKET CYIIECTBEHHO MCKA3UTH
OTBET.

QR-pasiioxkenune. Paccmorpum erie oui MeTos (B JONOJHEHUE K METOLY
oTpazkeHuil) nocrpoenus pasioxenus A = QR.
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YrBepxkaenue 11.1 Ilycmv A — m X n mampuya, m > n, 6eKmMop-cmosbybt
Komopot Aunetino nezasucumbvl. Tozda cywecmsyrom u eQUHCMGEEHHDL MATMPUUQ
Qe R™ " QTQ =1I,, uR € R"™ ™, geprnempey20aonas ¢ NOAOHCUMENLHBLMU
QUa2oHANBHBLMU d4emermamu makue, wmo A = QR.

Kuaaccuueckmnit anroputrm I'pama—IlImuara oproronanusanun Habopa

JIMHEIHO-HE3ABUCHMBIX BEKTOPOB {a1,as, ..., a, }:
q1 = ag, a1 = q1/|lail2;
Q2 = az — (a2, q1)qu, a2 := qz2/||az2;

.. ) .
qn = ap — Z?:l (ana qj)CIja qn = Qn/||Qn||2-
Teopema 11.2 Bexmopa {q;}7 opmonopmasvhoi: (4, q;) = d;;.

JloKa3are/IbCTBO HECJIOXKHO MPOBECTH METOJIOM HUHILYKIIUH, UCIOJIb3Ysl sIBHBIN
BU GPOPMYJI U YCJIOBUE

span < aj,...,ay >=span < q1,...,9x >L Qm, m >k.

MoaudurnmpoBauubiii aaroputm I'pama—IlIMuara MmareMaTnIecKn K-
BUBAJIEHTEH IIPEJbIIYIIEMY, HO DOJiee yCTOWYNE IIPU HAJIUYUU BBIYUCIUTEIbHON
[IOTPEITHOCTH:

qi1 = ay, q = OI1/||Q1||2;

q2 = ag,

q2 = q2 — (a2, q1)q1, a2 == q2/||az||2;

Qn - an;

Un = dn — (Un, 91)¢1, dn = dn — (An; 92)d2,

dn = qn — (A, An—1)An—1,  dn = dn/||qn|l2-

BoraucsurenbHas yCTONIMBOCTD JOCTUTAETCST 38 CUET BBIYATAHWS YKe HalljeH-
HBIX (; U3 a,. B 9TOM cjiy4ae HAKOIJIEHUE TOIPENTHOCTH IPU BHIYUCICHUN (s,
U3-38 HETOUHOH OpTOroHasJbHOCTH {q;}, ¢ < N MPOUCXOJUT CYIIECTBEHHO MeJI-
JIEHHEE.

IMTocTpoum 110 HaliJeHHBIM BeKTopaM Marpuily @ = (q . .. qy,) 1 PACCMOTPUM
marpuny R = QT A:

q (Q1,31) (Q1,a2) . (q1;an)
oTa=| . (ar...an) = | (q2,a2) . (qz,an)

q

e

SN

0 . 0 (Qn;an)
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¢ aeMeHTaMu 7;; = (q;, a;). OTMeTHM, 9TO 10 YCIOBUIO
span < ajp,...,a;y >=span < qi,...,q >L qQm, m > k.

Orcroma caenyer, uro (q;,a;) = 0 upu ¢ > j. [Tocrpoennas marpuma () opToro-
nasmbaa QTQ = I, T.x. (q;,q;) = ;5. Orciona n u3 QT A = R umeem A = QR.
3amaua 11.1. IlocTpours nogobuoe paznoxkenne A = QR ¢ KBajapaTHO MaT-
purieit Q.

Ecin momudunmposanmsiit axropurm ['pama—IlImuara neodbxommmo mpume-
HUTH JIsi pemienusd 3aadn Ax = b (xors mig GOJbIIUX N IPOUCXOJUT 3HA-
YUTEHHOE HAKOILIEHUE BLIYUCIUTETLHON TOTPEITHOCTH, W TIO9TOMY JIydIlle BOC-
HOJIB30BATHCSI METOIOM OTParKeHHI ), TO 331849y CBOAAT K cucreme Rx = d. Ilpu
9TOM MaTpulla R HAXOAUTCA YKA3aHHBIM CIIOCOOOM, & KOMIIOHEHTBI BEKTOpa d;
JUIsl COXPaHEHNsI BBIYUC/IATEBHON YCTOWUNBOCTH OIIPEJIEISIIOTCS 110 CJIEILYIOIIE-
My ajropurmy: ro = b, d; = (ri-1,Q;), r; =1r;-1 —diq;, i =1, ... ,n.

OrmerumM, 9TO ecyiu TPUOJINKEHHOE pelenne X cucreMbl Ax = b mostydyeno
KaKUM-JIN00 METOJIOM, OCHOBAHHOM Ha () R-pa3jioyKeHuu, TO MOXKHO BBIIIOJIHUTH
caeyromuii mponece yrounennsi. Haiinem BekTop HeBsizku r = b — AX ¢ yaso-
€HHBIM KOJIMIeCTBOM 3HauaImux mudp u pemmm cucremy Az = r/||r||. onoxum
X = X + ||r||z. IIponecc yTouHeHus] 3HAYUTEILHO SKOHOMUIHEE, YEM DEIICHIEe
HCXOJTHOTO yPaBHEHUs, TAK KAK pa3JioyKeHne MATpuibl A yxke mmeercs. YTou-
HEHHE MOYKHO ITOBTOPSITH J0 TeX TOP, MOKa yObIBAET HOPMa BEKTOpPA HEBSI3KU.

Jlekrug 12. JImueiiHast 3a1a4a HAaNMEHbIIINX KBaJI-
paToB

Iycrs Tpebyerca pemuth ciay Ax = b ¢ marpuneit A pasmeproctu m X n,
paBoit yactbio b € R™ u BeKTOpOM Hem3BecTHHIX X € R”.

Paccmorpum tpu caydas: 1) m = n, det(A4) # 0; 2) m < n, rank(A) = m;
3) m > n, rank(A4) = n.

B cayuae 1) 3a1a9a HeBBIPOXKIEHa W BeKTOp X = A~ 'b saBisercss TOTHBIM
perernem. st BekTOpa HeBsisku I = b — Ax umeem ||r|| = 0. B cayuae 2)
3ajia4a Hemoonpeeiena. Vexomasa cucreMa UMeeT MOIIPOCTPAHCTBO PEITeHui
pasmeproctu (n — m). s xaxzgoro pemenust nmeeM |r| = 0. B cayuae 3)
cucTeMa TEePEONpEIeSIeHa W, eCJIM OHa HECOBMECTHA, TO TOYHOrO PENICHUS He
CYIIECTBYET, T.€. JIJIs MPOU3BOJIbHOTO X € R™ mmeem ||b — Ax|| = ||r]| > 0.

IpeacTaB/IsOT HHTEPEC METO/IbI PEIICHHS [IEPEOIIPEIEICHHBIX 33,124, TI03TO-
My JlaJiee, €CJM He OroBapHBaeTcsi MHOe, cuuTaeM, 9ro m > n u rank(A4) = n.
Jlisa 3a1a1 Takoro poga layce Ipe oKl CIMTaTh PEIIeHueM BEKTOP X, MAHU-
MU3UDYIOINIl eBKJIII0BY HOPMY BEKTODA HEBSI3KI ir;f b — Ayll2 = ||b — Ax||2.
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PaccMoTpuM HEKOTOpDBIE METOJIBI PEIEHNs] JAaHHON MUHUMU3AIMOHHON 321841,
HA3bIBAEMON 3a0auetll HaAUMEHLWUL K8a0pamos (3HK).

Metoa HOpMaJIbHOIO ypaBHeHUs [aycca juis 3HK. Paccmorpum ciieiy-
IOIILYI0, HA3BIBAEMYIO HOpMaabHot, cucreMmy ypasaenmit AT Ax = ATb ¢ kBan-
parmoit marpureit AT A pasmeprocTu n X n. Orcrona HailIeM BEKTOD X.

Teopema 12.1 (Taycca K.®.) ITycmv m > n u rank(A) = n. Toeda nop-
MAADHOE YPAGHEHUE UMEETN, EOUHCTNEEHHOE PEUEHUE.

HokazarenbcrBo. Ecmm Ax # 0, to (AT Ax,x) = (Ax,Ax) > 0 . Ho
Ax # 0 mig Begkoro x # 0, tak kak rank(A) = n. CienoBaresibHo, MaTpUIa
AT A neBBIpOXK/IeHA U HOPMAJIBHOE yPABHEHHE HMEET eIUHCTBEHHOE PEIeHe.
Ormernm, uto AT A = (AT A)T| r.e. nonyyennas MaTpuna cuMMeTpUIHA.

Teopema 12.2 ITycmv m > n u rank(A) = n. Bekmop x — pewenue 3adavu
Haumenvwur Keadpamos min ||b — Ay|la mozda u moavko mozda, xoeda x —
y

pewenue cucmemv AT Ax = ATb.

JokazareabcTBo. 3 mpeapyiyineil TeopeMbl CIeIyeT CYNEeCTBOBAHUE W
e/IMHCTBEHHOCTH Takoro ekropa X, uro A”(b — Ax) = 0. Paccmorpum y =
x+A. B srom cinyqae |b— Ayl = (b— A(x+A),b—A(x+A)) = (b— Ax,b—
Ax)+ (AA, AA) +2(AA, b — Ax) = |b— Ax||3+ (AA, AA) +2(A, AT (b — Ax)).
CnenroBaresibHo, MUHUMYM jocturaercs npu A = (0, T.e. Ha BEKTOpe y = X.

Meton @ R-passoxkeHusi. MeTo HOPMAJILHOIO ypaBHEHUS IIPOCT B pe-
aJIN3AINN, OJHAKO B NMPUOJIMKEHHONW apudMeTHKe JJIsi TOYTH BBIPOXKICHHBIX
3aJ1a49 OOJIBIITON PAa3MEPHOCTH MOXKET JaBaTh ILIOXOW pesynibrar. Hampumep, B
ciayuae kBagparHoit Mmarpuisl A = AT umeem condy (AT A) = condg(A). Ta-
KM 00pa3oM, 00yCJIOBJIEHHOCTh UCXOHON 3a]a9i BO3BOIUTCS B KBAJIPAT, I0-
9TOMY TIOJIyYE€HHOE YHUCJIEHHO PEIIeHNe MOXKET CHJIBHO OTJIMYATHCS OT TOYHOTrO,
ecau cond(A) > 1. Merog, ocHoBaunblii Ha () R-paznoxenun marpuisl A, 60-
Jiee yCTOMYMB K BBIYUCIUTENIHHON norpentHoctr. COOTBETCTBYIOIIEE PA3JIOKEHIE
A=QRupu QTQ = I, detR # 0 MOKHO IIOCTPOUTb METOIOM OTPAKEHUIT UIn
METOJIOM BPAIIEHU{A.

Teopema 12.3 ITycmv m > n u rank(A) = n. Tozda mampuuyy A mosrcho
npusecmu ¥ 6udy

A=QR= (Q1Q2) ( ng ) = Q1 Rq;
QeR™ ™ ReR™", QTQ =1,detR, #0

¢ seprrett mpeyeosvrol Ry € R™ ™. B smom cayuae pewenue X 3a0a4u Hau-
MEHDWUT K6a0Ppamos Aeasemcsa pewenuem cucmemv. Rix = QT b.
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JokazareabcTBo. Pa3sjioxkenne ¢ ykazaHHbiMu () U R MOXKHO IOCTPOUTH
MeTO/IOM OoTpakeHuil. VI3 MeTo/la HOPMAJILHOTO yPABHEHUSI CJIE/yeT, 9TO X =
(AT A)~1ATb. Tlosromy x = (RTQTQ1R)'RTQTb = R 'QTb. Takum 06-
Pa30M, ICKOMBIiT BEKTOD X ABJIseTCs permenneM cucTeMbl Rix = QTb.

PopmasibHO MeTOo 1, 60JIee TPYAOEMKHI, HO TOCTPOUB OfHAXK LI () R-paszioxe-
HUE, MOYKHO OBICTPO PelIaTh 3a/[a9K C PA3JIUIHBIMUI IPABBIMUA YACTSIMHU.

BeipoxkageHHbie 3a1a4un. 3a/1a9a HAUMEHBIITUX KB IPATOB HA3BIBAETCSI 6bi-
pootcdennot, ecin rank(A) < n. IIpu UnCIEHHOM DENeHNH BBIPOXKJEHHBIX U
[MOYTH BBIPOYKJEHHBIX CHCTEM TPeOyeTCsl N3MEHUTh MOCTAHOBKY 381891 U COOT-
BETCTBEHHO IMPUMEHATH MHbIE MeTObl. PaccMOTpuM cieayomuii mpumMep

(oo)(2)-(1)

Jlnst naHHOTO ypaBHEHHWS M = n = 2 W 3aJa9a MMEET CEeMEHCTBO pPenIeHuit
x = (1 —29,22)", r = b — Ax = (0,1)T. MoxkHo BHIOpATL permeHns Kak c
HOpMaMU IOPSIJIKA eJIMHUIbI, TaK U CO CKOJb yroaHo Gosabmumu. OHaKo, s

BO3MYIIECHHON 33141
11 T . 1
0 ¢ To - 1 ’

dopmaabHO OJIM3KON K MCXOIHON P MAJIBIX £, UMEETCsl €IUHCTBEHHOE Derlre-

-1 —1\T . . -1 .. ..
HHe (1 —e te ) ¢ 6OJIBITION HOPMOIT MOpsIZIKA €+ U HYJIEBOW HEBA3KON. DTO

O3HAYaET, YTO CKOJIb YT'OJIHO MaJioe BO3MYIICHUE 3JIEMEHTOB MAaTPHUIIBI MOXKET
CYIIIECTBEHHO U3MEHUTDH CTPYKTYPY U HOPMY DEIIeHHUS.

Teopema 12.4 IIycmo rank(A) = k, A € R™*", m > n u k < n. Toeda
MHOIHCECTNBO BEKMOPOS X, Munumusupyrowur ||b — Ax||2, obpasyem (n — k)-
MEPHOE AUHETTHOE NOINPOCTPAHCMEO.

HoxkazaresbcTBo. IIycrs Bekrop z € ker(A) u dim (ker(A4)) = n—k. Torma
Az = 0, u ecsin X MuaIMEBUpYeT |b — Ax||2, TO X + Z Tak:Ke MUHUMU3UPYET
HEBsI3KY, Tak Kak |b — A(x +2z)[|2 = ||b — Ax||2.

Teopema 12.5 ITycmo pane mampuyv, A € R™*™ m > n, ¢ mounot apugpme-
muxe pasen k < m, u nepsvie k cmoabyoe aunetino Hedasucumoi. Tozda mam-
PULY MOAHCHO NPUBECTIU K 6UIY

AQR(Q1Q2)<§H ?12 >,

Q c Rmxm’QTQ _ I,
Rll S Rka, detRll # O, R12 (S ka(nfk%
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U OAf 30004U HAUMEHLVWUT K6adpamos ¢ mampuuetd A umeemcs cemeticmeo
pewerul

_ T
X = (Rlll (Q{b — R12X2), X2) s

2de x = (x1,%x2)T,x; € R¥ %o € R"F.

JMokazaTesabcTBo. ckomoe pasioxenne A = QR MOXXHO IOCTPOUTH Me-
TOJOM OTpakeHuil. PemuM 3a/1a4y HAUMEHBITUX KBAJIPATOB:

b — Ax|j3 = |Q" (b — QRx)|3 = |Q"b — Rx|3 =

_ <Q1T>b<311 RlQ)XQH Q1Tb*R11X1*R12X2 2:
QY 0 0 ) Qb )

= Qb — Riix1 — Riaxal5 + Q3 b3

B naHHOM ciydae yMHOXKeHHE Ha Q7 KOPPEKTHO, T.K. () OPTOrOHAJILHAS MaT-
puUlla, He MEHSOIAs IIPU YMHOXXEHUU €BKJIMJIOBOI JIMHBI BeKTOpa. Teopema
JIOKA3aHAa.

3ameuanmne. B obmem ciayuae meron ()QR-pas3iokeHus He MO3BOJISIET U3
BCErO0 MHOXKECTBa DPeIIeHUl BBIICJNATH PEIIeHWe ¢ MAHUMAJIBbHOW EBKJIMIOBOI
HOPMOI, XOTs BBIOOD X2 = (0 MOXKET JaBaTh HEIIOXOE IPUOJINKEHIE.

Meton (QR-pasjioxkeHusi ¢ BbIDOpPOM TJiaBHOro croJiona. [Ipeobpasy-
eM HCXOZIHYIO 3a/1ady TaK, YTOObI IepBble k CTOJIOIOB MOJIyYeHHOH MATPHIB A
OBLIN JIUHEHHO HE3aBUCUMBI, T.€. A= AP = QR, e P — HEKOTOpasi MATPHUIIA
nepecranoBok. Orciona uveeM AX = b, u jasee HaiizeM pellenne 3a1aun Ha-
MEHBIIX KBaApaToB. [lepecTanoBku cTOAOIOB B MaTpuiie A yIo6HO TPOBOJIUTH
B mporiecce BbrancieHuii. [legb cOOTBETCTBYIONUX TEPECTAHOBOK — IOJIY9ATH B

Ri1 Ry
MaTpu = 29 KaK MOXKHO JIYYIII JIOBJICHHBIN 010K R, 1
a e R 0 R aK MOYKHO e obycJIoBIIe 0JIoK R

0 0

KaK MOYKHO MeHbIIIHe 3JieMeHThl B Ras. B npub/mKeHHBIX BBIYUC/IEHUSIX OJIOK
Roo OTSIMYEH OT HyJIsd, XOTS UCXOJHAS 3a/a9a MOTJIAa ObITh HEIIOJTHOTO PAHTA.
CoOTBEeTCTBYIOIIME BHIYUCICHUS [TPOBOJATCS Ha OCHOBE CTAaHIAPTHOTO ()R-
pa3JIoKeHUsI, HaIlpuMep, MeTooM orpazkenuil. Ha k-m mare (k=1,...,n—1) B
marpure A®) ppibupaior cronGers ¢ HomepoM ji, k < ji < n, ¢ HAHOOIBIIEH Be-
1/2
; *)? :
JITITHOM krg]azcn Z (aij ) . Ecimm Takux cTO/IOIOB HECKOJIBKO, TO OEPyT

npounsBoabHblii 13 mux. B marpune A®) maiigennsiit crosnber j, nepecTaBisioT
¢ k-m cronbmom. [lastee peanusyor odepeanoit mar () R-pas3moxenus.
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3amava 12.1. OueHUTb BeJIMYMHY 3JIEMEHTA Ty, B MeTOse () R-pa3jioykeHust C
BBIOOPOM TJIABHOI'O CTOJIONA, JIJIsT

1 -1 ... -1
U I T R
0 ... 0 1

Meron cunrynsiproro (SV D) pasnoxxkenusi. MeTos IPUMEHSTIOT JJIsT pe-
IMEeHNs TAPAHTUPOBAHHO HAMIY UM 00Pa30M IIJIOX0 O0YCIOBIEHHBIX U BHIPOXK-
JIEHHBIX 337144,

YrBepxkaenue 12.1 I[Tycmv A — mampuuya pasmeprHocmu m X n, m > n.
Tozda cnpasediuso cuH2YAAPHOE PASAONHCEHUE

A=UDVT = (U,U) ( % ) v =u,zvT,

20e
U — 0opmozonasvhas Mampuya padmeprocmu m X m;
V' — opmozonarvHas Mampuua pasdmMepHoCmu 1 X n;
¥ — JuG2OHANDHGA MATPUUDE PASMEPHOCTU 1L X 1L C SIAEMERTNAMU 1 > O >
>0, >0.

CroJsbup Uy, . . ., Uy, MaTpuiibl U HA3BIBAIOT AEGbLMU CUNHLYAAPHHMU BEKTO-
pamu MaTpuUilbl A, CTOJIOIBI V1, . . ., V,, MATPUIBLL V — Npasvumy cureyAApHbLMU
BEKTOPAMU, BEJIMIUHBI 0; — CUHZYAAPHLMU Yuciamu. Fcom m = n, To HyneBoit
610K B MaTpurie D OTCyTCTBYeT.

IToctpous SV D-paszsioxkenne MOXKHO yCTAHOBUTD, SIBJISETCS JIU 331298, BbI-
poxenHoil (0, = 0), HeBBIpOKIeHHOIL (0, # 0), "xopomeii" (o1/0, He ciauum-
KOM BEJIUKO).

Eciim m < n, TO CHHI'YJISIPHOE paziioxkeHne cTpost jyist Marpuipsl AT . Ecou
m=nu A= AT to currynapuble wmcaa o; = |\;|, T.e. ¢ TOIHOCTHIO JI0 3Ha-
K& COBIIAJIAIOT ¢ COOCTBEHHBIMH YUCJIAMU, CHHTYJISIPHBIE BEKTOPBI V; SBJISIOTCS
COOTBETCTBYIOIIMMHI COOCTBEHHBIMU BEKTOPAMU.

Teomempuueckasn unmepnpemayus SV D-pasaoocenua. Paccmorpum orrepa-
Top A, nepeBomsiuii s;iemenT x € R™ B sjement y € R™. Exunnunas cdepa
u3 R"™ moj jeficrBuem A miepexofuT B SJITUIICOU]T B MOIIPOCTPAHCTBE Span <
ug,...,u, >C R™. Bekropa u;, i = 1,...,n, 3a7a10T MOJyOCH JLIATICOUIA,
v; € R" — ux npoobpassl, 0; — K03(DDUIUEHTHI yIJIMHEHNST BEKTOPOB V.

Auneebpauueckan unmepnpemavus SV D-passoscernun. Pacemorpum onepa-
Top A, nepeBojsiiumii 37emerT X € R™ B aslement y € R™. B aTom ciryyae B mipo-
crpancTtee R™ cyiiecrByer OpTOHOPMAaJIBHBIM 6a3UC V1, ..., Vy,, & B IPOCTPAH-
crBe R™ — oproHOpMAaJIbHBIH 6a3uC Uy, . . . , Uy, TAKHUE, YTO MATPHUIA OLIEPATOPA
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.o n
A mMeeT MArOHAJBHBINA BHJ, T.€. JJIs HPOM3BOJIBLHOIO BEKTOPa X = » . | 3;V;
n
nmeeM y = Ax =) ., 0;/;u;. lnade rosopsi, Bcsikast MaTpuiia A CTaHOBUTCs
JIMaroHAJILHOM, ec/in B 00JIACTH OIpejesieHns] U B 00JIACTU 3HAYEHUI 1OIXO0 15~
M 006Pa30M BBIOPAHBI OPTOTOHAJIBHBIE CHCTEMBI KOOPINHAT.

Teopema 12.6 IIycmv A = U1 XV7T, rank(A) = n. Tozda pewenue x 3adauu
naumenvwuz xK6adpamos min ||b — Ay|s umeem eud x = VE~1UIb.
y

okazaresbcTBo. I3 MeTO/a HOPMAJILHOTO yPABHEHUS CJIEJIYET, YTO pPe-
[IIeHne X MOYKHO TPEJICTABUTDH B BUJIE

x = (ATA)"1ATb = (VSUTU,SVT)"'VSUTb = VE-1UTD.

Xk
0
k <n, adeco Uy € R™*F 5, € RF¥E 1, € RP%F,

Tozda npocmparcmeo pewenull X 3a0a4U% HAUMERBWUL KEAOPAMOE UMEECTN,
6ud X = %EglUlTb + Vaz ¢ npouseonvrom z € R"™*. Hopma x murumanvna
npu z = 0.

Teopema 12.7 ITycmo mampuya A = (Uy Us) ( 8 > (Vi Va)T umeem pane

Hoxkasarenscrso. |b — Ax|3 = |[UT (b — UDVTx)||3 =
r W |
Uib— (20 X
v o) ( v ) = lU{b = S Vi x5 + U5 b3,
Ulb )

Orciona ciejyer, 9To BeKTOp Vi E;lUlT b sBisteTcs pereHmeM 3HK, a BCe De-
[IeHUs] UMEIOT BUJ X = V12,;1U1Tb + Voz s Bex z € R F. JleiicTBuTensHo,
dimkerA = n — k; m.x. VI'Va = 0, 0o AV = UDVTV, = 0; cienosarennHo,
kerA = Voz, z € R*F,

Hopma x munnmassaa npu z = 0, T.K. BeKTOpa V) E;lUlTb u Voz oproro-
HAJILHBI.

Teopema 12.8 IIycmv A= UDVT rank(A) = n. Toeda

inf HA_BHQZUk-i-l
BERMX™,
rank(B)=k<n

u docmuzaemcs Ha Mampuue

_ >k 0 T
Ak_U(O O)V.
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Hoka3zaresberBo. 1o mocrpoennio (1oKa3arh 910) MaTpuna Ay, nmeer pasr
k. Tlokaxewm, urto ||A — Agl|l2 = ok41. deltcrBurensHo,

00
|A—Aplla=|U| 0 =, |VT| <
0 0

2

0 0
<|Ullz][| 0 Znk VT2 = opsr-
0 0 ,
IIpu sTom
[A— Agllz > [[(A = Ap)Vitallz = orprllUersa |l = ok,
st |[Vegill2 = 1, tae egy1 = (0,...,0,1,0,...,0)T. Crenosaremsmo, ||A —

Agll2 = ok41. Hokaxkem, aro He cymecTByer MaTpulipl B panra k 6osiee 61u3Koi
Kk A. Tak xak

dim (ker(B)) + dim(span{vy,...,vii1}) =n+ 1> n,

TO CyIIecTByeT HeHy IeBoe IiepecedeHre COOTBeTCTBYIONHIX IIOIIPOCTPaHCTB. Pac-
k1 .
CMOTPHM BeKTop h = Zlil ¢;V; W3 3TOro Tepecedenus ¢ Hopmoit |[h||3 =
k+1
S 2 = 1. Umeem

|A = Bll2 > [|(A = B)h|lz = [|Ah]]s = [UDV"h|s = [U:ZV 1 2.
Tak kax VIV = I, 10 VTv; = e;, cienosaresno,

k+1 k+1 k+1
VTh = Z c;€;, ZVTh = ZO’Z‘CZ‘G,‘, Ulszh = ZO’,‘C,‘UZ‘.

i=1 i=1 i=1
B pesysbrare

U:SVThil, — ', 211/2 5 2\1/2 _ hil, =
(o5t 2= (2 oiel)™ = ona( 2 €)% = oprallbllz = o

i=1
Teopema mokazana.

CdopmyiupyeM MpaBujio penieHusl 3a/[a9i HAUMEHbBIINX KBaJIPATOB B IIPU-
GuimzkenHolt apudmeruke. B peasbHbIX BblUnC/IeHUSX BCe 0; noJrydarcs (¢ ydé-
TOM MAIIMHHOM TOYHOCTH) OTJIMYHBIMU OT HyJIsl, IOTOMY 3aUKCUDPYEM HEKOTO-
poe 3HaYeHUE £g. BymeM canTarh, 9TO BeMduHbL 0 < g ipu k =ko+1,...,n
COOTBETCTBYIOT HOI'PENTHOCTH BBIYUCJIEHUIT, CJIEI0BATEIHLHO, MOXKHO 3aMEHUTH
HCXOJTHYIO 33J1a4dy Ha 3ajady ¢ marpureir Ax. Takoil criocob ycedenus MatTpu-
bl A siBJjIsieTCsl ONTHMAJIBHBIM B TOM CMbICJIE, UTO IOJIydYeHHas MaTpuna Ay
naubosiee 6m3Ka K A B HOpME || - [|2.
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Jlexius 13. JIuHeiitHast 3HK ¢ OTpaAaHUYEHUSAMU

3amaya HAMMEHBIINX KBAJAPATOB C JIMHEWHBIMUA OTrPAHUYEHUSIMUA—Pa-
BeHcTBaMu. Cpelii BEKTOPOB X, YJIOBJETBOPAIONNX cucreMe Bx = d, Tpeby-
ercsi HallTh BEKTOP X, MUHUMU3UPYOIIN €BKJIUJIOBY HOPMY BEKTODa HEBSI3KU
infz||b — Ax||2, T.e.

nf b~ AX]; = [|b — x|,

Baece A € R™*™ 'm > n, B € RP*". Ecau rank(B) = n, To 3ama4a cBOAUTCs
K pemrenuto Bx = d.

Merton uckarogenus. Ilycrs rank(B) = p < n. Ilocrpoum Q R-pasiioxenue
caeytomero suja: BT = Q < ng ) , e Q € R™" Ry € RP*P det(Ry) # 0.
Torna

Bx=( Rl 0)Q"x=d,

MOYKHO cJiesiaTh 3aMeny Q7 X =y U mepenucarh HCXOAHYIO 3329y B BHJIE

( BT 0)(y1)=d,
y2
riey: € RP, yo € R"P — nosble nepemennbie. C yaerom AQ QTx = (A1 4,)y,
Ay € R™*P Ay € R™*("=P)  yexonnas 3a1adMa MEHIMI3AIAN IPUHIMAET BUJL

inf ||b—Ax[s = inf |b— A;y1 — A2y2ll2 =infl[[(b— A1y1) — A2¥2ll2,
Bx=d T d; Y2

;1=

y2

T.€. CBOJIUTCS K CTAHJAPTHOM 3HK OTHOCUTEILHO Yo TIPYU BBIYUCIECHHOM U3 CHCTE-
mel RTy; = d BexTope y;. Haiizennsie TakuM 0o6pasom KommoreHTH (y1,y2)”
MO3BOJISIIOT TIOJIYYUTh UCKOMBII OTBET X = QY.

Sameuanme. [Tycrs rank(B) = r < p < n, U NepBble T CTOJIONOB JHHEHHO
He3aBUCUMBI. Torya

T Ri1 Roo _(RE o0 yi ) _ [ di
b _Q( 0 0 ),Bx_(R?Q 0 v2 ) \d2 )’

rey; € R, yo2 € R" " — HOBBle NlepeMeHHBbIE (JJIsl BBIYUCIEHUs] MATPHI]
MOXKHO NPUMEHNTH Q R-pa3jioykeHne ¢ BHIGOPOM IUIABHOTO cToJibna). Ecin 1o-
JIyYeHHAs] CUCTEMa OKAYKETCs HECOBMECTHOI, TO pelleHne UCXOMHON 3a/1auu He
cymecrByer. Hade mcxoHas 3aja4a ¢ OTPAHMYEHUSIMUA CBOJIUTCS K CTAHJIAPT-
HOfT 3HK OTHOCHTEJILHO Yo TIPH BBIMUCIEHHOM W3 cucTeMbl Ri;y; = di BekTope
yi1.

Meton 00OGIIEHHOTO CHUHTYJISPHOTO pa3JioXkeHwus. Perenne 3ajadu
HAMMEHbBINUX KBaJPATOB C JIMHEHHBIMU OI'DAHUYEHUSIMA—PaBEHCTBAMHU OyeM
CTPOWUTH HA OCHOBAHUH CJIELYIOIIETO YTBEPIKICHMUSI.
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VYreepxkaenue 13.1 (Obobwennoe cunzyaaproe pasaosicerue — GSVD). ITyemo

AeR™" m>n, BeRP", p<n. Toeda cnpacediuco pazirodscerue
A=UDsX"', B=VDpX1,

2de
U — opmozonarvhas Mampuya padmeprocmu m X m;
V' — opmozonansvran mampuua pasmepHocmu p X p;
X — obpamumas Mampuya padmeprocmu n X n;
Da= diag(ala cee 7an)aa1 >z an > OaDA € Rmxn;
Dp = diag(B1,...,8p), 81 > ... > B, > 0,Dp € RP*™.

JlaHHOE yTBepXK/IeHUEe MOYXKHO TaKxKe 0D00OIUTE Ha ciiydait m < n u p > n.
IIycts 06001IeHHOE CHHTYIISIPHOE PA3JIOKEHUE TOCTPOEHO:

U=(u...un),V=_>vi...vp), X =(x1...%,).
Torna ucxonHas 3aada SKBUBAJICHTA CJIeLyIONIEii:

Dpy =VTd, y=X!x,
|Day — UTb||y — inf.

Paccmorpum cayuait p < n, rankB = p, rank(A) = n. Pemas nepsoe
ypaBHeHUe JJIsL Y1, .. .,Yp TOYHO U MUHUMUIUPYS 110 OCTABHIMMCH IIepeMEeHHbIM
Yp+1,--+,Yn BTOPOE ypaBHEHHE, [IOJydaeM, YTO UICKOMOE pelleHue UMeeT BHJI:

(Viad)
Yi = 72:17"'7173 Yi =
Bi

Orcrona HAXOIUM:

Ormerum, uro nocrpoerre GSVD — mporierypa JoporocTosiimnast.
Hnst cnyaas rank(B) < p, rank(A) < n perienne cCTpOUTCs aHAJIOTTIHO.
Merog, B3BemmBaHueM. Vcxommasa cucTeMa ¢ OrpaHIIeHIEM 3aMEHSICTCH
Ha CJIEIYTOILY IO 3a/1a9y HANMEHBIINX KBAJIPATOB:

AB _ (M | ABx =g,
A /XU wp Ax—b

¢ HEKOTOpPbIM A > 1. U Tak Kak Jyisi ee pelleHust MOYKHO IIPUMEHUTb OJUH U3
CTAHIAPTHBIX aJTOPUTMOB, TO JAHHBIN IIOAXO IPOCT B peasnm3armu. [lokaxem,

— inf
2
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YTO TIOJIYYeHHOE PEIIeHre CXOIUTCS K PEIICeHUIO MCXOIHON 3aJIa9y MPU yBeJIH-
qeHnn A\ (OJHAKO, IPY YBEJIMUEHAN A OOYCJIOBIEHHOCTH CUCTEMbI CTPEMUTCS K
6ECKOHEYHOCTH).
[Tycres umeercas GSVD st marpur A, B. Tora ucxoinas 3a/1a49a MIpUuHAMa-
eT BUJI:
AD AVTd|3 +||D UTb|)3 — inf =X
[ADpy — 13+ [Day —U"b[; = inf, x= Xy,

NJIN IIOKOMIIOHEHTHO,

p m
Z(ﬁiyi — (vi,d))*A? + Z aiy; — (u;,b))? + Z (u;,b)? — inf.
=1 1=n+1

HuddepeHmupyst 10 y; 1 IPUPABHUBAs PE3YIbLTAT K HYJIIO, HAXOINM OIMTHMAJIb-
Hble 3HaYeHus Y;. B pe3ysibrare mmeem

n

(&%) uz; +>\ ﬂz(vz; ) (uiab)
55 x; + —x;.
_ a? + N2
i=1
Orcroza coefryer oleHKa CKOpoCcTH cxoauMocTu X(A) — X mpu A — 0o.

3agaya HAaMMEHBIINX KBaApPaTOB C OrPAHUYEHUSMU THUIIA KBaIpaT-
HBIX HepaBeHCTB. Ilycts A € R™*"™ B € RP*" n < m, p < n u tpedyerca
HalTU TaKOU BEKTOP X, YTO

|Ax — bl|2 — inf,
Bz —df|z < E.

HomoiHuTeIBHOE OrpaHnvienue Bbije/isier B R™ sjumucon; — 06J1acThb J10Iycru-
MBIX BEKTOPOB X.
ITycre GSVD ayist marpuny A, B Haiigeno. Torna ncxomHas 3a1a4a IIPUHU-
MaeT BU]L
|Day — UTb||2 — inf,
{ |Dpy — V'd|: < E,

T.€.
ka m
Yoy — (wi,b))2+ > (u;,b)? — inf,
i=1 i=ka+1
S 2 L 2 2
> (Biyi — (vi,d))? + > (vi,d)* < EZ,
i=1 i=kp+1

rae kg =rank(A), re. oy =0mpu j = ka +1,...,n; kg =rank(B), re. 3; =0
upu j = kg + 1,...,p. Haiinem pemenue (y1, ..., Y,) NOJyIEHHOH 3a1a9M.

P
Ecmn Y (v4,d)? > E?, To pemenust He CyTIeCTBYeT.
i=kp+1
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p
Ecrm Y. (vi,d)? = E2, To pemenne nveet BUT:
i=kp+1
(vi,d)/Bi, 1<i<kp,
yi =19 (w,b)/a;, kp+1<i<ka,
npousBosbHble g ka +1 < i< n.

Br16op mpon3BoIbHBIX KOMIIOHEHT HYJIEBBIMU JTaeT PElieHrne MUHNMAJIBHON HOp-
MBI. 3J€Ch U JaJlee CUUTAETCs, YTO €CJIM YKa3aH AMANa30H i1 < 1 < iy s
11 > 12, TO COOTBECTBYIOINX % HE CYIIECTBYET.

P
[Mycts >, (v4,d)? < E2. Toraa BuiGepem mepBble KOMIIOHEHTHI BEKTOPa Y
i1=kp+1
_UT i .
u3 ycaosus | Day — U” bllz — inf, a ocraBimmecs — U3 ycroBus MUHAMA3AITHN
sesmaunbl | Dy — V1d|,

(ui,b)/ai, 1< < ka,
yi =< (vi,d)/Bi, ka1 <i<kp, (1)
HpOI/ISBOJIbeIe JIA OCTaJIbHBIX 'L

Ecmu jyist mero Gyjier BuinosHeHo Tpebyemoe orpanuydenue || Dpy —VId|; < E,
TO HaWJAEHHBIA BEKTOP ABJIACTCA PEIICHUEM.

Muaue ucKoMOe pelleHre JIEXKUT Ha MPAHUIIE HJUIMICOUIA, T.K. UINETCH MU-
HUMYM KBaJIPATUIHON (DYHKIMU HA 3JUIAICOUJE, UPU ITOM ee abCOJIOTHBII
MUHUMYM onpejessemblii mo ¢opmyse (1), He ymoBIeTBODSIET OIPAHMYEHUIO
|Dpy — VTd|2 < E, re. sjumnconsy He npuna/uiexkutr. B aTom ciydae pe-
[IIeHNe MOXKeT OBITH HAW/IEHO U3 YCJIOBUIl

ka m

> (aiyi — (g, b))2+ >0 (u;,b)? = f(y) — inf,
i=1 i=ka+1

kp P

S (Biyi— (vi,d)* + > (vi,d)? —E? = o(y) = 0.
=1 i1=kp+1

Jtst perieHus JTAHHON 339U IPUMEHUM MPUHITUI MHOXKHUTeJel Jlarpam:xa.
sy Jlarpanzxka

L\ y) = f(y) + Ae(y)

yeaosust OL/0y; =0, 1< i < n umeror Buj
20 (aiys — (ug, b)) + A28:(Biyi — (vi,d)) =0,
roe o; = 0,ka <i<mn; B; =0,kp <i<mn.Orcrona
(67 (ui, b) + )\61 (Vz‘7 d)
yi(A) = a? +\32 ’

IIPOU3BOJIbHBIE  JIJId OCTaJIbHBIX 7.

1 <i<max{ka,kp},
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[Ipu sTom MHOXKHUTEH JlarpaHka A OIPEJIETISETCS U3 CEKYAAPHO20 YDABHEHUS
go(y()\)) = 0. Tak Kak B paccMaTpUBaeMOM CJIydae <p(y(0)) > 0, a dysKInug
go(y()\)) SBJISIETCSI MOHOTOHHO yOBIBatoreit npu A > 0, ciiejoBaTebHO, CyIe-
CTBYET €JINHCTBEHHOE \*: go(y()\*)) = 0. Ero moxkHO HaiiTH, HAIPIMED, METO/[OM
Heiorona (maganbaoe npubiirzkeHre OlpeesseTcs MeToJoM oucekimn). Jdasnee
BeIUHCIsAeM y(A*) 1 mosydaem uckomoe perrenne X = Xy(A*).

Ormerum, uro ecsiu B = [, d = 0, E = 1, To ucxosnast 3aia4a COOTBETCTBYET
3a/1a9€ MUHUMU3AIUHN HA €IMHUTHOM Iape.

Jleknus 14. UtepanimoHHbIE METOAbI PEIIEHNUS CJIay

Paccemorpum ki1ace urepannoHHBIX METOOB PEIIeHns] CHCTEM JIMHEHHBIX aJred-
pandecKux ypaBHEHUI, OCHOBAHHBIIl Ha CXKUMAIOIIEM CBOMCTBE OllepaTopa Iie-
pexoma. Pazudmbie ocTaHOBKY 3319 MUHUMHU3AIMNA HOPMBI OIIEPATOPA IIe-
pexo/ia MPUBOIAT K PA3JIMIHBIM aJTOPUTMaM PACUETA.

Metoa nmpocToit ureparuu. [Ipeobpazyem cucreMy JuHERHBIX aaredpan-
YeCKUX yPaBHEHUIH

Ax=Db (1)

C HEBBIPOXKJIEHHON MaTpuieil A K BuLy
x=Bx+c. (2)
Eciu pemerne cucrembl (2) HAXOIUTCS KAK IPEJEIT MIOCIE0BATEILHOCTH
xF = Bx*F 1 c, (3)

TO TAKOH IPOIECC HA3BIBACTCH 08YLCAOTHIM UMEPAUUOHHBLM MEMOOOM, I
memodom npocmoti umepavyuu. Ilpu aTom B Ha3bIBATCS 0NEPAMOpPoOM Nepero-
da. Pacemorpum obmuii cioco6 nepexoza or 3anaun (1) k 3amade (2). Besikast
cucrema

x=x—-—D(Ax—b) (4)

umeer By (2) u npu det(D) # 0 pasaocuiabHa (1). B TO Ke Bpemsi BCsikast
cucrema (2), pasHocuibHas (1), 3anmceBaercst B Buge (4) ¢ marpuneit D =
(I -B)A™L

CHpaBe,D;JII/IBI)I cireaymomue TeopeMbl O CXOOUMOCTH METOo1a.

Teopema 14.1 ITycmo |B|| = q¢ < 1. Tozda cucmema ypasrerud (2) umeem
eduHCTNBENHOE Pewerue, U UMePayuontwLl npoyece (3) cxodumces ¢ npousdeos-
H020 HAYAALHO20 NPUBAUICEHUA K DEULEHUIO 3a0a4U CO CKOPOCTNDIO 260MEMPU-
weckoti npoepeccuu: ||x — x*|| < ¢¥||x — x°||.
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HdokazaresbecTBo. 1. I3BecTHO, 9TO cuCTEMa JIMHEHHBIX YDABHEHUH NMeeT
€IMHCTBEHHOE PEILICHNE, eCJI OQHOPOAHAS 3aada UMEeeT eAUHCTBEHHOE Delle-
aue. s 3anaqan (2) mosaydaem

x = Bx+c= x| < |[Bllx]| + [lc[ = [Ix[| <

tK. ||B| < 1. Orcrona ciexyer, aro npu ||c|| = 0 umeenm ||x|| = 0.

2. Ilycts X — TOUHOE peltenue, a X¥ — k-e mpubImKeHne, TOTIA

x=Bx+¢, x'=DBx"+ec,

u J1Jjid BeKTOopa omunbKu Zk =X — Xk BepHa OIleHKa:

2" = Ba" ', ||2"|| < || BII*|l2°|| < ¢"[12°]l = 0
npu k — 0.

Teopema 14.2 [Iycmo cucmema ypasrenud (2) umeem eduncmeernoe peuie-
nue. Umepayuonnod npouecc (3) crodumes x pewenuro cucmemot (2) npu ato-
O6OM HAUANDHOM NPUOAUICERUY MO200 U MOABKO M020a, K020a 6Ce COOCTMEEHHbLE
3navenus mampuus, B no modyao menvuwe 1.

HokazaTeabcTBo. HamoMunmM, 9TO /Tt MPOU3BOILHON MAaTpHIlhl B cye-
crBytor S u A, Takue, 94To

)\1 [0%] 0 0
L 0 )\2 [6%) 0
ST'BS=A= . . . .
0 ... 0 )\n,1 Qp—1
0o ... An

Janmoe pasJyioxenne Ha3biBaeTcss 2K0pAaHOBO HOpMAaJIbHON dpopmoii. 3aech A;
— cobcrBennbie unciia marpunbl B, a a;=0 mwm 1. Ilycts n > 0. Torma s

1 i -
MaTpUIbL —B ¢ coberBeHHbIMU YnCIaMU = CymiecTByer S
Ui n

% a; 0 0
. 0 % as 0
S~'=BS = . =
77 O 0 Av;?—l Q1
0 An
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)\1 no 0 N 0
0 )\2 no 0 ‘e
S7'BS=| . . : : : =A
0 ce 0 )\n—l non—1
0o ... An
IMycrs max; |A;|] < ¢ < 1. Ilokaxem, yro merox cxomurcd. duga n = q —

max; |[A\;| > 0 umeem

[ Alloo = ,maXO(IAz-I +nai) < max |\i| + 1 =q.
1,0 = B

U Tak xak z*¥ = BzF~! = B*Fz0 = SAFS! , TO
12" oo < 1[S00 19 oo @™ 12° oo = condoe(9)¢* 12| o,

T.e. METOJ CXOTUTCSI.

ITycrs Teneph Jyisi HEKOTOPOIO 4o BINOJHSAETCHA |A;,| > 1, Be;, = A €i,-
Toria syt HavaIbHOTO BeKTOpa X' = X + ce;, Haxonmum |zF|| = ||B¥z°|| =
[cB e, || = [eAL | |les, |, cremoBarenbio, nopya ommubKu HE CTPEMHTCS K HYJIIO

pu k — 00.
OnTuMabHBIN JUHENHBIH OJHOIIArOBbIT MeTod. /I1a cucteM co 3Ha-
KOOIIPEJICJIEHHBIMU MATPULIAMU MeTO[ (3) OOBIYHO CTPOUTCS B BHUJIE

S R

+Ax¥=b, 1e. B=I-7A, c=r7bh. (5)

T

3/ech T — UTEPAIMOHHBIN TapaMeTp.
Tak KaK TOYHOE PEIleHUe X YIOBJIETBOPSAET ypaBHEHHIO (5), TO UMEET MECTO
CJIELyIOINI 3aKOH M3MEHeHns] BeKTopa omubkn z¥ = x — x”:

= (- rA), | < 11— 7A] 2], k=0,1,2,

OnruMaibHBII UTEPaAIMOHHBII TAPAMETP Tg UIIETCSI U3 YCIAOBUSI MUHUMY Ma, OlTe-
patopa nepexoia: min || I — 7A||. JaHHAs MUHIMU3AIMOHHAS 321898 PEIIaeTcst
T

asuo pu A = AT > 0. B srom ciryuae B kauectse HOpMBI || - || y106HO B3ATH
eBKIAMIOBY || - ||2 HOpMy. Toria nojunHeHHas! eff MATPUIHASI HOPMA UMEET BUJL

A
[[All2 = sup ||| T”Q = \/max [A(AT A)| = max \(A),

a COOTBETCTBYIOIIasdA ONITUMU3AINNOHHAA 3aJa9a CBOOUTCA K CJIe,ILyIOIHefII

min || — TAls = min(max [1— T)\(A)|> =qp.
T T A(A)
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Teopema 14.3 IIpu ycaosuu A = AT >0, \(A) € [m, M] u0<m < M < oo
ONTMAUMANDHOE FHAMEHUE NAPAMEMPE PAGHO T) = 7ragy U 6EPHG OUEHKA

M—-—m

— < 1.
M+m

Ix = x*]l2 < g5llx =x°ll2, a0 =
HdokazareabcTBo. IlycTh zF = x — x*. Torma YPaBHEHHE JIjIsI BEKTOPA
ommbku nmeer Bun z¢ = (I — 7A)z"~!. Orcioma momyuaem |zF|2 < ||(1 —
7A)||2/|z*~1|2. Bysem MEEEMIZHPOBATE TI0 TAPAMETDPY T €BKJIMI0BY HOPMY OTie-
paTopa ImepexoIa:

min [|[[ — 74|z = min  max |1 —7A(4)|.
T T AA)E[m,M]

Haitmem perrerne mannoit MUHIMHA3AIMOHHON 38 TaMMT:

M—m

1-— =|1—-71M|;70 = _— .
| Tom| = | ToM]|; 10 N Em

2
——, qo = |[I —10Al]2 =
i d0 = T oAl

k k 0
IIpu stoMm ||x — x"||2 < ¢5||x — X°||2-

3ameuanne. MuHUMH3AIMOHHAS 3a](a49a 110 CyTH O3HAYAET, 9TO TPedyeTcst
HANTU MOJIMHOM IEPBOY CTEIIeHN, HAaNMeHee YKJIOHAIOIMUICA OT HyJI Ha OTPE3Ke
[m, M|, uMeromuit POBHO OJMH KOPEHb M DABHBIA €IMHUIE CBOOOJIHBIA dJIeH.

o =lm, M
Ee pemenvem sBiistercas HopMupoBaHHBINH MHOrOWwIeH JeoObimesa 1 1[7 ’ ](/\) =

22— M —
Tl( le'mm)
Ti(—arsm)
OnTuMaJsIbHBIN JuHENHHbIH [N-1aroBbiit MeTroa. byaem cunrarh, 9TO B
UTEPAIMOHHOM aJI'OPUTME

k+1 k
X - X
- = 4t AxF=bp
Tk+1

JIOIYCKAeTCs UKJInIecKoe u3Menenue (¢ nepuozom N) napamMerpa 7 B 3aBUCH-
MOCTH OT HOMEpa UTepaIuu

T1,7T2y+ -+ TN T1,7T25 .- -

B srom cayuae mocie N wmrepanumii 1718 BEKTOPA OIITHOKN MMEEM:

N N
N =TI -2, 25V < | TIE - 74| 112"
j=1 j=1 5
Bynem nckars nabop 74, j = 1,..., N, u3 ycjaoBus MEUHIMYMa HOPMBI OIlepaTopa

epexoia.
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Teopema 14.4 IIpu ycaosuu A = AT > 0, M(A) € [m,M] u0 <m < M <
00 ONMUMAALHBIE ZHAMEHUA TAPAMEMPOS PAGHBL 0OPATHBIM BEAUNUHAM KO-
neti mmozounena ebvuuéea cmenewu N wa ompeswe [m, M): 771 = Mim 4

i T T2
7(2j—1) N - P
T3, u nocae N umepayudi s noepeusnocmu, cnpasediuea ouen-

M—m
3 COS

ra.:
M,
I = xV o € ——llx = xllz < 2] [x — o, @1 = Y.
q1 +q1 \/M+\/m

JokazaTenbcTBo. st BeKTOpa OIMUOKNA MMeeM:

N N
2N = T =7 A)2" = |12V < | T = 754)ll2llz*] |2

j=1 j=1

ByneM MUHUME3HPOBATDL IO ApaMeTPaM T; €BKJIIJOBY HOPMY OLEPATOpa Ie-
pexona. Tak xak mas A = AT mveem A\(Py(A)) = Pn(A(A)), To vunmvmzarnm-
OHHYIO 33129y MOYKHO IIEDEIICaTh CJIC/LYIONM 00pa3oM:
N
min(_ max | H(l —7N)|) =an.
T; AE[m,M] -
J=1
Jannast 3a1a49a CBOAUTCS K HAXOXKJIeHUIO Muoro4wierna Py (\) crenenu N, nau-
MeHee YKJIOHsIoIerocs or Hyns Ha [m, M| B knacce P(0) = 1. Pemenuem siB-
o mlm,M] Tn (252
JIsleTCsT HOpMUPOBaHHbIH MHOrOwIeH Yebbmmésa Ty ' (A) = ﬁk{f), rIe
NAIT M—m
— -1
Tn(x) = cos(NN arccosz). OTciona ciefyer, 9To 7, PaBHBI KOPHAM MHOTOTCHa

T(2j—1)\N
2N j:la

. —I\N _ fm+M M—m
He6pumnésa na orpeske [m, M|, re. {7, "}, = {#5% + F5™ cos

a CKOPOCTbH CXOJIMMOCTH aJIT'OPUTMa XapaKTePU3yeTcs BeJIMINHON

2 2¢1Y < 9N VM —\/m
— = <2V, g = —=—Y—.
GV 14N T VM + m

gqN =

Teopema mokazana.

[Tpu unciienHoit peasmzanuu N-IIaroBOro MPoIecca Jjisi yCTONINBOCTH HEOD-
XOJMMO CIEIHAJbHBIM 00pa30M II€PEMEIINBATh 3HAYeHH: IapamMeTpos 7;. Ha-
moMHUM ajiroputM st N = 2P,

ycte TN41—-5 = (m;M + M;m cos “(22%1))’1, T.€. HyMepallus T; BeJIeTCsI
"or Gosbirero Kk menbiemy" . Torma

g N = 2 yeroituuBas 110CIeJ0BaTeIbHOCTD uMeeT Buj, (2,1);

nycrs i N = 2P~ umeem: (j1, ja, . .., jor—1);

rorga g N =2P: (2P + 1 — j1,j1,...,2P + 1 — jop—1, Jop—1).

Hanpuwmep: (3,2,4,1), (6,3,7,2,5,4,8,1).
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OTMeTuM, 9YTO MBI IIOCTPOUJIN HEYJIYYIIaeMbIil 110 CKOPOCTH CXOIUMOCTH Me-
TOJ B JaHHOM KJjiacce. OHAKO YKAa3aHHOE YMEHBIIIEHUE [TOTPEITHOCTH OyIeT 1o-
JIy9eHO TOJIbKO depe3 N urepaluii, a peajnsanyst MeToma TpedyeT 3HAHUS Ipa-
Hwut, criekTpa m, M.

J1J1s1 OTIEHKY TPAHMIL CIEKTPA IACTO UCIOJIb3YEeTCs CIIELYIONIee YTBEPXK ICHNUE.

VYrBepxkaeuue 14.1 (Teopema o xpyeax I'epweopuna). Bee cobemeenmvie 3na-
yeHus Mampuyst A npurnadaesicam obsedunenuto Kpy2o06

|Z*aii|§Z|aij|a i=1,...,n.
J#i

FEcau yrazarHoe obsedunenue Kpyeoe pacna&aemc,ﬂ HA HECKOADBKO CBA3HOIL Q-
cmeﬁ, mo Kascoaa Mmaxas 4acmov codep:ﬁcum CMONDKO COOCTNBEHHDIL SHCL‘LGHuﬁ,
CKOADKO KPYa206 €€ CcoOCmasAA0OM.

OTMeTuM, 9TO IIepBas 9acTh TEOPEMbl CJelyeT U3 MOKOOPAMHATHON 3aIucu
olpeJieJieHns: COOCTBEHHOrO BekTopa (Ax); = Az, i =1, ..., n:

n
Zaiﬂj = Az, (A—ay) = Zaijxj/.’]}i.
j=1

J#i

Tak KaK PaBEeHCTBO BBIMOJIHIETCS JJI BCEX ¢, TO MCKOMAas OIEHKA /i (DUKCH-
posamHOro A BepHa Jyuist i = i(A) @ |z;| < |z;].

Tlosinast mapOpPMAaIsi 0 COOCTBEHHBIX UYUC/IAX IM03BOJISIET (POPMAJIBHO IIO-
CTPOUTH CJICAYIOMUNA TOYHBII METOJL.

JlemMma 14.1 ITyemov 0aa He8bposcoennots Mampuiyb, npocmots cmpyxkmypol
A nopadka n X n ussecmmuw, 6ce cobcmeennvie 3naverus . Toeda 6 mounoti
apupmemure UMeEPAUUOHHYLL MEMOD € NEPEMEHHBLMU NAPAMEMPAMU Ty, = /\,;1,
k=1,2,...,n, ne 6oaee wem 3a N wWa206 NPUGEIELM K MOYHOMY PEULCHUIO CU-
cmemv, Ax = b.

JloKa3aTeIbCTBO CIeLyeT n3 pas/oxKenns omubkn X —x” npu k = 0,1,...,n
110 6a3ucy u3 COOCTBEHHBIX BEKTOPOB MaTpUIbI A.

OTMernM, 9TO METOJ] UMEET TEOPEeTUYECKOe 3HAYEHUE, TaK Kak Tpedyer n
YMHOXKEHUIl Ha MaTuily A U BeCbMa UyBCTBUTEJIEH K BBIUUCIUTE/IBHON IIOI'Delll-
voctu. IIpu sTOM 3ajiaua HaXOXKJIEHUsI COOCTBEHHBIX YMCE B OOIIEM CjIydae
CYIIIECTBEHHO CJIOXKHEE 331291 PEIIeHns] CUCTEMbI JIMHEHHDBIX yPABHEHUII.

88 Jexuyus 15. BapuanuoHubie METOIBI DEHIEHHS CJIay

Jleknus 15. BapuanmoHHbIE MeTOABI PEIlleHns CJIay

JlaHHBIi KJIACC METOIOB CTPOUTCSI KAK METO/Ibl MUHUMEI3AI[UU HEKOTOPOIro (DyHK-
IIOHAaJIa, MUHUMYM KOTOPOTO JIOCTUT'aeTCd Ha PelleHUN NCXOJIHON CUCTeMBbl JIU-
HeiiubIx ypasaenuit. Konkpernorit Bu OyHKITMOHAA U AJITOPATM MAHUMAIATIIT
OIIPEJICTIAIOT ITapaMeTPhbl UTEPAMOHHOTO IIPOIECCa.

Meroa Hanckopeiiiero rpaJueHTHOro ciuycka. OCHOBHas TeJIb — I0-
CTPOUTH ONTHUMAJIHHBII OHOMIATOBBI METOJ, He TPEOYIONU U PeATIAIII
nadOpPMAIH O TPAHUIAX CIEKTPA.

Jlemma 15.1 ITyemv A = AT > 0 u F(x) = (Ax,x) — 2(b,x) — xeadpa-
musnas ynruus. Pasencmeo F(x*) = min F(X) evinoaneno mozda u moavko

moeda, xozda X* — pewenue cucmemv, Ax = b.

Hoxka3zaresberBo. [Iycrs x = x* + A. IIpeobpasyem Boipaxkenue st F'(x).
C yuerom Ax* = b umeem

(Ax,x) — 2(b,x) = (Ax*,x*) — 2(Ax* — b, A) + (AA,A) — 2(b,x*) =
= (Ax*,x*) + (AA, A) — 2(b, x*).

Ecim A > 0, o (AA,A) > 0 upu A # 0, nosromy dyukuus F(x) umeer
eMHCTBeHHbI MuHuMyM 1pu A = 0.

Sameuanwne. Cupaseusa dhopmysa grad F/(x) = 2 (Ax—b), uposepsiemast
HOKOMIIOHeHTHBIM quddepennuposanuem JF(x)/0x;.

Sameuanwne. Boub Bekropa grad F'(x) npoucxoauT Hauckopeiiiiee u3MeHe-
ure hyukiun F(z). eficTBUTEIBHO, IYCTh € — HEKOTOPbI 6/JMHIIHBIH BEKTOD.
Pazsioxum B paj F(x + 6 ) npu yciosuu Majtoct esmautbl § € R, nveem

F(x1 +de1,...,2, + dey) = F(x)+ 6 i g—i(x)ei + 0(8?%) ~
i=1
~ F(x) + 0(grad F(x),e) = F(x) + 6 cos(a)||gradF' (x)]|||e]|-

Orciofa cirefiyer, 9To0 B TOUKe X HAUCKOPeHIeMy YObIBAHIIO COOTBETCTBYET
a = —m, re. e = —grad F(x)/||grad F'(x)]|.

JIemma 15.2 ITycmv A = AT > 0 u pewenue cucmemn Ax* = b uwemca
KaK mowka munumyma gynryuornana F(x) = (Ax,x) —2(b,x) no caedyrouwemy
an20pumMy:

xFH = x* — 64 1grad F(xP),

2de mapamemp 041 6LIOUPAENCA US YCAOBUA MUNUMYMA 6eauruns F(xFHL).
Toz0a 205,41 = (vF,rF)/(ArF rF).
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Hoka3zaresberBo. Iogcrasass grad F(x) = 2(Ax — b) B BeIpaxkeHne st
xF*1 momyuaem
xFHl = xk — 2(5k+1(AXk —b)= xF + gk,
rae Tpe1 = 20541, 1% = b — Ax*. Jlasee

F(xM1) = (A(xF + 71 0F), (xF + 700 )) —2(b,x* + Tk+11‘k) =
= (AxF, x*) 4 27141 (Ax", 1%) — 2741 (b, £F) + 72 (Ar¥ %) — 2(b, x*).

U3 yenosus F! (xF+1) = 0 maxomum 7441 = (vF, %) /(Ark, rF).

Tk+1
3aMeanI/Ie Haiiiennbie pacuertbie pOpMYJIbI MOYKHO IIEPENNCAThH B BHUJIE
k+1 k k Lk
xFtl —x K (r*, ")
—— +AX"=b, 1=
Tk+1 (AI' ) T )

CooTBeTCTBYIOMMiT MEeTO/] HA3LIBAETCS METOAOM HAUCKOPEHIIero rpaJueHTHOrO
CITyCKa.

Pacuernbie pOpPMYJIBI JAHHOTO METOA TAKKE MOTYT OBITH IIOJIyYeHBI CIICILy-
fommM 06pa3oM. ByzeM MUHIMH3EPOBATH Ha KazKIOM Iare A-HOpMy BeKTOpa
ommubku zFH = x — xF+1. Hamomunm, 4ro B ONTHMAIBHOM JIHHETHOM OJ[HOIIA-
FOBOM METOJIe MUHUMU3UPOBAJIACh HOPMa oneparopa repexosa || — TAls.

JIemma 15.3 ITycmo A = AT > 0. Toeda na k-m waze memoda nauckopetiuiezo
epaduenmmrozo cnyc%‘a murumuzupyemes nopma ||zF|| 4 = /(Az*,z*) eexmopa

owubku zF = x — x*, 2de x — mounoe pewenue.

JleficTBATEIBHO, TAK Kak zF 11 = (I - Tk+1A)Zk, TO

[ = (AT — 7 A), (T — 7 AYa) =
= (AzF,2%) — 27311 (A", AZ¥) + 72, (AAZ", Az").

Orciona, nuddepennupyst 10 T11, Haxogum, uro Ha (k + 1)-M mare MuHUMYM
||zk'*'1||124 ;LOCTI/II‘aeTCH upu Tk+1 = (Az*, Azk)/(AAzk,Azk). C yuerom Azl =
b — Ax* = r* umeem 7111 = (v, rF)/(Ark rF).

Bameuanme. Munumuzanus eBKan0B0# HOpMBI ||Z8TL||o = /(zF 1, 2~ +T)
BEKTOpa OMMUOKK NMPUBOJAT K HEKOHCTPYKTUBHBIM (POPMyJIaM JIJIs TAPAMETPa

Tea1 = (%, 2%)/(rF rb).

Teopema 15.1 ITyemv A = AT > 0 u MA) € [m,M]. Tozda dasn cucme-
Mmor Ax = b memod nauckopetiwezo 2paduenmmoz2o cnycka cxooumcs ¢ 106020
HAYAADHO20 NPUBAUHCEHUS CO CKOPOCTDIO 20MEMPUNECKOTE NPOZDECCUN, U OAA
BEKMOPA OWUOKY UMEETM, MECTNO CACOYOULAA OUEHKG:

k
M —
< (G ) Il e0ea =x =, alf = (42.2)
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HokazaresbcrBo. [lapamerp 711 Munnmusupyet Ha (k+1)-M mare Hopmy
|zt || 4, creoBaTesbHO, ¢ TAPAMETPOM Ty ONTHMAJBLHOTO JIUHEHOTO OJTHOIIA-
rOBOT'O METO/Ia OlleHKa He JIydIlle:

ming (254 = (1 = 7k A)2" |4 < [[(1 = 704)2" |4 <
< I = oAl allz¥lla = (322) 2] a.

31ecb A-HOpMa, olepaTopa Mepexo/ia BRIYUC/IEHA CIEYOMMUM 00pa3oM:

11 — 70 A||% = Sup (AU -10A)z,(I-ToA)z) __ — sup (=1 A A’z (I—10A) A ?z) _

Az,z) (AL/2, AL/ 2g)
T z#0
_ (= A)y7(1— Ay) _ 2 _ (M-—m)2
- zsll;lég = () . =1 = 7oAl = (5rm)

IIpu 3TOM MBI TPUMEHUIU CJIEITYIOIIEE

Yreepxaenue 15.1 Jlas npoussoavrot mampuyv, A = AT > 0 natidemcs
makas mampuya A, wmo A = AT > 0, AA = A. Mampuuyy A naswearom
Keadpammsim Koprem us A u obosnavarom A2

MeTos MUHUMAJIbLHBIX HeBsA30K. Ilycrs A = AT > 0. Byzem munnMusn-
posatb Ha (k + 1)-m mare A%-nopmy BexTopa omubku zFHl = x — xF+1.
Tak kak 2" = (I — 73,41 A)2z", o

125452 = (AT — T A)z", AL — 711 A)z") =
= [|2"[|4: — 2741 (A%2", AZF) 4 72, | (A%2F, A%2).

Orciona, muddepennupys 1o 7441 ¢ yaerom Az = b — AxF = rF maxo-
aum, aro munumyM [|zF71|%4, nocruraercs mpu T = (ArF,r*)/(Ar*, Ark).
M repannoHHbIHi IPOIECC ¢ TAKUM HAOOPOM MapaMETPOB HA3BIBAETCH METOIOM
MUHUMAJIBHBIX HEBSI30K, Tak Kak ||zF11||%, = (AzF T, AzF+1) = ||r*1)|3. Hamum
JIOKA3aHA

Teopema 15.2 ITycmo A = AT > 0. Tozda na k-m waee memoda Munumanv-
HOLT HE6A30K Munumusupyemca nopma ||z¥|| 42 = \/(Az*, AzF) sexmopa owu6-

KUZk:X7Xk.

Nmeer mecTo cJleIyrollasd TeopeMa 06 OIl€eHKE CKOPOCTU CXOJUMOCTU METO/1a.

Teopema 15.3 IIyemv A = AT > 0 u A(A) € [m, M]. Toeda dan cucmemoi
AX = b mMemod MUHUMAADHDIL HEBAZ0K CTOOUMCA € A100020 HAYAALHO20 NPU-
BAUINCEHUA CO CKOPOCTBIO 2EOMEMPUHECKOT NPOZPECCUL, U OAA BEKTNOPA OWUOKY
UMEET, MECTNO CACOYIOUWAA OUCHKA:

k
M —
12| 42 < (MiJrZ) [2°)| 42, 2dez” =x—x", ||z||%. = (Az, Az).
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JloKazaTe/IbCTBO COBIAIACT C JIOKA3ATEILCTBOM TEOPEMBI O CKOPOCTH CXOJIHU-
MOCTH HAMCKOPEHIIEro rpaIMeHTHOrO CIycKa, T.K. | I — 1Al a2 = ||I — 1o Al|2.

CKOpOCTh CXOAMMOCTH PACCMOTPEHHBIX BapHUAIMOHHBIX METOJOB 10 MOpPSJI-
Ky He Xy’Ke, 4eM y JIMHEHOrO OJHONIArOBOro MeToja, Ho B A- m A?-mopmax
COOTBETCTBEHHO. [Ipn 3TOM /I MPAKTHYECKONH DPEATU3alnuu JAHHBIX METO/OB
He TpebyeTcs 3HAHME CIEeKTPAJbHBIX rpanut m, M marpumpr A.

Merop, crieKTpaabHO-3KBUBAJIEHTHBIX onepaTopoB. CKOpOCTh CXO/I-
MOCTHU PACCMOTPEHHBIX HTEPAIMOHHBIX IIPOIECCOB 3aBUCEIIA OT OTHOIEeHuUs m /M
rpamnut, ciekrpa Marpunsl A = AT > 0, To ecTh OT CBOMCTB KOHKPETHO 3a,1a4M.
s "yurygmreHust ncxo{HOM 3a1a9u” MOXKHO MEpEeiTH K HEKOTOPOil SKBUBAJIEHT-
Holt cucteme B~ Ax = B~ 'b npu ycroBun HEBBIPOKIEHHOCTH B:

k1 ok
X X B lAx*=B'b. (1)
Tk+1

Ecymu stBablit Buy marpunsr B~! He ussecren, To (1) y106HO nepenucarh B Ka-
Hoamyeckoit (no Camapckomy) dbopme:

k+1 k
X —X
B=——— + AxF =b. (2)
Tk+1
JlaHHBI METOJ| TaKZKe HA3BIBAIOT Memodom ¢ npedobycrosausamenem B. Hess-
HBIA ABYXCJIOMHDII UTEepallMOHHbINI IIpoIecc (2) TpebyeT Ha KarXKJOM IIare pere-
HUst 337124 Bujia By = f u coBIiajaer ¢ pacCMOTPeHHbIME MeToaMu Iipu B = F.

Teopema 15.4 Hycmv> B=BT >0, A=AT >0um; < (Az.2) < Ay Tozda

= (Bz,z)
ona T = —2 MeMOo0 cTOOUMCSA Co cKopocmusviro 2eomempu%cnoﬁ npoezpeccuu
m1+M;
C noxaszamenem q = %, U 0ns 6EKMOPQ owWUbKU uMeem Mmecmo medymugaﬂ
oueHKra:

1 1
|B22"4|y < ql| B22" 2.
,Z[OKaBaTeJII:CTBO. BBIHI/IH_IGM YpaBHeHUe J1Jis1 BEKTOpa OIHI/I6KI/IZ
1 1 _1 _1 1
Bz"!' = (B —1A)z" = B2z"!' = B2z* - 1B 2AB 2 B27" =

yhtt :(IfTB*%AB*%)yk, r;:ey:B%z.

TaxuM 06pa3oM, IJIsT BEKTOpa y* TaHHbIH METOJT COOTBETCTBYET JIMTHEHOMY O/T-
HomarosoMmy Meroxy ¢ Marpuneit C = B 2AB~2 = C7T. Ouenum rpanuis:
crrekrpa C. meem

(Cx,x) (B 2AB 7x,x) (AX,X)

(x,x) (x,x) (Bx,x)’
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(Cx,x) <

(xx) —
M, cnepoBarensuo, A(C) € [mq, M;]. TIoaToMy MOXKHO IPUMEHUTH TEOPEMY O
CKOPOCTH CXOJUMOCTH OHNTHUMAJBLHOIO OJHOIIANOBOIO METOJa U IOJIyYUTh Tpe-
6yeMyIO OIeHKY JJIsl HOPMBI BEKTOPa

- 1
e X = B72x. OTciona u U3 yCJIOBUSI TEOPEMBI UMEEM OIEHKY 1M1 <

1513 = (B}2*, Bid¥) = (B2, 2.

Teopema mokaszama.

AHaJIOTUYHO CTPOSITCS HESIBHBIE METO/IbI TUIIA MUHUMAJIbHBIX HEBSI30K U CKO-
peiinero rpaJueHTHOrO CIIyCKa.

[Tpu yaaunom BBIOOPE OllepaTopa B MOXKHO IPUHIUIINAJBHO YJIYYIIUTH CKO-
POCTBb CXOJIMMOCTH COOTBETCTBYIONIUX UTEPAIMOHHBIX IIPOIECCOB, OJIHAKO HEOb-
XOJFIMO YUHTBHIBATH TPYIOEMKOCTh Haxoxjenns y = B~!f. Hanpumep, mpn
B = A, 7 =1 merox (2) coiiiercs 3a OJHY UTEPAIMIO, HO IIOTPEOYET pelleHust
MCXOHO 3a1aum AX = b.

HokarkeMm 00mInit pe3yIbTaT O CXOAUMOCTH METOIOB C IIPEeI00yCIOBIMBATE-
JIEM.

Teopema 15.5 ITycmo
A=AT>0, >0, B—%A>O.

Tozda 0606werHvLl MEMOD NPOCTNOT UMEPAUUL

k41l ok
BEX X L AxF=b
T

cxodumea 048 NPOU3EONLHOZ0 K.

HoxkaszaresnbcrBo. Orvernm, uro det(B) # 0. JJokaykeM CXOJUMOCTb Me-
toma. [lepenmimem ypaBHEeHME /1T BEKTOPA OITUOKHI

k1 ok
BE % 4 Ak =0
T

B BUJIE
(B - %A)(W1 — )+ %A(W1 +2) =0,

Zk+1

YMHOXKIM CKaJISIPHO Ha %( — z*) u, ucnonp3ys cuvmmerpuio A, TOTyIIM

QHEPreTUICCKOEe TO2KIAECCTBO!:

T

2
243 — 121+ 2 (B — SA) T~ 25), (24— 24) =0 vk >0
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Eciu zFt1 = 2z* 1o u3 ypaBnenns nis BexTopa ommbku mmeem zF = 0, T.e.

pemenue naiieno. Ecmm zFt1 #£ zF | 1o u3 smeprermueckoro ToxiecTsa n ycio-
Bust B — ZA > 0 ciejyer MOHOTOHHOe orpannyentoe yobisanue 0 < [|zFF1| 4 <
|z*|| 4 u cymecTBOBaHMe TpeeTBLHOTO 3HAWeHUst At ||zF|| 4 mpu k — oo. Tlo-
kaxkeM, uto [|z"||4 — 0 mpu k — oo. Ilepeiiziem K TIpeiesly B 9HEpPreTHIeCKOM
ToxkecTse. [lomyunm

k

((B - gA)(zk'*'1 —z"), (2" — Zk)) — 0.

Orcrona u us ycnosua B — £ A > 0 cnexyer, 9ro zF 1 — zF cxonmres k Hymesomy

BekTopy, T.e. ||z — 2F[| 4 — 0. Hanee 28 = —L A~ B(zF*! — 2*), mosromy
[2%|a < T A7 al|BllallzFt? — 2|4 — 0. Taxum obpasom ||zF[|4 — 0, n
Mero/, cxonuTcs. Teopema jokasaHa.

Meton 3eiigesns. [Ipeacrapum marpuny cucrembl AX = b B Buge A =
L+ D+ R, vne D — aunaronajbHast MaTpuiia, L 1 R — cOOTBETCTBEHHO JieBast
HIKHSISI U TIpaBasi BEPXHsisl TPEYTOJIbHbIE MATPUIIBI C HYJIEBBIMU JIMATOHAJISIMU
(CTPOro HHMKHSISI U CTPOrO BEPXHSIS TPEYTOJIbHBIE MATPHUIEL). VTeparoHHbIii
Mmerog, (2) mpu B = D + L, 7 = 1 maseBaerca mMerogoM eiiyens (Faycca—
Beiiges)

D+ L)(x*! —xF) 4+ AxF = b, re.
D+ L)x**! 4+ Rx* = b.

—~ o~

Teopema 15.6 ITycmo A = AT > 0. Tozda memod T'aycca—3etidens crodumcs
¢ 06020 HAYANDHO20 NPUOAUNHCEHUA.

-
HoxkazareabctBo. [Iposepum, uto B — §A > 0. C yuerom LT = R umeem:

1 1 1 1 1
(D+L- §A)X, X) = E(DX’ x) + E(LX, X) — E(Rx, X) = E(DX’ X).

Tak kak (Ax,x) > 0, o (Ae;,e;) = a; > 0u (Dx,x) > 0.

Teopema 15.7 Ilycmov mampuya A obaadaem ceoticmeom cmpoz020 duazoHanb-
H020 NPeodAadaHUA, M.e. CNPABEIAUBO

Z|aij|§q|aii|ai:17"'an7 q<1
i

Tozda memod T'aycca—3etideas cxodumcs ¢ 106020 HAGUANDHOZ0 TPUOAUHCEHUS,
U ONA BEKMOPA OWUOKY GEPHA OUEHKA:
k k 0
[[x = x*loc < ¢" [Ix — x| -
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JokazareabcTtBo. OTMETHM, YTO YCJIOBHE CTPOTOIO JMATOHAJIBHOIO IIpe-
obnasianust Bireder (cM. TeopeMmy [epiiroprHa) HEBBIPOXKIEHHOCTH MATPUILL A.
Banwmmem ypasHerune jyisi Bekropa onmbku (D + L) 2z + Rz* = 0. Bemmmrenm
i-e ypaBHEHUE

i—1 n
k+1 k+1 k
Yoayz T tanz Y ag =0
i=1

j=it1
k41 .
u pa3penimM ero OTHOCUTeJIbHO Zi .
k+1 i—1 ;i k+1 n ;i k
— aij k+1l Qij K
Zi o Z @i % Z @i 73
Jj=1 Jj=i+1

Orcrona oty anm

|z]k| <

[e77%)

1—1 n
k i .
DRl AR B Dl

j=1 j=i+1

i—1 n
< oo 3154+ (12l 3o 54,
Jj=1 Jj=i+1

Tax Kak COOTHOIIEHUE BEPHO JJIst BCEX 4, CJIEJOBATE/LHO, ONEHKA BEPHA U JJIst
nopmbt ||z87Y| . B pesynbrare mveem

(= 2 1T < N2l 32 1521

ITo ycaoBuio Teopembr

S8 < g X 2] < g1 - ¥ |2)),
J>1 J<i J<i

cenoparesbio, |28 oo < ql|2" oo 1 |12°]|0e < ¢llZ2F M o < - < @820 0o
Teopema nokazana.

Merona Axobu. [Iycte A = D+ L+ R. PaccMoTpumM uTeparmoHHbIi TTPOIECE
(2) ¢ marpuneit B=D u 1 =1:

D(xF! —xF) + AxF = b, e
Dxk1 + (L + R)x* =b.

Teopema 15.8 Ilycmv mampuua A obaadaem ceoticmeom duazorasbHo20 npe-

obaadarus ¢ xoapuuyuernmom q. Toeda memod Hxobu cxodumces ¢ 1106020 Ha-

YANDHO20 NPUOAUHCEHUA, U AL BEKMOPA OWUOKY BEPHA OUEHK

k
|

I = x*[loe < " [l — x| oc -
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HdokazarenbcTBo. U3 ypaBHenus DzF 4+ (R+ L) zF = 0 na Bekropa

omubku nmeeM zFTt = SzF, e
0 aiz/ai;  aiz/ai ain/ai
as1/az 0 as3/az; e aon /22

o

anl/ann an2/ann annfl/ann 0

Orcrofia u yeaoBUst TEOPEMBI HAXOJIUM OIEHKY JIJIsi HOPMBI OIIEPATOPa Mepexo/ia:
[S]loc < g < 1.

Merton BepxHeil pesnakcanuu. MeTogoM BepxHeli pesakcanuy Ha3bIBAeT-
sl UTepalMOHHbIN mporece (2) ¢ marpuueit B = (D + wL):

k+1 _ Gk
(D"‘FLUL)%JFAXIC :b.

31ech UTepaMOHHbLI IapaMeTD W HA3BIBACTCS NAPAMEMPOM Peaakcarut (0ObId-
HO w = 7). Merost fIkobu (w = 0,7 = 1) u laycca—3eiigens (w = 7 = 1) Takke
SIBJISIIOTCST METOJIAMHE DEJIAKCAIINH.

Teopema 15.9 ITycmo A = AT > 0. Tozda memod seprheti pesarcayuy, npu
0 <w=7<2 crodumcs ¢ 1106020 HAHANEHO20 NPUOAUNCEHUSA.

JokazaTenbcTBO ciemyer u3 onenkn B — A > 0.
HGKHI/IH 16. HpOGKHI/IOHHLIe MeTOAbI pelieHnd CJIay

DdPeKTUBHBIMYI METOIAMU PEIIEHIST CUCTEMbI JITHEHHBIX AJIre0pandecKuxX ypas-
nerwit Ax* = b 6oJbII0i pa3MepHOCTH ABJISIOTCSI UTEPAIMOHHBIE METOJIBI ITPO-
eKImOoHHOro Tuia. Ha KarXX10M 1are Takoro MeTo/1a Peam3yeTcs npoekyuorHbiil
an20PUMM:

B 3aBUCHMOCTH OT TeKyInero npubsmxkennss x € R™ um HOMepa mrepannn
BBIOUpAOT JiBa M-MepHbIX (m < n) mognpocrpancTsa K u L; ciexyromnee npu-
6/mKenne X K TOYHOMY perrrennio X uniyT B Buze X = X+ k, k € K u3 ycimoBus
rl L, rner =b— Ax.

Takwum 06pazom, OCHOBHAA HJIes JTAHHOTO IIOXO0/a 3aKJI0IAETCA B MOCTPO-
eHuM BeKTopa mnomnpasku k u3 nojmnpocrpancTsa K, obecrieanBaonero oproro-
HaJIbHOCTb BEKTOPa HEBSI3KU I MTOJNPOCTPAHCTBY L. Pa3nunble npaBujia BbIOO-
pa moampoctpancTs K u L IPpUBOAAT K PA3IUIHBIM PACIETHBIM (DOPMYJIaM.

IIpumep 16.1. Ilokaxxem, uro meron [aycca—3eiiiesist pelreHusi CUCTEM Jin-
HEWHBIX yPABHEHUI SIBJISI€TCS TPOEKITMOHHBIM METOJIOM.
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Ompenennm K = £ = {e;} maa i = 1,...,n, rue e; — ecTecTBeHHBbIN i-it
Oa3ucHbI BeKTOp mpocTpancTBa R, u BeimosiauM n maros. [lociemoBaresibHO
uMeeM X = x+c;e;, (b—A(x+c;e;),€;) =0, 6. b;— Y ajjx;—&ia,; = 0. Orciona

J#i
HAXOJIUM &; IIPU M3BECTHLIX KOMIIOHEHTaX Tj, j = ¢,%+ 1,...,n U HaliJIeHHbIX
x5, 5 =1,2,...,4i— 1. Takum 06pa3oM, 3a N MAroB IPOEKIMOHHOI'O AJITOPUTMA,
n
umeem xF T = x* + 3 ¢;e;, uTo coorsercTByer mary merona aycca-3eitnens:

i=1
(D + L)xk"'1 + Rx* =b.
DkcTpeMaJbHOE CBOICTBO IMPOEKIMOHHOTO ajaropurMa. Hawm morpe-
Oyercs ciiejlylomas MpoeKIHOHHAS TeOpeMa.

Teopema 16.1 J[as npouseosvrozo eexmopa z eexmop K saeasemces peweruem
caedyrowets 3a0a14U MUHUMUSAUUL

min(z — k,z — k)
ke

moeda u moavko mozda, kozda (z —k,v) =0 das Vv € K.

HokaszaresbcTBo. Pacemorpum pasnoxenue z = Pz + (z — Pz), tie Pz €
K,z — Pz € K* (B 3roMm ciiyuae P Ha3LIBAIOT 0NepamopoM 0pmozoHaivH020
npoexmuposanus na KC). Torma

(z—k,z—k)=|z—k|?=|z— Pz+ Pz —X|? = ||z — Pz||* + | Pz — k|?,
. e. ||z — k|? > ||z — Pz||?, pasencrso Bo3mozkHo Jmimb ipu k = Pz.

Teopema 16.2 ITycmv A = AT > 0 u L = K. Tozda eexmop X seasemcs
DESYALMAMOM NPOEKUUOHHOZ0 GAZOPUMMG M0200 U MOABKO Mo20a, Ko2da

Ex) = ~miflcE(i)’ 20e E(x) = (A(x* — X),x" — %), Ax* = b.
XEX

JlokazaTesibcTBO. V3 IPOEKIMOHHON TEOPEMBI CJIEJYeT, YTO PElIeHue 3a-
Jlaqn Iknilrcl(z —k,z—k)a s z = x* —x, rge (u,v)4 = (Au, v) 9KBUBAJIEHTHO
€

HaxXOXKIeHuto BekTopa k u3 ycnosus (z—k,v)4 =0 Vv € K, uro coorBercrByer
OTIPEJIETIEHUTIO TTPOEKITMOHHOTO AJTOPATMA:

(z—k,v)s = (Ax" — (x+k)),v)=(b—A%,v) =0 VYvek.

Taxkoii Moaxo/ K alMpoOKCUMAaIINA BEKTOPa X* BEKTOPOM X HA3BIBAETCS MEMOJOM

Tanepruna: (b — Ax,v) =0 Vv € K.
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Teopema 16.3 Ilycmov A nesvposcderna u L = AK. Tozda sexmop X sasasemcs
PEZYALMAMOM NPOEKUUOHHO20 AA20PUMMA M0200 U MOABKO Mo2da, k0204
Ex) = iglxIEK E(x), ede E(X)=(AX"—-x),A(x* —%)), Ax* =b.

JlokazaTesIbCTBO COBIIAJIAET C JOKA3ATEIHCTEOM PEILITYIINER TEOPEMBI C TOY-
HOCTBIO JI0 3aMeHbl CKaJIspHOTO mpomssesenns Ha (U, V) ry = (AT Au,v) =
(Au, Av). IIpu srom no ycuosuio v € K, Av € L. Takoil noaxoJ K alpok-
CUMAIUU BEKTOPa X* BEKTOPOM X HaszbIBaeTcsa memodom Ilemposa—Ianrepruna:
(b — A%, v) =0 Vv € AK.

OpaHOMepHBIE MMPOEKIMOHHbIE MeTO/Ibl. B mpocreiiiem ciiydae B Kade-
crBe 6a30BbIX TpocTpaHcTB K u L BBIOMPAIOT OHOMEPHBIE MTOITPOCTPAHCTBA.

Jlemma 16.1 IIpoexuyuonnnit anzopumm npu K = L = {r}, ede r = b — Ax,
coomeememeyem memody nauckopeliuezo epaduenmmozo Cnycka.

HoxkazaresiberBo. [Ipocrpancrsa K u £ OHOMEDHDI, CIEI0BATEIBHO, X =
X + 7T, U T oupejessercsd u3 ycJaosus oproronasibaoctu (b — A(x + 7r),r) = 0.
Orcioa nveem (r — 7Ar,r) =0u 7 = (r,r)/(Ar,r).

JIemma 16.2 IIpoexyuonnod aszopumm npu K = {r} u L = {Ar}, 2de r =
b — Ax, coomseemcmeyem memody MUHUMAALHULL HECAZOK.

JokazareabcTBO. B TepMuHAX MpEeIbIAYyIIEil JJeMMbl HAXOJIUM, UTO T =
(Ar,r)/(Ar, Ar).

ITpoeknuonnbie mMeroabl B mpoctpaHcTtBax KpsuioBa. Ilycrs mpo-
cTpaHcTBa L 3aBHCAT OT HOMepa mreparmu u L' C L2 C ...C L™ C ... C
L™ = R". Toryua To4HOE pelreHne CUCTEMbI OyIeT IOy YeHO He T033Ke, YeM 3a 1
maros. Ecim ke nernouka L™ 3a71aeTCsi HEKOTOPBIM OIITUMAJIbHBIM 00Pa30M, TO
MOKHO PAaCYMTBIBATD, 4TO TpebyeMast TOYHOCTD ||x* — x| < e, rue Ax* = b,
Oy/leT JOCTUTHYTa 3HAYUTEIHLHO PAHBIIIE.

DddekTuBHBIE AJTOPUTMBI YJIAE€TCsI IOCTPOUTD, €CJI B KAIECTBE TTPOCTPAH-
cra K™ BbiGpaTh npocrpancTBo Kpbitosa K™ = span{r, Ar, ..., A"~ 'r} no-
psaka m st r = b — AxC. IIpu sTom mpocrpancrso L™ onpesessercs: 6o
kak L™ = K™, mubo L™ = AK™.

Meton conpsizkeHHBIX rpaameHToB. IIycts A = AT > 0. ITocrpoum
MIPOEKITUOHHBIN METOJI JIJIs Taphl IIPOCTPAHCTB

K™ = span {ro, A Am_lro} , Lm=Km, 1Y =b-— AxY,

m
ouepesHoe npubszKenne naiem B Buge X7 = x° 4+ Y ¢, A0, a koaddu-
i=1

1=
[UEHTHI ¢; onpeaeum u3 yeaosusi v’ = (b — Ax™) L L£™. Takast ¢bopma auro-
pUTMa JIJIs HAXOXKieHus {¢; } TpebyeT peleHus: CUCTeMbl JIUHEHHBIX yPaBHEHUI
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(ipu 3ToM dopmasbHO {¢; = cz(.m)}7 T.€. KO3 PUIUEHTHI MOTYT U3MEHATLCS IIPH
yBeJaudeHnn m). PaccMOTpUM 9KBUBAJIEHTHYO, HO 60Jiee yI00HYIO C IIpaKTUIe-
CKOI TOYKM 3PEHHs PEASTM3AINIO STOTO AJTOPUTMA.

ITycrs B npocrpancrse K™ = span {ki, ..., k;,} usBecren A-oproronaububiii

6asuc, T.e. (Ak;,kj) = 0upu i # j u k; = r% Torma x™ = x* + > ajk; u
i=1

m
rMm=b—-Ax"=b-A (XO + > aiki). B sTom ciayuae u3 ycnosus v’ L L™
i=1
nmMeeM (hOPMYJIBI [T OTpeiesieHns KO3 OUImenTos

0
0 (r k)
(™ k;) = (r', k;) — o(Ak;, k;) =0, o = m, Jj=1...,m.
Takum 06pa3oM, KOIDOUIMEHTHI (1, Ao, . . . HE 3aBHUCIT OT BBIOOpA M, MO3TO-

My MOTYT GBITH HAIlJIEHBI MOC/IEIOBATENBHO U3 yeaoBus X" = X 1 + oK.
Orciona nomygaem ™ = "™~ — a,, Ak, 1 g, = (v 1 k) /(Aky, Ko ). otst
BBIMHCJIEHUI TaKasd PEKyppPeHTHAsT (DOPMAa 3aIUCH [IPEIIOITUTEIHHEE.

[TocTponM COOTBETCTBYOIINI PEKYPPEHTHBIN aJrOPUTM JJIsl OlPeIesIeHIsT
{k;}, .. cranmapruas nporneaypa tuna I'pama—IIIMunra, Tpebyromast XpaHe-
HUsI BCex asieMeHToB Gaszuca {k; }™ |, B JAHHOM cJiydae OKa3bIBAETCs CYIIeCTBEH-
"o Menee 3 dexTupHa. Umeem KM = LmH! =

= span{span {ro, . ,Amflro} ,Amro} = span{span {ki,.... kn}, km+1}.

m
Orciona ciemyet, uato Ky,11 = A™r? + 3 B;k;. Bamerum, ato

i=1
m

m
=10 - AY AT =10 - 3 ;A0
i=1 ;

= =1
cnenoBarenbHo, upu r'" # 0 u ¢, # 0 BekTOp Kipp1 MOXKHO MCKATH B BH-

e k1 = 1™+ 3 Bik;. YMuoxkuM nannoe coornomenue Ha Ak;. C yderom
i=1
(k;, Ak;) = 0 npu i # j, noayunm 0 = (r™, Ak;) + B, (k;, Ak;). ITokazkem, 4To0

(r™, Ak;) = 0 qyist ¢ < m. Ilo mocrpoenunto npocrpancrea L™ umeeMm

span{ky,...,ky,_1} = span {ro, Ar0 ... ,Am_QrO},
A (span{ky,...,.kn,_1}) =4 (span {ro, Ar% ..., Am_QrO}) =
= span {Ar?, A%r0 .. AT 0} C L™

Cirenosaresbio, Ak, € L™ upui=1,...,m—1. Orcroga u u3 ycjaopusr’™ 1L L™
umeem (r™; Ak;) =0 gzt i < m, re. f; =0upu i < m u K1 =™+ Bk,
(r™, Ak,,)

W3 naHHOIO IpecTaBIeHnst HaX0auM 3, = —

(Aky, k)
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Takum 06pazomM pacueTHble (POPMYJIbI UMEIOT BUJL:

I'm_17 k”
XM = x™1 4 Amkm, Qpm = W7
(rm’ Akm) 0
k,, =r" mkma m = T Ak, k) =
+1 r 4+ B B (Ak'rm km) ' '

3ameuanmne. Ha mare m jaHHoro Merojia MUHUMHA3UPYeTcsa A-HopMma BeKTopa
omubKK Ha nozanpocrpancrsax Kpeuioa K, HOSTOMY ¢ TOYKHU 3PEHUS IIPOCK-
IIHOHHBIX METOIOB METOI CONPS?KEHHBIX IPAINCHTOB ABJISCTC 0000IIEHIEM Me-
TOJIa HAaMCKOPERIIero rpajJueHTHOro ciycka. MeTo ConpsaKeHHbIX IPaieHTOB
MUHUMHU3UpyeT 3HaueHne Gynkipmonana F(x) = (Ax,x) — 2(b,x) Ha BeKTOpax

m
suga X = x4+ 3 ¢; A 1r? ornocuTensho ¢;.
i=1
Teopema 16.4 IIycmv A = AT > 0. Tozda memod conpascennolx 2paduermos

cxodumes ¢ A106020 HAYANBHOZ0 npu@tuwce%u.ﬂ, U UMEEM MEeCmo medymwaﬂ
ouerkra cropocmu cxodumocmi

%IIZOIIA, Q1=M7
4 T VM"‘\/E

ede zV = x* —xN, Ax* = b u A(A) € [m, M].

124 <

JokazaresabcTBo. CpaBHUM 331291 MUHUMU3AIUU OMIUOKY, COOTBETCTBY-
FOIIUE METOJLY COIPSI?)KEHHBIX I'DAJIMEHTOB U ONTUMAJILHOMY JIMHEHHOMY N-Ia-
TOBOMY METOJIy, IPUHUMAs BO BHUMAHUE, YTO ONTUMAJLHBIH [N-T1aroBblii mpo-
[IECC TPECTABISEeT COOON METOJ MPOCTON UTepaIuu ¢ 9eOBIEBCKUM HAOOPOM

IHapamMeTpoB. ZLTIH HaXOXKJIeHU A HpI/I6JII/I}KeHI/I$I Xlgh nmMeem

k k—1
x¥ —x” _
ch —ch 4 AxF'=b, k=1,...,N.
Tk
Orcroma ciieryer
ko Jk—1 k—1 ko k—1 k—1
Xeh = Xep, T TkTep,  Ten =To — TkArch
N . qi—
npu k=1,2,..., N. Ilo uaayKiuu mojrydaem, 9To Xi\;b =x0+ Zi:l & AT,
Ipubimskenne X, MeTOma COLPSIKEHHBIX IPAJAHCHTOB 110 OIPEIEICHIIO NMEET

sg
N -
BUJT xi.\g =x"+ Y oing GA 140 Orciona cremyer, aro BekTOpA Xi\]’l u Xi,\; mpu-

HAJJIe2KAT OJHOMY U TOMY K€ HOJIIPOCTPAHCTBY KPBIIIOBA 1 MOTYT OTJIMIATHCS

TOJTBKO KodpdurmenTamMu. Tak Kak BEKTOP xé\g SABJISIETCS PEIIeHNeM 3aa4dn

MUHAMHU3AIIa  min (AzN zY ), rae zV = z* — xV, 10 crpasesymBO HEpa-
N exO+K

(Azi\g, zi\g) = erél;glJr’C(AzN,zN) < (Azgl,zgl).

BEHCTBO
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PIRITS zi\g nMeeM zé\,fl = Hf\]:l(l —1;A4)Z° u cieyrontyio oneHKy:

N N
lzZilla < I T = m)lale®la = T = mA)lallz|la <

i=1 i=1

2
< —x 214 <2a|2°a, @

V-
TR VM + ym’

Teopema mokaszama.

VYrBepxkaeuue 16.1 B memode conpascennvix 2paduenmos Heobro0umvLmu U
dOCMAMOUHBIMYU YCAOBUAMU MUHUMYME Pyrkyuonase F(x™) = (Ax™,x™) —

2(b,x™) Odasa moboeo m > 1 aeasomca pasencmea (r™,r7) = 0 npu j =
0,1,...,m—1.
VYrBepxkaeuue 16.2 B memode conpasicennvi 2paduenmos i A106020 m >
2 umerom mecmo coomuowerus opmozonarvrocmu (Ar™ r?) = 0 npu j =
0,1,...,m—2.

JIeknua 17. 3ajauyy Ha cOOCTBEHHbIE 3HAYECHUS

Hanomuum, 910 HeHysIeBO#l BEKTOp €, yJOBJeTBOpsiomuil yciaosuio Ae = le
HA3bIBAETCS COOCTMBEHHHIM GEKMOPOM, TIPH ITOM A HA3BIBACTCI COOCTMEEHHHIM
wucaom. Muorowren P(A) = det(A — AI) Ha3bIBaeTCSl TAPAKMEPUCTIUNECKUM
MHO204AEHOM MATPUIIBI A, ero KOpHU CyTh cobcTBeHHble uncia. Marpuma A
HA3BIBAETCS MATPHUIIEH Npocmotl cmpykmypol, €Cid ee COOCTBEHHBIE BEKTOPA
e, ey, ... ,e, obpasyor 6asuc B C”.

[IycTs S — mpou3BoJIbHAST HEBBIPOXKJIEHHAS MATPHUIIA. [ OBODSIT, ITO MATPHILHI
onunakoBoil pazmeproctu A u B = ST'AS nodo6rwi, a Marpuna S ocyecTs-
JIeT moobue.

YrBepxkaeuue 17.1 Jas npoussosvroli sewecmeennot mampuyb, A € R™*™
Hatidemea eusecmeenhan opmozonasvhas mampuya Q@ € R™ ™ maxas, wmo

Rll R12 le
OTAQ—Rr—| 0 B2 . B
0 0 ... Rum

2de xadrcowli duazonanvrul a0k Ry (m < n) npedemasasem coboti aubo ee-
weemeenHoe cobemeentoe 3navenue, Aubo 2 X 2-Mampuyy, 0mMeeuawyo co-
NPAAHCEHNHOT NAPE KOMNACKCHBLT COOCTNEEHHDIT 3HAMEHUT.
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Marpuity R HazbiBaroT deticmsumenvnots gpopmoti Illypa, n3 KOTOPOit MOK-
HO JIEIKO OIIPEJIEJIUTh COOCTBEHHBIE BEKTODPBI M COOCTBEHHBIE UUC/IA UCXOJHOMN
MaTPHUIIBI.

JIemma 17.1 ITycmo B = ST1AS, m.e. mampuyvt nodobns. Tozda \p = A4,
eg=S5"ley.

HokazareabcrBo. CobCTBeHHBIE 3HAYEHUsT B HAXOIUM U3 YCJIOBUS

0 =det(B — M) =det(S7'AS — AS71S) = det(S7H(A - \I)S) =
= det(S71)det(A — M )det(S) = det(A — \I).

Cobcreennble 3nadenuss MaTpull, A u B coBnajaior, Tak Kak paBHBI XapaKTepu-
crudeckue MHOrowieHbl. 13 ycious Ae = )\ e umeem

S~1ASS le=AS"te, BSle=\S"le,
T.€. CO6CTBeHHbIe BeKTOpr € s U ep CBA3aHbl COOTHOIIIEHUEM €ep = S‘leA.

JlemMma 17.2 ITycmo A — CuMMEMPUUHAA MEAMPUUQ PASMEPHOCTAU T X T, A €
R!, x € R™ — coomeemcmeento npouscoavbhoe “ucao U 6eKmop, npuem
[Ix|]2 = 1. Tozda cywecmsyem cobecmeennoe snaverue A\, mampuyv, A, ois
romopoeo |\, — Al < [|Ax — Ax||2.
Hoxka3zarenbcrBo. Ilycrs {e;}, k= 1,...,n — nojHas OPTOHOPMHPOBAH-
n
Hasl cucTeMa COOCTBEHHBIX BEKTOPOB MaTpullbl A, X = E crey. Torma
k=1
n
2 2 2 : 2|12
[[Ax = x|l = Y (A = X)*c; > min(Ax — A)?|x]13.
k=1

Tak Kak MaJible U3MEHEHUsI 3JIEMEHTOB MATPUIBI MOI'YT IIPUBOJUTH K CyIIlE-
CTBEHHBIM M3MEHEHHsIM COOCTBEHHBIX 3HAYEHMI M OIpejenuTesisi (CM. IpUMep
JUIS MATPUIBL Y UIKUHCOHA), TO 3a/a9a HAXOXKIEHHS COOCTBEHHBIX 3HAYCHUN
OTHOCUTCS K UHUCJIy HEYCTOWIHWBBIX, & aJTOPUTMBI €e PeIleHus, OCHOBAHHBIE Ha,
MPUOJIMKEHHOM ITOCTPOEHUS XapaKTEPUCTUIECKOI0 MHOIOUJIEHA U BHIYUCICHUN
€ro KOpHEeil, Ha MPaKTUKE OOBITHO HE ITPUMEHSIOTCS.

CremneHHON MeTOZ. AJITOPUTM BBIMKUCJIEHUS] MAKCAMAJIBHOTO 10 MOJLYJIHO
COOCTBEHHOI'O 3HAYEHNS A MATPUIbl A uMeeT BUI

(xF+1, xF)
(o, %)

IIpu ero MpakTUYECKON peanus3alnuy Ha KasKJIOM Iare HOPMUDYIOT TeKyIIuit
BexTop: X* := xF /||x"||s.

<Pl = AxF, AF = ,xXP£0; k=0,1,2,....
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Teopema 17.1 ITycmv A — mampuya npocmots cmpykmypor. ITyemo |A1| >

[A2] > [A3] = ... > |Au| u L — aunetinas oboaouka ez, e€s,...,e,. Tozda dan
cmenennozo memoda npu ycaosuu X° & L cnpasedausa ouyenxa N = A\ +
O(|A2/M ")

Hoxkazarenscrso. [lycrs x° = Y"1 | ¢;e;. Torna

n n
1 1
xP = ci\Fe; + E cidFe;, xFH = ¢ A\ le; + g ciMTle;, ¢ #0.
i—2 i—2

Orcroma cireryer, 9To

n k
(xF,xF) = 3 cicj)\f)\?(ei,ej) =M (140 (R—f )),
ig=1
(xFH x*) = _Zlcichf“Af(ei,ej) = (1+0 (R—f
i,j=

)

gL k)
(2%, F)

CaencrBue 17.1 Ecau 6 ycaosuu Teopemwv, 1 mampuuya A aeasemcs cum-
MempuaHoti, mo 0Aa cmenennozo memooda cnpasedauea ouenka \F = A\ +

O(IX2/Ai?F) .

IMosromy =M+0 (|)\2/)\1|k) . Teopema nokasaHa.

JI0Ka3aTeIbCTBO B TOYHOCTH TIOBTOPSIET JOKA3ATEIbCTBO IPEIBLIYINEH Teo-
pembl. Bostee cuibHAs CKOPOCTH CXOAMMOCTH IOJIyYaeTCs U3-32 OPTOHOPMHPO-
BAHHOCTH (€;, €;) = J;; 6asuca {e;}.

CaencrBue 17.2 ITycmo mampuya A pazmeprocmu nXn umeem n passusHuLT
no modyaio cobemeennms anavenuti. Ipednoaoscum, wmo x° npunadaesicum
AURETHOT 000A04KE HEKOMOPHIT COOCMBERHLIT 8EKMOPOS €, , €y, - - ., €i,, HO HE
NPUHAONEAHCUM HUKAKOT UT Aunetnol nodoboroure. Tozda umepayuu cmenem-
H020 Memoda 6 MouwHOU apuPMemuKe CLOOAMCH K MAKCUMAGALHOMY TO MOOYAIO
Aus N, 1<k<t.

ITpu ymcIeHHBIX pacyeTax Kak IpaBujio (KOHEIHO, BOSMOYKHO UCKII0YeHne: A =

2 0 0 T . .

( 0 1 ) , x°=1(0,1)") umeercsa HenysneBoil (BOZMOXKHO GJIM3KHI K MAIIMH-
Hoit morpentHocTH ) K03 bHUIMERT ¢1 B pasnoskeHnn X 0 BEKTOPAM €;, TOITOMY
METOJT CXOAUTCA K A| — K MAKCUMAJIBbHOMY 110 MOJLYJIIO COOCTBEHHOMY 3HAYEHUIO.
CX0ouMOCTb K CJIEYIONEMY 10 aDCOIOTHON BEJIUIMHE Ao MOYXKHO OOECIEYNTH
TOJIBKO TIOCTOSTHHBIM MCKJIIOYEHUEM KaKUM-JIN0O CIIOCOBOM BEKTOpa €1 U3 0Ye-
peamoro npubmmkenns x*. Hamnpumep, MOXKHO BBIYHCIHTDL €, — COOCTBEHHBIIH
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BeKTOp conpsizkennoit marpunel AT, cooTBeTcTBYIOMMUIT A1, 1 OPTOrOHAIN3OBEI-
BaTh X" K &.

Metoa obpaTHOil uTeparumu. DTOT METOJ, MO CYTH COOTBETCTBYIOIIHIA
CTENeHHOMY METO/Y JIJId MaTpuilbl A~!, IPUMEHSIOT /s BHIYUC/ICHISA HANMEHD-
IIIEr0 IO MOJIYJIIO0 COOCTBEHHOTO 3HATMEHUST A:

( k k+1)
Xk = Xk/||xk||27 AXkJrl = Xk7 )\k =

x". x
(xFHT, xk+T)"

k1 — ik

IIpu 3TOM Ha KaxKJI0M Iare aJropurMa Tpedyercs pemars cucremy Ax
Teopema 17.2 ITycmv A — wmampuya npocmots cmpykmypo.. ITyems |Ai| >
[A2| > |As| > ... = |An—1| > |An| u L — aunetnas oborouka e1,ea,€s,...,€p_1.
Tozda ons memoda obpammnoti umepayuu npu ycrosuu X° & L cnpasediusa
ouenra \¥ = X\, + O(|A\n/An—1]F).

CreneHHoll MeTOM, U METOJT OOpPATHON WTepaI MOXKHO TAKXKe MPUMEHSIThH
kK Marpune A — ¢l, 9T0 MO3BOJISET BJMITH Ha CXOAMMOCTL. Hampumep, ecian
C BBICOKOH TOYHOCTBIO U3BECTHO MPUOIHKEHUE A K HEKOTOPOMY COOCTBEHHOMY
3HAYEHUIO A\, TO MeTOJ OOPATHOIl MTepalui C MapaMerpoM ¢ = A\ OBBIYHO CXO-
jgures 3a 1-2 ureparun. CKOPOCTh CXOJMMOCTH CYIIECTBEHHO 3aMeJIJISeTCsl IPU
BBIYHCJIEHUN OJHOTO U3 TPYIIILI OJU3KUX COOCTBEHHBIX 3HAYEHUI.

Teopema 17.3 Ilycmo cobecmeertbie 3HAUEHUS CUMMEMPUYHOT Mampuss A
ydosaemsopaom uenouke Hepasencms A1 < Ay < ... < A,. Tozda umepayuon-
HoLl npouecc
(xh 41, xb)

o xF)

8 3A4BUCUMOCTNU OM NAPAMEMPA C CTOOUMCA K MAKOMY N, OAA KOTMOPO2O CNPA-
8edauso |As — ¢| = max|\; — ¢|. Ipouecc cxodumes x A1 npu ¢ > (A1 + Ap)/2
K]

XM = (A —ceDxP, N =c+

uru Kk Ay npu ¢ < (A1 + An)/2. Cropocmuv cxodumocmu pasna O(g*™), 2de
g =max|A; —cl/|]As — .

Teopema 17.4 B ycio8uaAT meopemvl UMEPAUUOHHBLT NPOUECC CTOOUMCH K A1
¢ nauayuwel ckopocmovio npu c1 = (A2 + A\p)/2, crodumes x A, ¢ HauAywwed
cKopocmbvio npu ¢, = (A + Ap—1)/2.

JokazaTeabcTBo. 13 Teopembl cieyer, 9TO ONTUMAJIbHOE 3HAUEHUE Cy JIJTST

s = 1,n gaBasieTcsd pellleHneM CJeAyIonieil MUHIMAKCHON 3a/1a9u: min mjx A —
C 1#£S

c|/|As — ¢|. PaccmarpuBaemas dbyHkims JuHeiiHa mo \;, MO9TOMY HPUHUMAET

MaKCHMAJbHOE 3HAYEHNE B TPAHWIHBIX TOUKax. Hampumep, npu s = 1 910 Co-

orBercrByer minmax{|Az2 — ¢|/|A\1 — ¢|, |\ — ¢|/|A1 — ¢|}. Moxuno nokazarb
C
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(nampumep, rpaduueckn), 9TO ONTHMAJbHOE 3HavYeHre ¢ = (Ag + A, )/2. AHa-
JOTUIHO ¢, = (A1 + Ap—1)/2. CKOPOCTBH CXOAUMOCTH CTENEHHOTO METO/A IIPU
OITUMAJBLHOM CIBHUTE 3aBUCHT OT A1,..., A\, U HE MOXKET CTATh CKOJIb YT'OJIHO
BBICOKOM 38 CYeT ITapaMeTpa CABHTA.

Teopema 17.5 [lycmo cobecmeernvie 3HAUEHUA CUMMEMPUYHOT MAMPUUDL A
ydosaemsopsarom yenouke nepagenems A1 < Ay < ... < A,. Tozda memod 06-
pammoti uMmepauuy co co8uzom

(x*, xM)

k41 _ ok 3k
(A—c)x" =x" N=c+ L, k1)

6 3a4BUCUMOCTIU OM NAPAMEMPAE ¢ CTOOUMCH K A¢, OAA KOTMOPO2O CNPAGEIAUBO
At — ¢| = min|\; — ¢|. Cropocmv cxodumocmu pasna O(g*"), 2de ¢ = |A¢ —
3

cl/ H;in |A; — ¢|. IIpouecc 6 3a8ucuUMOCTIU OM BHAUEHUA C MOHCEM, CTOOUMBCA K
it
arbomy A¢. Ilpu smom ¢ — 0, ecau ¢ — As.

CKOpOCTH CXOAMMOCTH METOa OOPATHON MTepallii CO CABUIOM MOXKHO 3HAYH-
TEJbHO TIOBBICUTH, €CJIN U3MEHATh 3HaUEHUe CJIBUTa OT Imara K mary. PaccMor-

(Ax,x
(x,x)

Teopema 17.6 ITycmo A = AT. Toz0a

puM bysrmio Ra(x) = , HA3BIBAEMYIO omHowenuem Pajes.

Amax(A) = max Ra(X), Amin(4) = min Ra(x).
x#0 x#0

HokaszarenabcTBo. [lycrs \; — i-e cobcrBenHoe 3HaueHue u Ae; = \;e;. U3
yeaosus A = AT ciesyer, uTo cobCTBEHHBIE BEKTOPHLI 00Pa3yI0T OPTOHOPMALIb-
(Ae;, e;)

(eu ei)

BEKTOP X B BUJIE PA3JIOXKEHHS 110 COOCTBEHHBIM BEKTOPAM, MOJIYIUM TPeOyeMbIit
pe3yJIbTar.

ubi 6asuc. Ilpu stom \; = = (Ae;, e;). IlpeacraBus pOU3BOJILHbII

Jlemma 17.3 Iycmv A = AT. Tozda ¥x € R"™ u Vu € RY umeem mecmo
CBOTUCMBO MUNUMAALBHOCTIY HEBAZKU

I(A = Ra(x) I)xl2 < [[ (A = pI)x]2.

JlokazaresbcTBO. MurmMyM KBaapaTmaroi o u dyakmmn ||(A—ul)x||3 =
(Ax, Ax) — 2u(Ax,x) + p?(x,X) gocruraercs npu p = R (x).

HepapeHcTBO 13 J1eMMBI TOKa3bIBaeT, YTO HAUJIY IIINA CABUT JJIsS METOa, 06-
PATHOI HTepAIIH, KOTOPBIA MOYKHO HOJIYYHTh U3 HAllJEHHOIO IPHUO/IIKeHHsT X*

K COGCTBEHHOMY BEKTODY, ecTh oTHomenne Pages R4 (x¥). IIpu Takom BBRIGOpE
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C/IBUTA CXOJIMMOCTH K COOCTBEHHOMY BEKTOPY, €CJIU OHA €CTh, SIBJIeTCsa KyOude-

CKOI: klim lokt1/93] < 1, Tiie @ — yroua Mexry COGCTBEHHBIM BEKTOPOM € U
—00

ero npubamKenneM x~.

Teopema 17.7 IIycmv memod obpammotl umepayuy, co cdeu2om CToOUmMcs K

cobemeentomy navenuio Ae mampuys A = AT. Tozda

1
Ae = M| € —r
e =1 = ey

m.e. seaununa |xF1|5 1 zapaxmepusyem cropocmu crodumocmu umeparuon-
1020 npoyecca.

JoxkazaTenbcTBo. s npubmmxennit xF, xF+1

o CIIpaBEIJIMBO BbIPpazKEHUE

(AXk+17Xk+1) (Xk7Xk+1)

Ra(xFthy=x"2"__ = J _ St e A
A(x") (xh+1, xh+1) ct (xh+T, xk+1)

MeTojia 06paTHOM urepa-

=\

Orcrofa v U3 JIeMMbI TIOJTy9aeM, ITO

1= |lx*]l2 = [[(A = eD)x" 2 > [[(A = Ra(xM ) D)x" 2 =
= [[(A = A D)x* o > min [A; — AF[[[xH .

U Tak Kak MeToJ cXoauTest K A., To min |\; — A¥| = [\, — A¥|. Orciona cmemyer
K]

uckoMasi oneHka. Teopema Joka3aHa.

PaccMOTpUM MeTObI HAXOXKJIEHUsI HECKOJIBKUX (BCeX) COOCTBEHHBIX 3HAYE-
HUI U TOWCKa WHBAPUAHTHBIX mojanpocrpancTs. [Tommpocrparncrso H C R™ na-
3BIBAETCS UHBAPUAHMHbLM nodnpocmpancmeom marpunsl A, ecoim AH C H.
B kavecrBe H MOKHO B3s1Th, HaIpUMep, NOAIPOCTPAHCTBO span {e;,, ..., e },
SIBJISIFOIIIEECS JIMHENHON 000JIOUKOI COOCTBEHHBIX BEKTOPOB €.

Teopema 17.8 Ilycmv A — mampuua pasmeprocmu n X n u X = span <
X1, ... ,Xm >, X; € R™ — nodnpocmpancmeo, sadasaemoe aunetino ne3asucu-
momu cmoabyamu, X = (X1 ... Xy) — coomeememeyrowas mampuya. I1oo-
npocmparcmeo X mozda u moavko moz2da ABAAEMCA UHBAPUGHIMHBIM OMHO-
cumenvro A, xoeda natidemcs maxas mampuya B pasmeprocmu m X m, wmo
AX = XB. B caywae m = n cobcmseeHHvle 3HAUEHUA MAMPulb, B 6ydym cob-
CMBEHHBIMU 3HAYEHUAMU MAMPUYDL A.

JeficTBUTEIbHO, WHBAPUAHTHOCTD IIOAIPOCTPAHCTBA O3HAYAET, YTO CyIIe-
m

CIBYIOT KOHCTAHTBL ¢; Takue, uro Ax; = ) ¢;X;. B mannom ciydae Ax; =
Jj=1
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n

> bjixj. Ecom ke m = n, o B = X 'AX n marpunst nono6usl. Ecim
j=1
Ax; = \ix;, o B = diag(A1, ..., Am).

OproronanbHas urepanus (MeTox nTeprpoBaHus HOAIPOCTPAHCTB). Pac-
CMOTPUM CJIEY IO UTEPAMOHHBINA AJITOPUTM HAXOXKJICHUS 1M-MEPHOTO NHBA~
PUAHTHOTO IOJITPOCTPAHCTBA MATPHUILI A, 00Pa30BAHHOTO JIMHEHHOW KOMOUHA-
el COOCTBEHHBIX BEKTOPOB, OTBEYAIONIUX 1M HAMOOBIIUM II0 MOJIYJIIO COD-
CTBEHHBIM 3HaYeHUsAM. Bo3bMeM MPOU3BOJIbHYIO MaTpuily Vo € R™ ™ ¢ m op-
TOHOPMHUPOBAHHBIMU CTOJIOIAMM;
mrs k= 0,1,... Berancanm

Wiq1 = AVy;

W41 = V41 Ri41, T. €. mpoBeeM OPTOHOPMHUPOBKY cTOJIOTI0B Wi 1;
noka Vi u Vi1 3HAYUTEIBHO OTIIMYAIOTCS.

Sameuanmne. Ilpu |\,| > |Amy1] 1 ecrecTBenHbIX yeimoBusx Ha V) Me-
TOJT CXOMUTCsI, W CTOJIOIBI MATPHUIBI Voo 3aJaI0T 6a3uC B MCKOMOM HWHBApU-
aHTHOM moipocTpancTBe. CKOPOCTH CXOAUMOCTH XapPaKTEePU3YeTCsT BETNIMHOMN
|)‘m+1/ Am |

Q R-anropurMm. Moudunupyem MeTo 1 OpTOrOHAIBHON HTepaIuu Tak, 4To-
Obl 0H (Kak U MeToJ; OOPATHON UTEpPAIH) JIONYCKAJ CABUIY 1 OOPAINEHUs MAT-
pHIBL. DTO TPUBOIUT K () R-ayropurMmy — HanboJiee MOy ITPHOMY METOJLY Bbi-
YUCJIEHUsT BCEX COOCTBEHHBIX 3HAYEHUI W BEeKTOpoB Marpuibl A € R™*™ ne
caunIKoM 6oJtbInoi pazmeproctu. [loyoxkum Ay = A;
mrs k=0,1,2,... Berancianm

Ay, = Qi Ry, rie Qi — oproronajibHas (B KOMILIEKCHOM CJIy4dae

— yHHTApHAs) MaTpura, Ry — BEpPXHsisd TPEyroJbHAsI MATPHIA;

onpenenum Agy1 = RpQp.
moka Aj+1 3HAYUTEIHHO OTIIMIACTCH OT BEPXHEH TPEYTroJIbHON MATPHIIBL.

Jlemma 17.4 Cob6cmsennvie s3naverus mampuy, A u Ax us QR-aszopumma
npu k =1,2,... cosnadarom.

HoxkasarenbcrBo. Tak kak Ay11 = RpQr = QF (QuRi)Qr = QF AxQy, To 13
Q;l = QT caenyer, uro marpunpt Agi1 1 Aj OPTOrOHAIBHO TOJOGHBI U UMEIOT
OJ/INHAKOBBIE COOCTBEHHBIE 3HAYCHUSI.

OrmMernM, 9TO B CJIy9dae HEBBIPOKIEHHOM MATPHIIBI () R-pa3iiozkeHue ¢ moJio-
KUTEJIbHBIMU 3JIEMEHTAMU T';; TPEYTrOJIbHON MATPUIlbl R e IMHCTBEHHO, ITO3TOMY
B JlaJibHelieM OyaeM 1moJiaraTh r;; > 0 i KaxK10# BepXHeil TpeyroJibHOi MaT-
PHIIBL.

Jlemma 17.5 Ilycmo A — mampuya ud QR-aszopumma, a Vi, — us memoda
opmozonanvroti umepayuu das m =n, Vo = I. Tozda Ay, = VI AVj,.
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HdokazareanbcTBo. IIpoBepum papercTso Ay = VkTAVk o wHAyKIwmu. s
QR-anropurma umeem: A = Ag = QoRo, A1 = RoQo = QF AQo. s merona
oproroHajbHOil ureparmuu umeem: Wi, = Al = A = V1 Ry. Orciona Vi = Qo,
Ay = ViT' AV;. Basa nnykuun nposepena. Iar unpyxmum: nycrs Ay, = VI AV,
Torma ms Q) R-ajaropurma nMeemM

Apr1 = QL AkQr,  Apy1 = QFVIAVLQy.

T.e. 151 TOKA3aTEIBCTBA JIEMMBI HEOOXO/IUMO MMOKA3aTh, 9T0 Viy1 = Vi Qy.

Cornacuo mary ungaykinun AVy = Vi Ay, Tak kax st Q R-ajaropurma nme-
eM, uro Ar = QrRi, 0 AV = Vi Qi Ri. Ho nyi MeToma opToroHa/bHOM uTe-
pamuu Wi = AVy, = Vk+1Rk+1- B cuny emuncrBennoctn () R-pas3iioxKeHus ¢
[TOJIOYKUTEJILHBIMU JIEMEHTAME T3; moayanM VipQr = Viy1, Ry = Rk+1. Jlemma,
JIOKa3aHa.

VYreepxkaenue 17.2 I[lycmwv ece cobemeennvie wucaa mampuuyst A no mody.ato
padauywkol. Toeda QR-aszopumm crodumes ¥ deticmeumenvroti gopme Llypa
— "noumu eeprreli mpeyzorvrol" mampuue Aoy, 0as Komopol cobcmeerHble
BHAMEHUA BBIYUCAIIOMCS AGHO.

IIpumep 17.1. it maTpunsr A = ( (11 0
naer: Ag = A1 =...= A, Vk.

QR-anroputMm co caBurom. CKOpPOCTh CXOAUMOCTH () R-aaropurma MOXKHO
CYIIECTBEHHO TIOBBICUTD, €CJIA IIPUMEHSTh PA3JIOXKEeHUe K MaTpuiam suga Ay —
ci I. Tomoxkum Ag = A;
it k= 0,1,2, ... Beraucjum

Ay — el = Qi Ry;

Apy1 = RpQp + cil.
1moKa Aj41 3HAYUTETIHHO OTIUIACTCS OT BEPXHEH TPEYroJIbHON MAaTPHIIBHL.

Ecin ¢, BbIOpaTh paBHBIM HEKOTOPOMY COOCTBEHHOMY 3HAYEHHIO, TO Y MaT-
punibl Ry, Ha JuaroHaJId MMOSIBUTCS HyJIb, IIO9TOMY MOXKHO HAWTH COOTBETCTBY-
ONTHiT COOCTBEHHBIN BEKTOD, U 3aja4dy juist Apy1 chopMysmpoBaTh Kak 3a/1aqy
Ha eJINHUILy MEHbIIel PA3MEPHOCTH.

> npuMenenue () R-ajgropurma

Jlemma 17.6 Cob6cmeennvie 3nauenus mampuy, A uw Ax u3 QR-anzopumma co
cdsuzom npu k =1,2,... cosnadarom.

HokazareabcrBo. [lokaxkem, uro marpuiibl Ax U Ag41 HOTOOHBL:
A1 = RiQx + ol = QF (QrRi + cx)Qr = Qf ApQ.

JlemMa, nokaszaHa.
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ITpu mpakTUYECKOM HCIOJIB30BAHUU METOa CHAJYaJja [MPOBOJAT MacIITabu-
poBaHune (ypasHOBelInBaHHe) MaTpuipbl A, cOIMXKarolee ee HOPMY CO CIIEK-
TPAJILHBIM PAIUYCOM, & 3aTeM IPUBOIAT K BepxHeil dopme Xeccenbepra H (h;; =
0 upu i > j+ 1), Koropas uHBapHaHTHA OTHOCUTEILHO () R-urepanuii. Camo ke
pasJioyKeHne NpuMeHsoT K Marpunam suga Ag —cg I. [loaroe obocnoBanue Q) R-
aJI'OPUTMa Ha JAHHBII MOMEHT OTCYTCTBYET, OJJHAKO JjIs IPAKTUIECKUX 33189
MeToJ1 paboTaeT cTabUJIHHO.



4. IIpubmmxenne pyHKITHIA

Jlekiuga 18. IlormmHOMMAaIbHAS MHTEPIIOJIAINS

IMyctb a = 1 < 23 < ... < T, = b — HAGOP Pa3AMIHBIX TOUEK (Y3JIOB)
Ha OTpe3Ke [a,b], B KOTOPBIX 3a/aHbl 3HAYEHUsI JIOCTATOYHO IIAJKON (DyHKIMN
f(x) rak, aro f; = f(x;),i=1,...,n. Tpebyercs nocrpours Muorouied L, (x),

NPUHUMAIOIINIA B TOYKAX X; SHAYEHUS [, ¥ ONEHUTH MOTPENTHOCTD MPUOJIAZKEHUST
Ha BCceM OoTpe3Ke [a, b] B paBHOMepHOI HOpMe.

IIpumep 18.1. na dbyukuuu Pynre f(z) na orpeske [—1, 1] na

B 1

© 2522+ 1

PaBHOMEPHOI ceTke T; = x;—1 +h Oyuem umers  max | f(x)— L, (x)| — oo
0.726...<|z|<1

apu n — o0.

IIpumep 18.2. Ha paBrOMEpHOIT ceTKe TaKXKe HeT cxoauMocTu B C-HOpME 71t
dyukiun |z] ma [—1,1].

Teopema 18.1 JTas a060i mabauyss y3r06 unmepnoasyuu (..., xl), 3a-
dannotli wa ompeske [a,b], cywecmeyem makaa HENPEPLIEHAA NG IMOM OMPESKE
Pynwyus f(x), wmo noepewnocmo ||f(x) — Ly (z)|| 6 pasromeprot nopme e
CMPEMUMCA K HYAIO NPU T — 00.

Sameuanmue. Ilocrpoerne L, (x) HopMasbHO IKBUBAJIEHTHO 3a/1a9€ HAXOK-
n—1

nenust Ko dUIMEHTOB ¢; U3 CUCTEeMbl yPDABHEHUH » clx; =fjopuj=1,...,n.

i=0

ITosToMy cylecTBOBaHME U €IUHCTBEHHOCTH MHOrO4YIeHa Ly, (x) crenenu n — 1,
MPUHUMAIOIIErO B N PA3JIMYHBIX TOYKAX 3a/[aHHbIE 3HAYEHUS, CIe/IyeT U3 HEeBbI-
POKJICHHOCTH JIAHHON CUCTEMBI — OTPEJIEUTENb 3aa9H SIBJISIETCST OTJIMIHBIM
oT HyJisi onpejesmreieM Bangepmorga. OHako npu 60IbIIUX 1 CUCTEMa, OJII3-
K& K BBIPOXKJIeHHOM. /leiicTBUTE/IBHO, MOKHO CUMTATH, YTO Y3JIbI HHTEPIIOJISIIII
upunagyexkar orpesky [0, 1]. Toraa cerounbie byHKIMN x;_Q, x;f_l npu 60JIb-
IIUX 7 TOYTH HEOTJIMYNUMBI, T.€. 6a3KC U3 JAHHBIX MHOTOYJIEHOB TIOYTH JIMHEHHO
3aBUCUM, 8 COOTBETCTBYIOIINE CTOJOIBI MATPHUIILI TIOYTH PABHBI.

ITosTOMY TP YMCJIEHHOM TOCTPOEHUN Ly, () OOBITHO He BBIYUCISIIOT KOI(D-
BUIMEHTHI ¢;, & MOCTYIAIT CJAELYIOMUM 00pa30M.

NMuaTepnonsimuonablit MHOrOowIeH Jlarpan>ka. [Ipusesiem B siBHOM BHjIE
BCIIOMoOraTesibuble MHOTOWIeHbl P, () crenenu n — 1, yIOBJIETBODPSIOIKE YCIIO-
BusM ®;(z;) = 1, ®;(x;) = 0 mpu j # 4, U manee ¢ UX IOMOIIBIO BAIHIIEM
dopMyILy IjIsl ICKOMOI'O MHTEPIIOJIAIMOHHOIO MHOTOUJIEHA:

n

®i(x) = 1:[1 % o Lp(z) = X;fz ®;(z) .
i =
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MHuorousen Ly, (2) Ha3bIBa€TCsI HHTEPHIOJIAIMOHHBIM MHOIOWIEHOM B (hopme Jlarpas-

»ka. Tak Kak MHTEPIOJSIIMOHHBI MHOTOYWIEH eJMHCTBEHEH, TO Ly, () ecTsb pe-
IIIeHNe TIOCTaB/IeHHOM 3a1a4u. Eciim B TOYHOU apudMeTrKe MIPpUBECTU 0 I00HBIE
cjaraeMble, TO OyIyT MOJIy9YeHbl T€ Ke 3HadeHus KOI(DMOUINEHTOB, 9TO U IPU
perrreHnu cucTeMbl. [Ipn 9UC/IEHHBIX pacdeTax 3TOro JejaTh He PEKOMEH IYeT s,
TaK KaK BbIUYUC/IATE/IbHAS [IOMPEIIIHOCTD B CJIydae DOJIBIIIX 7, MOYKET CYIIECTBEH-
HO MCKAa3UTh OTBET.

Ormerum, 9TO ecyiu KO3 PUIUEHTH MHOTOYJIeHa U3BECTHBI, TO MOXKHO IIPH-
MEHUTH CJIEAYIONIYIO cXeMy Bbraucjenus L, (z):

Ly(x)=(..((che1x+cn2)xz+cn_3)x+...)x+ co.

Takast dpopma 3anmucu MMeeT HEYJIyUIIaeMoe M0 MOPSIKY YUCI0 apudMernde-
ckux geiicreuit O(n), Heobxonumoe it HaxoxKaeHust Ly, ().

Teopema 18.2 ITycmov f(x) € C"[a,b]. Tozda das awbolG mouku x € [a,b]
cywecmeyem maxas mowka {(x) € [a,b], wmo cnpasedauso pasencmeso

() (£(z n
f(x) = Lp(x) = FE@) wn(z), ede wy(x)= H(ac — ;).

n!
i=1

HoxkazareabcTtBo. Ecim © = x;, To paBencrso oueBuano. s duxcupo-
BaHHOIO & € [a,b], © # x; nocrponm byskmuio o(t) = f(t) — Ly (t) — Kwn(t),
f(z)—Ln(z)

w(z)
no teopeme Posnst ¢ () paBHA HyJIO B HEKOTOPBIX 1 TOUKAX, U T.I., ga(”) (t) —
B HexoTopoit &(x) € [a,b]. Uz yenosus o™ (&(x)) = 0 u swiGpamoro ais K
[ @) _ f@)=Lale)

! o)

e K = . Torna ¢(t) obpainaercs B Hyslb B TOYKAX T, X1, ...,Tn;

IpeJicTaBieHust HaxoauMm K =

CaenctBue 18.1 Hmeem mecmo caedyouwan OUEHKA NOZPEWHOCTIU 6 PABHO-
MEPHOT, HOPME

() (3
17@) ~ L@ < Wy @y, i s = sup 1)

z€la,b]

n
Besmuuna A, = m[aX] > |®;i(x)| HasBIBAETCH KOHCMANMOG Jlebeza unmep-
x€la,b i=1

NOAAYUOHHO20 NPOYELCCq. SHAYEHUE N, 3aBUCAT OT B3aUMHOIO PACIIOJIOKEHUS
Y3JI0B, & CKOPOCTD €€ POCTa IIPY YBEJMICHUH 1 BJIMAET HA CKOPOCTDH CXOIUMOCTH
muOrowieHa Ly (z) k dyukiyun f(z) B paBHOMEPHOI HOpME M Ha OIEHKY JJIsi
BBIUKCJ/INTEIHLHOM TOIPEITHOCTH WHTEPIIOJISAIIAHN.

Hanpumep, 1151 cucTeMbl paBHOOTCTOSIIIUX Y3JIOB A, PACTET SKCIIOHEHIMA b-
HO, T.e. 012”/n3/2 < Ap < (52", a TOCTPOEHHBIHN HA TAKOW PABHOMEPHOU cEMKE
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UHTEPIOJIAIUOHHDIN MOJUHOM Ly, (T) 1pu GOJIBIIOM YHC/Ie Y3JI0B MOXKET NPHUH-
[UIHATBLHO OTJIMYATHCS OT npubsmkaemoil byuknun. Hanpumep, mist Gy HKimm
Pynre na [—1,1] umeem || f(z) — Lp(x)|| > ep™, € > 0,p > 1. B s1oMm ciyuae
NPHUHSTO TOBOPHUTH, UTO AJATOPUTM MMEET HACHIICHUE.

s 9e0bIméBCKUX y3/10B BepHA orneHka A, < Cslnn. U ecom f, manpumep,
dynkums PyHre wim npousBosibHAs aHAJIMTHYECKAs B KAXKJIOH TOYKE OTPE3Ka
dyHKIWs, TO I 9eOBIIEBCKUX Y3JI0B UMeeT MecTo oneHka ||f — Ly || < Cq™,
q < 1, rie Bestmannnt g, C' we 3apucat or n. Cle0BaTENbHO, TOIPENTHOCTD YObI-
BAET C POCTOM 7, ¥ AJITOPHTM SABJISIETCS AJITOPUTMOM €3 HACBHIIEHUS.

MuHUMHA3aIs OCTATOYHOTO YIEHA HOTPEIITHOCTH. 3aIUIIeM MOy IeH-
HOE€ PaHee NPEJICTABICHAE HOIPEITHOCTH

(n)

fx) =
Pacemorpum kimace dynkmuit F = {f : f € C™[a,b],[|f™|c < An}. daa

Habopa y3710B {Z;}] ONpenesM COOTBETCTBEHHO IIOIPEITHOCTH MHTEPIIOJISIN
i dyuknun f u s kiaacca Fo

Wfidza}) = If = Lall,  1(F{i}) = sup I(f, {z:}).
fer
Hac nHTepecyeT onTuMasbHbIil HAG0D y3710B {T; }:
It I(F, ) = (7, {22}) = ().
Bosbmem HekoTODBIH Habop {z; }. Torma

F (E(x))
n!

An
U(F {zi}) = sup | wn (@)[| < —lwnll
fer n.

Ay
Orcrona corestyer, 9ro {mf} UF, {x;}) < = {mf} lwnl]|. Pemenunem 3amaun
T

* n!
inf ||wy,| = inf max [(x —21)...(z — x,)| ABIsIETCH HOPMUPOBAHHBINA MHO-
{z:} {zi} z€[a,b]
_ 2i—1
rowten Ye6pimésa, x; — ero xopum: x; = %L + 252 cos 7r(22—n) IIpu aTom

wale) = (b— ) 2T, (W} c Ml = (b — a2 =2,

DTO TMPUBOIUT K OINEHKE

. ATL nol—2n
{lilgl(f7 {x:}) < F(b— a)"2 :
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Pesynbrar ontumusanum Ha Kjacce J BCerja He Jiydille, 9eM pe3yJibTaT OITHU-
MU3aIIK Ha KOHKpPeTHOM 3j1eMenTe fo € F. [osromy mist fo(z) = %x” nMeeM

inf {(F, {z;}) > inf I(fo, {z;}) = ﬁ(b —a)"2tmn,
{wi} {wi} n!
T.€. HAlJIeHHAs JJIs KJIacca OLEeHKa CBepxy jgocruraercsd Ha dyskuuu fo(z), T.e.
ABJIAECTCA TOYHOMN.

Takum 06pa3soM, HHTEPIOJISIHS 110 y3j1aM JeObIéBa OnTUMajIbHa Ha KJIac-
ce F. HamomuumMm, 4T0 111 TpOU3BOJILHON aHAJIUTHIECKOH (pyHKIU f uHTEp-
MTOJIATIMOHHBIN TIOJIMHOM, TOCTPOEHHBIN 110 I€OBIMEBCKUAM y3JIaM, CXOIUTCH K f
B HEIIPEPBIBHOU HOPME.

Jlekius 19. 3agaym HaAMIydHOIero MPUOINKEeHUS

Hawnyuniee npuGankeHne B JIMHEMHOM HOPMHPOBAHHOM HPOCTPAaH-
crBe. [lycrs £ — nuneitnoe (BeKTOPHOE) HOPMUPOBAHHOE IPOCTPAHCTBO. Tpeby-
ercs HaiiTu Hausydinee npubJkenue s [ € L B Bujie JIMHENHHOW KOMOUHAIIT
SJIeMEHTOB JImHeitHO Hesasucumoii cucremsr g1, g™ € L:

f (%)
mf | f = Z cig

n .
CooTBeTCTByIOIEe pemmenne » c{ g (ecsu cyiiecTByeT) HA3BIBAETCS DJIEMEH-
i=1
TOM HAWJIy4IIero IpuOJINKeHHs .
Mpumep 19.1. Ilycts £ = RN, f = (f1,..., fN), ¢ (@) = = (z 171, :c?vl),
7= max_|fil.

yeeny

Teopema 19.1 Daemenm nauayuwezo npubausicerus (m.e. coomeemcmeyio-
wuti Habop {c{ }) 8 AuneiHoM HOPMUPOBAHHOM NPOCTNPAHCNGE CYULLCTNEYEM.

n .
HoxkasaresbcrBo. Pacemorpum dyukimio Fr(cr, ..., cn) = ||f— > cig@].

Ilo HEpaBEHCTBY TpPEYTI'OJIbHUKa NMEEeM:

|Fp(c) — Fp(e)| =|IIf — ;Cz'g(“H —If - Zléw(“|\| <
n ) n_ 3 . 1=
<X (e = e)g@ll < X les = &l g1

i=1
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Taxum obpasom Fy(c) mempepsisaa 1o ¢ s moboro f € L (B ToM ducie
st f = 0). PaceMoTpuM B n-MEPHOM HPOCTPAHCTBE KO3(DMUIMEHTOB MIap

n
M2 < R}. ®yuxuus Fy(c) HenpepsiBHA, CIeI0BATEb
i=1

HO, B HeKOTOpOit Touke ¢/ € Dr nocruraer Tounoi HiskHeil rpanu. [pn sTom
Fy(c?) < Fp(0) = || f||- Tlokazkenm, uTo ecim R I0CTATOMHO BEJUKO, TO BHE TTapa
Dp, ouenka 3aBenoMo xyzke. Bae mapa umeeM |c| > R, ciegoBaTesbHO,

n
ﬂ@zHQQM|WWM%(H)|WDR%(H)|W

=
Tax xak nenpepbisHas bynkmus Fy (€) = ||é g™ + ... + &,9")| upu & = —

pPACCMATPHUBAETCS HA eIUHUYIHON cdepe S = {é 2 e| =

S1 dymKIMa gocTUraeT cpoeit TouHol HukHeit rpann: inf Fy(¢) = Fy(cY). Ilpu
cesy

stom Fy(c?) > 0, tax xak 0 ¢ S1, a yeaosme Fy(c?) = 0, ¢ # 0 ozmauaer, uro

g(i) JIMHEHO 3aBUCUMBI.
Breibepem R = 2 F(Ll (fCHO) . Torma BHe paccmarpuBaemoro mapa D p umeem F(c)
0
2% — £l = [If|l, crenosarensbho, naitennblil Ha mape muaIMyM Fr(c)

JIOCTABJIAET MAHUMYM II0 BCEMY IIPOCTPAHCTBY R™.

Haunydinee npubsuzkenune B I‘I/I.J'I])6epTOBOM npocrpaucrse. Ilycrb
B npocrpancrse H ¢ mopmoit || - || = (-, -)/? 3azan snement f u jumeiino nesa-
sucnvas cucrema {gM} € H. Tpe6yeTCH HaiTn KoacbcbnuneHTbI {¢:}7q u3
YCJIOBUST MUHIMYMa cbyHKuHOHana () = ||f— X, cig®||?, T.e. Tpebyercs
naiitu snement g € H Buga g = Z?:l cig™ , HammydrmmM 06pasoM mpEoIIKa-

oruit f:
1nf<I> =(f- Zczg()f ch(z)

B Toyke MUHMMYMa BBITOIHSIIOTCS yCJIOBUS Den 0, 9TO IPUBOJUT K JIMHENHOM
Ci
J
cUCTeMe ypaBHEeHU’

2(f - ch g9) —O:>Z @) =(f,g"), j=1,....n

¢ maTpureit I'pama G,, = [(g(i)7 g(j))]7 G, =GYL.

Teopema 19.2 Ecau g(l)7 ... ,g(") Aunetino nezasucumsvt, mo G, noaoxcumens-
Ho onpedeaena, u 3adawa Gpc = b umeem eduncmeennoe peuenue npu ecex b.

>
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okazaTeabcTBO. /s IMHENTHO HE3aBUCHUMOI CHCTEMBI UMEeM

(Gyc,c) = Z( @, (J) )ejci = Zczg(z) Zc g(J) _ ||chz)”2

3,j=1

e. (Gpec,c) > 0 mpu ¢ # 0.
IIpumep 19.2. Ilycrs B npocrpanctse Lo (0, 1) BeiGpana cucrema {gV}7 | =
1
{La,...,a" "} m (@2l = [ 2de = o
0

Tpebyercs pemnTs 337129y HAUIYIIIEr0 TPUOJIMKEHUSI

1 n
inf (f*ZCiIL'z
tf

i=1

Sajada pu Bcex n UMeeT eJMHCTBEHHOE PellieHne, a Habop K03hMUIMEHTOB ¢;
MOKHO HafiTh M3 yKazaHHOU cucreMbl ypaueHuit. Opunako marpuna G, B J1aH-
HOM cJiy4ae sBjsercs marpureil ['manbepra, 00yCI0BIEHHOCTH KOTOPOi pacTer
SKCHOHEHNNAIBHO: |Gy oo ~ ﬁ(l +v/2)*". Crenosaresnio, mpu n > 20 Ko-
a3 unmeHTs ¢; MOryT OBITH HAJIEHBI ¢ OOJIBIION TOrPEITHOCTHIO.

OTmeTM, 9TO P HEeyIa9HOM BhIGOpe Gasuca (Kak B JAHHOM IIPHMepe) Bbl-
YUCJIATENIbHAST TIOMPENTHOCTD JIjTsi OOJIBITUX 7 MOXKET JIOCTUIaTh KaTacTpodude-
CKIIX Pa3MepOB, ¥ IIpH J0basiennn HOBbIX dbyukimit ¢t ¢("+2) gagecrso
pUOJINKEHUST OY/IeT TOJIBKO YXY/UIATHCS.

Eciu BeiOpannast cucreMa OpTOHOPMAJILHA, (g(i)7 g(j)) = 5{, TO g = Z Cig(i),

riie ¢; = (f,g™). TIpu srom

If =gl = (f - Zczg”f ch’) ) =Y (f:9)%.

=1

. n i))2

Orciona B Tom uuciie ciefyer nepasencTso Beccensa: (f, f) > > " (f, g)2.
MHorousieH HawJIy4niero paBHoMepHoro npuodsamnxxkenus. [lycts F —
[IPOCTPAHCTBO OIPAHUYIEHHBIX BEINECTBEHHBIX (OyHKITHIA, onpe;geﬂeHme Ha OT-

peske [a, b] BemecTennoii ocu ¢ nopmoit || f(z)|| = sup |f(z)|. Jnst snementa
z€la,b]

0 —yn Cpd
f € F orbickupaercs nansytnee npubmmkenne suna Q (z) = >0 a; 27, ae-
JISTIOIIEECsT PEIIIEHUEM CJIELyOIeH 3a,1axu:

inf max |f(z Z%Mfmw Qnull = IIf = Q0 @)I.

a;j xz€la,b] =
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Omnpegenenue 19.1 Mnozouaen Q¥ (1) naszvieaemes MHO2OMAEHOM HAUAY ULLE-
20 PaBHOMEPHO20 Npubiudicerusn oas Pynkyun f(z), ecau daa 1106020 MHo20-
wnena Qn(x) emenenu n cnpasedauso nepasencmeo ||f — Q2| < [|f — Qull -

Taxoif MHOTOYJIEH CyIIeCTBYeT Beerga (o Teopeme 00 3JeMeHTe HAWIIYUIIero
npub/IMKEeHNs B JIMHEHHOM HOPMHPOBAHHOM IIPOCTPAHCTBE), & €ro €JINHCTBEH-
HOCTH (CM. Jlajiee) UMEET MECTO JjIsl HellpepbIBHbIX dyHkImil f(x).

Teopema 19.3 (Baase—IIyccen). Hycmo cywecmeyem (n+2) mouku a < xg <
e < xpy1 < b makue, wmo

sign (f(zi) — Qu(w;)) - (—=1)" = const,
m. e. npu neperode om mowky x mowke pasnocmo f(x;) — Qn(x;) menaem snax.
Toz0a

If—Q% >p= Z:mi% |f(zi) = Qn(zi)l.

0,..n+1

HokazareabcTBo. Eciu 4 = 0, To yrBepxkaenue odeBuaao. [lycts p > 0

u ||Q% — f|| < p. Torma nommom Q,(z) — Q% (x) ormmaen ot mymesoro. [pn

stom sign (Qn(xi) — Q) (x:)) = sign ((Qn(x:) — f(2i)) — (QN(z:) — f(21))) =
sign (Qn(xl) —f (xl)), TaK KaK MOJLYJIb TIEPBOil pPa3HOCTHU BCerja OOJIbIIe i, BTO-
poit me pesocxout ||QY — f|| u, mo npexnonoxkenuto, > [|QY — f||. Takum
obpaszom, Henysesoit MEorowten @, (z) — Q% (z) crenenu n mensier 3nax B (n+2)
TOYKaX, YTO HEBO3MOXKHO. TeopeMa Jl0KazaHa.

Teopema 19.4 (Hebbuués I1.J1.) Ymobow mrozouser Qn(x) 6o MHo20YAE-
HOM HAUAYHUE20 DABHOMEPHO20 Mpubsusicerus Henpepwvienol dynrxuuu f(z),
HE0OT00UMO U QOCTNAMOUHO Cyuecmeosanus 1a [a, bl no xpatned mepe (n + 2)
mouex rg < ... < Tpi1 MAKUT, ¥MO

f(@i) = Qulxi) = a(=1)'||f — Qull,
20ei=0,....,n+1; a =1 uau o = —1 odnospemero 0rs 6cex i.

Touku xg, . .., Tnt1, YIOBIECTBOPIOIIIE YCIOBUIO TEOPEMBI, HA3BIBAIOTCS 1M0Y-
KAMU 4eObUEBCKO20 AADMEPHANCA.

HoxkazaTeabcTBo gocraTrouHocTu. [lo ycaoBuio Teopemsl, a 3aTeM 10 T€o-
peme Base-Ilyccena nmeem:

0 .
If=Qull = _min [f(zi) = Qu(xi)| = [If — Qnll-
1=0,...,n+1
Takum 0bpazom, umMeroIuiicss MHOrowieH (), npubJjmkaer f He Xy»Ke, YeM OIl-
TUMaJIbHBINI Q?L. ITo ompeesrenuro Q% 9TO O3HAYAET, UYTO (), SIBJISETCS MHOI'O-
WIEHOM HAWJIYYIIero PABHOMEDPHOTO MPUOJINYKEHUA.
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IIpumep 19.3. g dbyskuum f(r) = sin 1002 MHOrOWIEHOM HAWIydUIIe-
ro paBHOMEPHOro npubimKeHusi cremeHn n = 98 Ha orpeske [0, 7] sBisIeT-
et QYs(z) = 0. B ganHOM cilydae MMeeM TOYKH 4YeOLIIEBCKOTO aTbTePHAHCA

f(zg) = (=1)* ans 100z, = /2 + 7k, k =0,...,99.

Teopema 19.5 Mnozounser HausyuuLe20 PAGHOMEPHO20 NPUDBAUNCEHUA HENPE-
PUBHOT PYHKUUY eOUHCTBEHEN.

o ﬁHOI;S«;TeJILCTBO- Iycrs Q) (x) # Q(x), If = Qull = IIf = Q2 = IIf -
|l = E. Torna
QL@ f-QL, SO

n < n || = E.
If = == < =

1 2
Orciona ciemyer, aro Q, = % SABJISIETCA MHOTOWIEHOM HAMJIYYIIEero PaB-
HOMEPHOTO TPHUOJIMKEHUs, U JJisd (), CYIIECTBYIOT TOYKU YEOBIMIEBCKOTO AJIb-
TepHaHCa To < ... < Tpt1:

|Q£(ﬂfi) + Q2 (x:)
2

Ho B sToMm caygae
|Qn (:) — f(2:) + Q3 (x:) — f(wi)| = 2E.

U rak xak |Q7 (z;)— f(z;)] < max, |QJ(z)— f(x)| = E, j=1,2,T0o paBeHcTBO
BOo3MOXKHO TosbKO Tipn QL (7;) — f(z;) = Q% (x:) — f(z;) = £E. D10 o3mauaer,
aro QL (z;) = Q2 (z;) B (n+2) Touxax, To ecTh MHOTOWIeHB Q12 ToXK MECTBEHHO
PABHBIL.

IIpumep 19.4. B riracce pa3poiBabx dyHKInit mpu n > 1 treopembr Yebbimésa

1 €JIMHCTBEHHOCTH MOTYT HAPYIIATHCS:
f(z) =signx na [-1,1], Qi(z) =az, a€]0,2].

Caencrsue 19.1 Ecau f(x) — nenpepuienan cummempuunas (KoCoCUMME-
puunaa) ommocumenvho (a+b)/2 dynxyua, mo Q% (x) cummempuunmviii (xoco-
cummempuynol) omuocumenvho (a + b)/2 muozousen.

JloKa3aTeIbCTBO MOXKeT ObITh MOJyYeHO ¢ yderoM ejuHcTBenHoctu Q0
METOJIOM OT IIPOTHUBHOTO.

Jlexius 20. CrraitH-umHTEPIOJIAIIS

ITycrs Ha oTpeske [a, b] BelecTBEHHOM OCH 3alaHa CeTKa: a = Tp < T1 < ... <
Ty = b, Py — MHOXKECTBO MHOTOW/ICHOB cTerenu ne soime m (m > 1), C(|a, b]
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— MHOXKECTBO (PyHKIIHIi, NMEIOIUX Ha [a, b HElpepbIBHbIE TPOU3BOIHBIE JI0 T-T0
HOPsIJIKA BKIIOUUTENHHO (1 > 0).

Onpenenenne 20.1 Qyrkyuio Sy, k(T) HA3LIGAIOM NOAUHOMUGALHBIM CNLAGT-

nom cmenenu m degpexma k (1 < k < m) ¢ ysaamu {x;},1 = 0,1,...,n dan
dynxyuu f(x) € Cla,b], ecau svnosnenvt caedyrouue Ycaogus:
1) ma kaorcdom uz ompesdxos [x;—1,x;], 4 = 1,...,n ona ABAAEMCA MHO20-

waenom, m.e. Sp k() € Prlriz1, xi);
2) na ecem ompeske [a,b] o6aadaem HenpepHIEHOCTBIO NPOUIBOOHDBIT, M.€.
Sil(z) € CR)[a, 1),

Crutaiin Ha3BIBAETCS UHMEPNOAAUUOHHYLM, €CIU B y3j1aX {X;} cupaBejuBbI
paBeHCTBA Sy (i) = f(2i), i = 0,1,...,n; HHAYE — ANNPOKCUMAYUOHHBLM.

Jlajiee paccMaTpuBaeTCsl TOJBKO ciydaii k = 1, mosromy Tepmul "nedexra
k" 6ymem omyckarh. Takke Jjlajiee 3a/1a49a MHTEPIIOJISIIIUNA PACCMATPUBAETCS HA
epuanaaoM orpeske [0, 1] wa cerke o =0, x; = 2,1+ h;, i =1,...,n, x, = 1.

JIuneiiHbIi MHTEPIOJISIUOHHBINA CIUIAWH Ha KaXKJOM OTPe3Ke [T;_1, T;]
SIBJISIETCS TIOJIMHOMOM 11€pBOii crernienn S1(x) = a;x+b; 1 IPOXOIUT Yepe3 TOUKU
(x4, f(24)), © = 0,...,n (KaK cjaeCcTBUe HENPEPHIBEH HA BCEM OTPE3KE MHTep-
HOJIMPOBAHUSL [Z, Zy]). Ero xoaddunuentsr a;,b; 0IHO3HAYHO HAXOISATCS U3
yeqosuit Sy(xz;) = f(x;).

Teopema 20.1 ITycmo f(z) € CP[0,1]. Tozda aunetinvii unmepnoiayuom-
Houll cnaatin na ompeske [x;—1,x;] umeem 6ud

Si(z) = f(zi-1) + fl) ———,

Ti—1 — X4 T — XTj—1

Xr — X;

U 8epHA OUEHKQ

1
17) = S (@)oo < 15" @ lcon 5 max b2

JToka3zaTeabCcTBO. /13 OLICHKHN TOTPENIHOCTH /IS NHTEPIOJIAIMOHHOIO MHO-
rousena Jlarpanzka 1epBoii cTeleHu ciiejlyeT HepaBeHCTBO JJIsl KazKJI0ro OTPe3-
Ka [z;_1,x;] u, cregoBaresnbuo, 1is [0, 1] B mesom.

YrBepxkaenue 20.1 [Tycmsb S; — MHOMHCECMBO HENPEPHIEHVIT, KYCOUHO HENDE-
poieho-duddepenuupyemoir Gynryut s(x), Yoo8AeMBOPAIOUWUT YCAOBUAM

1
s(xi) = f(z;), 1=0,...,n; Ii(s)= /0 (s'(x))%dx < co.

Tozda pewenuem 3adanu

slengl I(s)

ABAAECMCA AMUHETHLT cnaatn S1(x).
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Kybuueckuii MHTEPIIOJISIIUOHHBIN CIUIAMH Ha KaXKJIOM U3 OTPE3KOB
[;_1, x;] aBAseTcs ToMHOMOM TpeTheit crenenu S3(x) = a;x3 + bix? + c;x + d;,
npoxoauT uepe3 Touku (z;, f(x;)), @ = 0,...,n (IBa ycioBus Ha KaxKJIOM OT-
pe3Ke) U MMeeT HeIpPepPbIBHbIE IEPBYI0 U BTOPYIO [IPOM3BOJHbIE B TOYKAX Ij,
i=1,...,n—1 (uBa ycioBus mis Kaxxaoil BHyTpeHHell Toukn). PopManabHO U3
9THUX yCJIOBHIA JIJIsi HAXOXK IeHNs 471 HEN3BECTHBIX KO DUIMEHTOB nMeeM 4n — 2
yPpaBHEHUIl, ellle JiBa ypaBHEHUs] HEOOXOIUMO JIOMOJTHUTEIBHO 33/ 1aTh.

Teopema 20.2 [Tycmo M; = SY(z;), i = 0,1,...,n. Toeda M; ydoeremeops-
tom cucmeme aunetnmr ypaskenuti C M = d ¢ npamoyzosvrot mampuuet C
pasmeprocmu (n— 1) x (n+ 1), 2de C u d coomeemcemeento umerom 6uo:

hi  hiths  ha
6 3 ¢ 0 . . . . 0
hi  hithit1i  hipa

0 . 0 L htha g . 0 |,
hn—1 hn—1t+hn  hy

O 0 . . . 0 T ﬁ Fn

(f2—f1 _ fi—fo fivri—fi  fi—fi—a fn—fn-1 fn—l_fn—2)T
ha hi """ hipa hi o R hn—1

Hoxkazaresscrso. [To onpejenenuio S5 () — snHelHAs HA KaXKJI0M OTPE3-
Ke [z;_1,x;] dyakuua. B cuily ee HENPEPBIBHOCTH B TOYKAX X; UMEEM IIPEJICTAB-
JICHUE:

: X +Mix7hmi71

3 3

JBykpaTHo uHTErpUpys U yauTbiBas ycaosus Ss(z;) = fi, Ss(xi—1) = fi—1, no-
JIyYUM aHAJATHIECKOE IPEJCTaBIeHNE KyOMIeCKOro MHTEPIIOIAIIMOHHOTO CILIAM-
Ha Ha OTPE3Ke [T;_1,T;] :

Sg(l‘) = M',l

(Ii — $)3 $i_1)3

S3(x) = Mi— + M; (= _6 I, +

szlh r; — X M h Ti—1
SR DE

OTcrofa BBIMUCIUM IIPOM3BOJHYIO CIUIANHA Sé (x) creBa B TOUKE T;:

h _
Sé(l’z — 0) =M,;_ + M fz fio1
"6 hi
Anaynornano naiinem npejcrasienue S3(z) Ha [xi, Ti+1] U BBIYUCIIUM TIPOM3BO/I-
Hy!0 crutaita S5(x) cpaBa B TOUKe Z;:

h % A A
S4 (i +0) = —M; ’3“— i+1 6“ f*}‘jﬂf.
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Henpepbierocts S4(x) B Toukax z;,¢ = 1,...,n — 1, Te. S§(x; —0) = Si(z; +
0), mopozkaer UCKOMyIo cucreMy u3 (n — 1) ypaBHeHus: oTHOCHTENILHO (1 + 1)
Heu3BeCTHBIX. Teopema IoKa3aHa.

VmeroTest TpH CTAHAAPTHBIX CIIOCO6A JOOPEIEJCHNST CHCTEMBIL.

1-it crioco6: SY (zg) = Mo = S5 (x,) = M, = 0 — ecTeCTBEHHBII CIUTAIH.

2-it ciocob: S5(xg 4+ 0) = f'(x0), Si(xn — 0) = f/'(zn).

3-it croco6: erpoum mapabosy LI(x) mo Toukam xg, 1, s, JABa pasa ud-

depenrupys, maxogum Mo = (LI(x))”; crpoum napaboiy L% (z) mo Touxam

/

Ty Tn—1, Tn—2, ABa pasza muddepeniupys, naxomum M, = (LF(x))".

Yreepxkaeune 20.2 I[Tycmv So — MHONHCECTNBO HENMPEPLIGHBIT, HENPEPHLIEHO-
dupepenuupyemuiz u 08axHcvL KYCcowHo HeNpepvieHo-Juphepenuyupyemoir GymK-
yull s(x), YydosaemeopsoUWUT Yeao8uAM

s(w)) = f@), i=0,....n; 12(8)2/0(8”(x))2dx<oo.

Toz0a pewenuem 3adavu

inf I
5161152 2(8)

asasemces kyouueckud enaatin Ss(x) ¢ yearosuamu S§(xo) = S§(x,) = 0.

Teopema 20.3 Ilycmv My = M, = 0. Toeda pewenue cucmemov, C M = d
ydosaemeopaem HepaseHcmaey

18 ]
max |M;] <3 =T
1<i<n—1 min h;
1<i<n
HoxkazaresbcrBo. Ilycrs max |M;| = |M;|,1 < j < n— 1. Paccmorpum j-e
YPABHEHUE CUCTEMBI !
h; h; + h; h;
J J j+1 j+1
d':Mj71F+MjT+M]’+1 6 R

73 KOTOPOTO CJIeIyeT HEPABEHCTBO:

hy + hya h, hja hy + hyj
512 I P (0t [P ) > g P

rak Kak |Mji1| < |M;|. OnenuBas JieByl0 4acTb HEPABEHCTBA CBEPXY tepe3
max |d;| ¥ MHOXKHTENb B €ro IPaBOil YaCcTH CHU3Y KaK
7

hi + h; 1
minM > — minh;,
i 6 3 i

PUXOINM K MCKOMO¥ OTIeHKe.
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Vreepxkaenue 20.3 IIycmo f(z) € CW[0,1], [|[f®(2)| 1 < A4, sadana
CEMKA € NOCTNOANHOIM Wazom h; = h, u donoarumenvrvie Ycaosus 0as onpede-
NEHUA KYOUMECKO20 UHTNEPTIOAAUUONHOZO CRAATHG UMEIOM CAeYOUUT 6Ud

S:,i($0+0) :fl(xo)v Sé(xn—O) = f,(xn)

Tozda cnpasediusa oueHka NOPEWHOCTNU
1S9 (2) = fO (@)oo < CrAh !, 1=0,1,2,3.

Hcnosb3y1oT TakzKe JIOKAJIbHbIE (ANTpOKCUMAIMOHHDBIE) CIJIAWHBI, 3HAYE-
HUS KOTOPBIX B y3J1aX, KaK IIPABUJIO, HE COBIAIAIOT CO 3HadeHuaME f(T). DTO
06CTOATEILCTBO HE IPUHIAINAIBLHO, TaK Kak 3HadeHus f(x) 0ObIYHO M3BECTHBI
IpUOIMKEHHO. PaccMOTpuM IOCTpOEHNE JIOKAJIBLHOTO CILTAHHA TPETheli cTeneHn
HA CETKE C MOCTOSHHBIM marom h = x;41 — x;, ¢ = 0,1,...,n — 1, mra orpeska
[0,1]. Bosbmem cmarndapmuoii crutaita B(z), onpemessieMblii COOTHOIIEHUSIMA

2 1

§—x2+§|$|3 npn  |z| <1,
B(x) = @]’ mpu 1< [z <2,

0 opn 2 < |x]|.

Hpencrasienne B(z) = C(2—|z])® npu 1 < |z| < 2 caesyer u3 HenpepbIBHOCTH
dyHKIMEU ¥ NEpBHIX JBYX €e IPOU3BOJAHBIX B TOUkax ¥ = +2. Eciu 3nadenue
C 3amano, to upencrasienne B(x) upu |z| < 1 ciemyer u3 HeNpPepbIBHOCTU
dyHKIMHU, ABYX ee NPOM3BOAHBIX B ToYkaX & = *1 u ycnosusa B(—z) = B(x).
Besmauna C' onpezensiercst u3 ycnosus nopmuposku B(0) + B(1) + B(—1) = 1.

JIoKaJIbHbIE CILTAfHBI TPEThel CTereHn Bél)(x) u Bf)(x) 3AIMCBHIBAIOTCS B
BUJIE

Az x —ih
B (@)=Y o¥B <T) . k=1,2
i=—1
U OTJIMYAIOTCs BRIOOPOM KO3 DUIMEHTOB.

IIpu k = 1 nooupenenstor 3uavderus f_1 u fp41 JUHEHHON MHTEPHOJISIHEH
mo 3uadeHusM fo, f1 1 fp, fn—1 COOTBETCTBEHHO W IIOJIATAIOT agl) = fi, Tme
fi=f(z;) mpu 0 < i < n.

IIpu k = 2 mooupegnensitor 3uavdenus f_o, fo1 U fpy1, fonte KyOumdeckoit

uHTEpHOJsIIMeil mo 3uadenusiM fo, f1, fo, fs u fn, fn-1, fn—2, fn—3 cooTBer-
CTBEHHO, U II0JIATAIOT 041-2) = (8fi — fix1 — fi—1) /6.
[Tpu s1r06BIX agk), k=1,2, dyakuun Bék) (x) sBAsIIOTCS CIIAHAME TPEThel
CTelleHHd, TIPUYeM OHM TOXKJECTBEHHO DaBHBI HYJIIO BHe orpeska [—3h,1 + 3h].
SHaueHMs MOJIyYEHHBIX CIJIAHOB B y3JIaX CETKH PABHBI HEKOTOPOMY CPEIHEMY
3nadennit GyHKINN B OJMKAUIINX y3TIaX.
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Vreepxkaenne 20.4 Iycmo f(z) € C0,1], |fP|cpy < A2 u sadana
cemka ¢ nocmoAnHvM wazom h; = h. Tozda

O
[ (Bél)) - f(l)”C[O,l] < ClARTY 1=0,1.

Vreepxkaenne 20.5 Iycmo f(z) € CW0,1], |[fP]cpy £ As u sadana
cemxa ¢ nocmoannvim wazom h; = h. Toeda

O]
| (Bég)) — D < AR, 1=0,1,2,3.

Jlekiuss 21. NnaTepnionsauusa YedwnmneBa, Pyproe,
IIane

ITycrs Tpebyercs: npubausuth GyHKmo f(x) Ha orpeske [—1, 1] MHOrouIeHa~
mu. Tak kak cucrema {1,z,...,2", ...} upu Gosbux n 6Ju3Ka K JUHEHHO 3a-
BHCHMOM, TO B KadeCTBe 0A3MCHBIX (DYHKINIT BO3bMEM MHOTOWIEHBI JeObIméBa
{T(2)}.

ITpumep 21.1. Paccemorpum 3agaqy npubimmkenus f(x) B ruianbeproBoM Ipo-
crpancrse Lo(—1,1):

1F12= (. Do (Frg)p = / p(a)  (2)g (x)dz.

B kavectBe BecoBoit pyHKIMN y06HO B3ITh p(T) = \/1177,
2

Jae CucTeMa {ﬁTO(m), %Tl(m), e %Tn(m), = {Tn(x)} OPTOHOpPMAJILHA,

u uckomble KoadbdunueHTsl B pasnoxkennu f(z) = Y. cme(m) OTIPEJIEIIAIOT-
m=0

sl ABHO Cpy, = (f, Tp,). CoruiacHo JI0Ka3aHHBIM PaHee Pe3y/IbTaTaM [OCTPOCHHOE
NpUOJIMKEHNE SABJISIETCS HAWJIYYIIUM JIJIs BBIOPAHHOI'O IIPOCTPAHCTBA.

TaK KaK B 9TOM CJIy-

IIpumep 21.2. Paccmorpum 3ama4y npubnnxkenust f(z) B npocrpancrse C[—1,1],

[fllc = max [f(z)|. ycrs
z€[—1,1]

f(.’l?) ~ Qn(x) = Z C»,,LT»,”(JJ) = Qn—l(m> + CTLT’VL(:I;)'

Torna Qn(x) — Qn-1(z) = ¢y Tn(z). Tak Kak ¢, Ty, (x) sIBIsIETCST MHOTOYIEHOM
HanMeHee YKJIOHSIOIUAMCS OT HyJ/Isl B Kaacce 2" Le, o™ 4. .., T0o 4acTHIHAS CyM-
Ma Q1 () SBIsIETCST MHOTOYMIEHOM HAMJTYHIIETO PABHOMEPHOTO MPUOINKEHWST
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K Qn(2), moaromy mepexon oT @y, (2) K Qp—1(x) ocyecTBiIsiercst ONTUMAIbHBIM
obpazom.
Ha manmoit mmee oCHOBaH CIemyIOmnil meaeckonuseckuti memod. Ilyers mo-

N
syveno npubjmxkenne f(z) ~ Y. cpx™ = Py(z), HanpuMep, Ha OCHOBe psizia
m=0
Teitnopa, HO crenenb N wu3siuinbe Bejuka. [locrpoum passoxkenme Py (z) =

N
> emTm(x), oupenenus K03DHOUIMEHTDL ¢;;, PEKyPPEHTHO, U 3aMenuM Py (z)
m=0

n
Ha JacTuuHyo cymmy Pn(z) = Qn(z) = > ¢nTim(x). Tak Kak Ha KaKIoM

m=0
mrare nenouku Py () = Qn-1(z) = ... = Q,(x) umeeM HamryUIee npubInKe-
HIE B pAaBHOMEDHOH HOPME, TO IIPU TaKOil 3aMeHe 00BIYHO yIaeTCHd 3HATUTEILHO
HOHU3UTH CTeleHb N ¢ MaJIOl TIOrPENTHOCTHIO.
CrenaeM crremyromee 3aMedanue. 3a1a4a IpUOIIKenns QyHKIME [0 MHO-

n
rounenam Yebbimésa f(z) =~ Y. epnTm(x), © € [—1,1] 3ameHo0l nepeMeHHBIX
m=0
& = cost CcBOAMTCH K 3ajiaue TPUIOHOMeTpHYecKoi muTepnossiuu f(cost) &

n n

> emTm(cost) = Y e cos(mt). JlanHas 3aMeHa TAKIKe CBOAUT 33749y PU-
m=0 m=0
omokenns f(r) no ysmam Yebbnmésa z; = cos(5l) K 3a/ade MHTEPHO/IAIMM

n .
~ =T
f(cost) = > cpmcos(mt) o paBHOOTCTOAIUM y371aM t; = 72
m=0
Taxum 06pa30M TPUTOHOMETPUIECKAS MHTEPIIOJIAIUA B HEKOTOPOM CMBICJIE
ONTHMAJIBHA JJIsl CHCTEMBI PABHOOTCTOSIIIAX y3JIOB.
HuckperHoe npeobpazoBanne @ypwe. Eciu na [0, 1] uzBecrna 1-nepu-
omuueckas dbyukuus f(x), f(0) = f(1), To B KauecTBe 6a3nca MOXKHO B3sITh
cucTemy

{1, cos 27z, sin 27z, . . ., cos 2wma, sin 2rmaz, . . .}
u nocrpouth pan Pypoe s f(x). PaccMorpum KOHEYHOMEPHBIE aHAJIOTH Ta-
KOO Pa3JIOKEHMUSI.

IIpumep 21.3. Ilycrs ma [0,1] usBecrna dynkuua f(z), f(0) = f(1) = 0.
Pacemorpum f; = f(jh), h =1/N, 0 < j < N. Ha mpocTpaHCTBe OUCKPETHBIX

dbyukunit f;, fo = fv = 0 onpenenum ckanspuoe npoussenenue (f;,g;) =
N-1
N Z f;9;. Torma cucrema {gog-m) = 2sinmmjh,m = 1,..., N — 1} nonua u
j=1
N . (m)
opronopmasbha. CreoBarenbto, fj = > cm@; s em = (fj,p; ) m MoxHO
m=1

N-1
IPETONOKUTE, 4T0 f(x) & 3 o™ (z).
m=
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Ormernm, uTo dopmaibHO M0OYI0 HocienoBaTebHocTs f; = f(x;), j =
1,..., N — 1 moxkHO jtonioJiHuTh Hysisimu fo = fy = 0 ¥ IOCTPOUTH pa3JIoXKeHUe
N—1
= Y bysin(mrmjh). Oguaxo, ecau f(0), f(1) # 0, To HoONIyUeHHAS HEIDe-
m=1
. N—1
poiBHast dyukius f(z) = > by, sin(rma) moxer mioxo npubiamxkars f(x) Bae
m=1
TO4eK Z;, j =1,...,N — L.

IIpumep 21.4. Ilycrs na [0, 1] nssecrna dynkmus f(z), f/(0) = f/(1) = 0. Ha
POCTPAHCTEE JUCKPETHBIX (byHKILI/Iﬁ fj ompemesuM CKaJIIpHOE IPOU3BEIEHIE

(fi95) = ( Z fig; + 3(fogo + fnan)).

Torma cucrema
{z/;](.m)} = {1,cos7Njh,vV2cosmmjh,m =1,...,N — 1}

moJiHa U opronopmaJsbHa. CrienoBaTebHO,
N

fi= 3 emty™, em = (f5,05™) Zc ()

m=0
IIpumep 21.5. Ilycrs f(0) = f(1), f; = f(]h), h=1/N,0<j < N. Ha
JIICKpeTHOM TpocrpadcTse N-nepuojmaeckux Gynkiuit (fo = fn) onpenesnm
CKaJIIpHOE TIPOU3BeICHHIE

L Nl
(f.9)=% Zo fi3;
J:
U BBIOEPEM CJIEIYIONLY 0 OA3UCHYIO CUCTEMY:
{gfW =¥ m=0,...N~ 1.

Teopema 21.1 Cucmema pyrxuyui {g](.m) }, m=20,...,N — 1, opmoropmans-
Ha, Mm.e. (g(m),g(”)) = Opn.-

Jloka3aTesibCTBO.

m=mn, (g(m)’ g(m)) L.

(m n)
m#n, (g, gM)= Z -

N (m—n)
= %(1+q+-.-+qN D=Ll =0, g¢=e2m®F"
Cnencrue 21.1 Kaowcdas duckpemuan dpynryusa f;, 7 =0, ..., N—1 moocem

oMb npedcmasiena 6 eude

N—-1 ) 1 N—
_ § 2mid § 727rim7
fj - Ame N ) m - N )
m=0 7=0
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U UMEETMCA 83AUMHO 00HOZHAYHOE COOMBEMCMEUE M@Odey 3HAYEHUAMY, {f_] N 1

N-1

u xoagpuryuenmamu { At o

B obmewm ciayuae mpeobpasosanue Pypoe {f;} <> {A,} HEBO3MOKHO BHI-
arcmaTh Meree, deMm 3a O(N), 1 He coxkHO peammsosaTh 3a O(N?) apudmern-
YeCKuX JeHCTBUI.

BeicTtpoe npeobpasoBanue Pypoe (BII®). Meros tpebyer npu N =
n? nopsyka O(N3/2), a npu N = 2" nopsyxa O(Nlog,N) apudnmernyecknx
JIERCTBUIL. DTO JAeT CJIEYIOIINNA BBIUTPHIIIL:

N =32, N? = 1024, Nlog,N = 160;

N =128, N? = 16384, Nlog, N = 896;

N = 1024, N? = 1048576, Nlog, N = 10240.

Ormerum, uro ajropur™ BIT® npuHATO BKIIOYATH B JECATKY BaskKHEHIUX dMC-
JIEHHBIX aJIFOPUTMOB JIBAIIATOrO BEKa (COBPEMEHHBIH T10/IX0/l OCHOBAH Ha aJIro-
purme Kynun—Tbioku, xors ocHOBHasg ujiest Obuta u3sectHa Layccy).

IToctpoum pacderubie dopmyinl st ciaydas N = ning. dgaa m-ro koad-
durmenTa nMeeM:

N—1 -
Am _ % Z fje_Qﬂ—im%.
=0

Banmmiem pe3ysbTaT JIeJeHus C OéTaTKOM I M, j:

m=mi +mani, J=j1+ jonoa.

Torna
no—1n;—1 (m . .
o 727” 11 +maong ) (i1 +iang)
Am = n1n2 Z Z f]1+J2n2 N :
71=0 j2=0
Haiee
(m1+mani)(jit+jznz) _ mji mijo :
ning - N + + maj2,
T.C.
mj _ sm132
6727r1 N _ 6727r1 N1 e 2ri—142 s

Ciie1oBaTe/IbHO, MOYKHO MEPENHUCATE BhIparkeHue 1y A,, B Buje

nz—1 ny—1 . myjo j
_ 1 —2mi —oriidl
Ay = n Z P Z Jir+jans€ " € No=
2 1
J2=0

- n2 Z A(]laml) —2m ]\Jll'
j1=0

Takas (popma 3a1ucu 03B0JIsieT BbIIEIUTD ciaaraembie A(j1,my), j1 = 0,...,no—
1,my =0,...,n1—1. IIns ux nojcdera Tpebyercs nopsiaka ny (ning) apudmern-
9eCKHX JIEHCTBUIA; Jist Bbraucaenns A, npu Haiigennanix A(j1, m1) norpebyercs
nopsiika ng(ning) ap. Jgeicrs.; B pesynbrare nmeeM O(ni(ninz) + n2(ning))
apudMeTHIECKUX JTeHCTBUIL.
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PekypcuBHas peanusanus ajist N = 2", Pacemorpum nosmsoM Py () =
fo+ fizx+ for? + ...+ fn_12V 1. Boruncienue kosddurmentos A,, 1m0 cyru
COOTBETCTBYeT BBIYNCJIEHHIO 3HaYeHn T moanHoMa Py () B KopHsix N-oii crerieHn
3 CIMHAIDL, T.€. B TOUKAX { &, = e~ 2™™/N =0, ... N —1}. Tak kak KopHn
Ty, OOJATAIOT CUMMETDHEN Ty, = —Tp,4N/2, TO x?n-s-N/2 =22, e {z,} D

{2} > {zt}>...D {x%p} > {zN} = {1}, m =0,...N — 1. IIpu srom nHa

KaXKJIOM IIIare 9rucJIO PA3JIUIHBIX JIEMEHTOB B MHOXKECTBE YMEHBIAETCS B JIBa
paza. IIpencrasum Py () = Jﬁ,/z(xfn) + meI‘\’,/Q(x?n), rae

Pﬁr/g(m) =fo+ foxr +...+ fN—ng/2_17

PJ%/Q(.%) = f1 + f3.’I} + ...+ fN_ll‘N/g_l.
Taxkum 06pa3oM, Bbranciaenue noaunHoma Py (x) cremern (N — 1) B N Toukax
CBEJICHO K BBIYUCJIEHUIO JIBYX TIOJIMHOMOB P;’;)Q(x) creniern (N/2—1) B N/2 Tou-
KaX U IOCJIEJYIOIEMY CJIOXKEHUIO P]%/Z(xfn) + meI‘\’[/Q(x?n). Tak Kak Pﬁ,/Z(m)
u Py /2(95) UMEIOT Ty 2Ke CTPYKTYDPY, 910 u Py (), ciesoBaTenbHO, K KaXK0-
MY W3 HUX MOYKHO PEKYPCHUBHO IPUMEHUTH aHAJIOIMYHYIO IIPOIELyPy pa3JjiozKe-
Hust. HaifijileM BBIUHCIUTENBHYIO CJIOXKHOCTH anropurMma. Ilycrs D(N) — ducio
apudmeTnueckux geiicrBuil, TpedyeMbix i Borancsenus Py (z,,) mia N to-

o (2 . .
gex. Torma seraucisem Py /2(:vm) 3a 2D(N/2) apudmerndecknx aeiicTBHIl; BbI-

qucasgeM Py (Ty,) ¢ yI9eTOM Ty = —Tpy n/2 B BUJIE Pﬁ,/g(xgn) + me]‘\’,/g(xfn),
m=0,...,5 —1,3a N/2+ (N/2+ N/2) apubmernueckux jeficTsuil; B uTore
nMeeM:

D(N) = 2D(N/2) + 3N/2.

ITpu srom D(2) = 3, D(1) = 0. IlokaxkeM 10 MHJIYKIINH, YTO OTCIONA CJIELy-

er aHazmuTuueckasi dopmyna D(N) = % logy N. HeitictBuresbro, mist N = 2

dopmyna Bepra. [Tycrs Bepra st N/2, r.e. D(N/2) = % log,(N/2). Torpa
D(N)=2(log, N — 3¥) + 3N/2 = 2 Jog, N.

[Ipu npakTraecKoi peau3aIuu Jijisi yCKOpeHusi paboThI IIPOTPAMMbBI PEKY P-
CHST 3aMEHSeTCs Ha BJIOKEHHbIE IIUKJIB, & Koabdurments! { f; } mommHoMa Py ()
cHenuaIbHbIM 00pa3oM yropsigoduBaiorcs. OTMernM, 9To uMeroTcst 3hdhekTrB-
HbIe ODOOINEHUsI JAHHOTO ajropurma g N = 27 . 372 . 578 ecjau 4HCIIO
IIPOCTBIX MHOYKHUTEJIEH B PA3JIOXKEHUN HE CJIUIITKOM BEJIHKO.

Bameuanue. [Iycrs my = ma+mN, Torma e 8 ™1 = ¢’%' M2 1.0, rapmonn-
KU 1 U Mg Ha ceTke ¢ maroM 1 /N coBnajaior (1o cy T 70 COOTBETCTBYET pabo-
Te cTpobOCKOIIA — KpaTHbIEe TADMOHUKY BUJIHBI OIUHAKOBO). OTCI0Na nMeeM, 910
nuskouacTornad dynknus f(z) = e~ 2™ Ha ceTke BU/IHA KAK BBICOKOYACTOTHAS
f(z) = 2™ N=12 B cpasu ¢ 9TuM pasyMHO y/IaeTCs BOCCTAHOBUTH K03hDu-
IIMEHTHl TOJBKO IPH FapMOHMKaX JI0 dacToThl HaiikBucra m < % [Toaromy
JIJIsI TIOBBIIIEHNs] KAYeCTBA YUCJIEHHON MHTEPIIOJISAINE HelPEPhIBHON (QyHKIN
f(z) mo muckpernomy nHabopy 3madenuit {f(z;),z; = %,j =0,1,...,N -1}
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JIydille BLIOUpaTh JUCKPETHBIA Gas3uc {g§m) =e¥™imei ;= 0,41,...,+£(N/2 —
1), N/2}. B aroMm ciyuae B y3/1aX CETKHU JUCKPeTHast (DYHKIMsI BOCCTAHABJINBA-
ercs 6e3 M3MEeHeHNi, OJHAKO BHE y3JI0B MHTEPIIOJIAIINN €€ HeIIPEPBIBHBII aHAJIOT
0OBIYHO 06eCIeunBaeT CyNIECTBEHHO JIydlliee KadecTBo npubianxkenus s f(x).

Nurepnonsausa [Tage—Axobu. /s pemenusi MHOIMX IPUKJIAIHBIX 38~
Jlad UHTEPIIOJISIIIUN YCIIEITHO IPUMEHSIeTCs] CIeIYIOMUi oaxo. ByieM nckars
upescrasienne byHkmu f(2) B OKPECTHOCTH TOYKH X B BHJE OTHOIIEHUSI
IBYX TOJUHOMOB. Jlj1st 9TOro mocrpomM OTPe30K psiga Teitytopa B TOYKE Xg:
flz) =22 ciz’, z = (x — x0) n Haiinem K03 DUIMEHTHI ICKOMOTO IIPUOIIHIKE-
HUs U3 YCJIOBUS

o i _ aotaizt..+apz? p+q+1 _
20 Ci?' = Bothato b T O(2 ), bo=1.

D10 o3Hadaer, 4TO mepBbie p + ¢ + 1 ciaraembie psiga Teitopa s mo-
CTPOEHHOM JIPOOHO-PAITMOHAIBHON (DYHKIINKA COBIAIAIOT C TTEPBBIME CJIATAEMbI-
MU psaja 1gist f(x). YMHOXKIAM JaHHOE DABEHCTBO Ha 3HAMEHATEJb U IIPUPaBHsIEM
K03 unuents! mpu 1, 2, . . ., 2PT9. B pesyibTaTe MOIyduM CACTEMY JHHEHHBIX
ypasrenuit st {bg = 1,b1,...,by}, pelIuB KOTOPYIO MOXKHO BBIYUCIUTH KO3(D-
dunpentor {a;}.

IIpumep. s e ~ %,
skeHnst nopsizika 1/6! = 0.0014.
Muororoueynass uHrepnossinusi Ilane (PanmonasbHast nHTEPIIOS-

L[I/IH). PaCCMOTpI/II\/I 3a/1a9y IIOCTPOCHUA
_ aptaiz+..4apa’?
R(z) = bo+b1a+...+bgad

u3 yeaoeuit R(z;) = f(x;), b0 =1,i=1,...,nupun = p+q+1. Janusie papen-
CTBa 00pPa3yIOT CUCTEMY JIMHEHHBIX AJreOpandecKux ypaBHEHUH OTHOCUTEJIHHO
HEU3BECTHBIX KO3 PUIINEHTOB:

p . q ;
bozl, Zasz—f(xl)ijszO, i:l,...,n.
j=0 j=0

Ee pelilenue MoxKeT OBITH MMOJIy9€HO 9UCJIEHHO CTaHJIapPTHBIMU METOJaMU.

p=q =2, upu |z| <1 rounocTsb npudIU-

Eciu ke p = g (re.n = 2¢+ 1) wm p = ¢+ 1 (re. n = 2¢g + 2), 10
R(z) ynaercsi BINMCATH B SIBHOM BHJIE METOIOM obpamuwuir pasnocmet; Tune.
Omnpenenum

[ (x1) = f(x1), f(w1322) = f_(@% — fl_(xl)’

u jaJiee Jyist k > 2 peKyppeHTHO:

Py me) = f_(acg;...;xsk—_f@(ah;...;xk—ﬂ T ).
Hoxkaxem, aro R(z) =
fla)+—— e
f (xl,x2)+ f_($1;$2;$3)—f_($1)+---+ T—Tp_1

(@15 5@n) =7 (215 5Tn—2)
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JleiicTBUTEHHO, SBHO TTPOBEPSIETCS, UTO

xr — I

f(x) = f(x1) +

T — T2
xyx1;x2) — f(x1)

[~ (z1522) + Ta

Hanee s k > 2 umeem

— (e s . _ Tk+1 — T — (. .
r;x15...5% = — — + T15...5Tk).
fr@ens. . soen) = 5 @ men) — F @ aw) (@3 2)
Orcrona BbipaxkaeM [~ (x;x1;. . .; Tk), HOJICTABISEM B IIPEJBIAYIIEE TOXKECTBO
nu 110 I/IHﬂyKI_[I/II/I HO.Hy‘Iael\l
T — I
flz) = f(z1) + T
f(z1;22) +

f(z;mes23) — f(21) + ...

LT — Tp-1
F(z1s5mn) — f (w15 5 mp2) + e L=Tn

5T )= (1505 T 0 —1)

-+

U3 paunoro npejcrasienus s dbyaxknuu f(z) cuaemyer, uro R(x;) = f(x;)
upu ¢ = n,n — 1,...,2,1, T.K. B yKa3aHHBIX TOYKAX I; OOHYIAIOTCSH ITOCJIE]I-
HUE cJjaraeMble TenHOM gpobu Kak miist f(x), Tak u gy R(x). YTBepxKIeHnue
JIOKa3aHo.

IIpumenenne ApPOOGHO-PAMOHAIBHON WHTEPIIOJSIUNHN 0 TOIXOISIINM 00pa-
30M BBIOPAHHBIM y3J1aM [iJTs (DYHKIHIA C HEPETYISPHBIM XapPAKTEPOM ITOBEIEHUS
9aCTO OKA3BbIBAETCH IEJIECO00Pa3Hee TPUTOHOMETPUIECKOH HHTEPIIOJISIIIUT U UH-
TEPIIOJISIIIUN MHOTOYJIEHAMH.
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5. HucjieHHOEe MHTErpupOBaHNIE

Jlexkiusa 22. YuncienHoe mHTEerpupoBaHUe

Paccmorpum unrerpad suga I(f f p(z) f(x)dz, rae [a,b] — KoHeuHBIH UK

OGECKOHEYHBIN ITPOMEXKYTOK ‘II/ICJIOBOI/I ocu, u f ( ) — upousBoJibHAs (DYHKIUS
u3 HeKOTOporo kiacca F. 3anannas Gyukuus p(x) HaspiBaercs secosoll. Bynem
peJnosiaraTh, 94To Ha [a, b] dyHKms p(z) n3MepuMa, TOXKIECTBEHHO He DAaBHA
HYJIIO, U ee IIpou3BejieHne Ha o0y f(x) € F cymmupyemo.
Juist npubsmekeHHOTO BhIuUCc/IeHNst nHTerpada I (f) crpositest inHeHHbIe KBaJI-
n
parypuble dopmyist (xeadpamypu) caenyromero suna: S, (f) = > ¢ f(a;).
i=1
Iocrosnuble ¢; HA3BIBAIOTCS KoaPPuyuenmamu (Gecamu) KBaJpaTypbl, a T; —
ee Y3AaMU.

Hast xaxoit dyskmun f(x) € F norpemsocrs KBagpaTypHO opMysibl
Sn(f) onpenensiercst kKak Ry, (f) = I(f) — Sn(f). Ilpu 5TOM OLIEHKOIH TIOrpentHO-
ctn Ha Kmacce F' maspisaior Bemauny Ry, (F) = sup . #|Rn(f)|- Ha npakruke
YaCTO UCIIOJIL3YIOT OIEHKHU cBepxy yisd | Ry, (f)|, koTopsie Oyuem o603HaYATH UYe-
pe3 R,.

Meton HeomnpenesieHHBIX KO3(PDUITMEHTOB.

Hano: n, {x1,...,2,},p(2), [a,b].

Haiitu: nabop {¢;} u3 ycjaoBus TOYHOCTU KBAJIPATYPbI JJisi MHOIOWIEHOB HAM-

6osee Beicokoit crenern, T.e. 1(Py) = Sp(Py), Pe(z) = 2% k=0,1,...n— 1.
ITocTaHOBKA 38,1891 KOPPEKTHA, T.K. CACTEMA

1 o1 C1 b1 b
T1 ...z Co bo -
" = , b= [ plx)x" dx
xy” Lo an—1 Cn b, a
IMeET ¥ IIPXA TOM eIMHCTBEHHOE PEIIEHHE C1, . . ., C, B CIydae PA3JINIHbLIX y3JI0B.

IIpumep 22.1. Ilycrs p(z) = 1. Torga MOXKHO TOJYIUTD CJIELYIOIE KBaIpar-

TYDBIL:
/f(:v) dr ~<{ 51
a Sa(f) = 25*(f(a) + f (b)),
Ss(f) = 252 (f(a) +4f(25*) + f(b))

(popmyavt nPaMOY20ALHUKOS (N0 KPATHUM U YEHMPAALHOT MOouKam), opmyara
mpaneyud, gopmysa Cumncona (napabos)).
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Onenka mnorpemHoctu. Hac unrepecyer Besmumua |R,(f)| = |I(f) —
Sy (f)]. IlycTh KBasipaTypa TOYHA JIJIsi MHOTOWJIEHOB HEKOTOPOii cTerenu m. To-
ria R, (f) = Rn(f — Pm) Jyuist Besikoro MHOrowieHa Py,. O6osnaunm g(z) =
f(z) — Py, (x), 6ynem umernb

|—\/ dx_zczgxz <|\g||/|p |d:c+Zch

rie ||g]| = r[na)]( |g(x)]. Jasee TakzKe UCIOJIB3yeTCsI pABHOMEPHAST HOPMA.
a,b
JlanHasi OlNeHKa BepHA YIS IIPOM3BOJILHOTO P, (x). BosbMeM B KauecTse
P,,(z) MHTEPIOJIAIMOHHBIH MHOTOYWIEH Ly, 41 (2), MOCTPOCHHBIH 110 HYJISIM MHO-

rowiena YeObIméBa, TOTIa

£ 0] (b — a)

1-m—1
(m + 1)! 2m+1 2 '

gl = IIf = Pl <

Takum obpazom,

LF DY (0 = a)

R = Raly)] < L / bl + 3 )

ITycrs p(x) > 0 w.B., a Bce ¢; > 0. Torga

B sTom ciyuae

b
LF ) (0 — a)m
R, = S EEE 2 | p(z)dz.

£V (b — a)™
(m+1)! 22m

IIpumep 22.2. Jljst bopmysr Tparenuit U MpsiMOyroJIbHUKOB II0 [EHTPaIbHOMN
TOUKe M = 1, cjIeg0BaTeIbHO,
(b—a)®
8

Eciu x Tomy xe p(z) =1, To R, =

b—a)?
o= Oy gy = Eo

st popmyser Cumrticona m = 3, T.e. Ry =

(b—a)®

@)
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NuaTepnionsimnondbie KBaapaTypbl. VMeercs 6osblnas TpyIina KBaJjpa-
TYpHBIX (POPMYJI, IOCTPOEHHBIX Ha OCHOBe 3aMeHbl f(z) asrefpanmdecKuM WH-
TEPHOIAINOHHBIM MHOIOYJIEHOM.

ﬂ;aHO: n, {xla cee ,$n},p($), [aa b}

Haiitu: wabop {¢;}, 3amenus nogpiaTerpasibuyo dyukimo f(x) MHOrOUIe-
HoM Jlarpanxka L, (x) crenern n — 1, MOCTPOEHHBIM [0 TOYKAM I;

n

Lu(@) =Y f@) @i(@), @iw) =]
i=1 =

fﬂ*ﬁ]’]j

Ty — T

b
Honoxum Sy, (f) = / p(z) Lyp(z) do . Orcrona nomyydaeM siBHble (hOPMYJIBI JIJIs1
a
Habopa K03 HUIIMEHTOB:

b

6¢:/p(x)<1>i(x)dx, i=1,...,n

a

Ksagparypubsie hopMyIbl HHTEPIIOISIIMOHHOTO THIIA, IIOCTPOEHHBIE B CJIyae
BecoBoil Gyukimu p(x) = 1 i cucTeMbl PABHOOTCTOAIIUX Y3JI0B, HA3bIBAIOTCS
popmyramu Horomona—Komeca.

Jlemma 22.1 Habop {c;}, natidennvii memodom neonpedeaennux kospdhuiu-
enmos, cosnadaem ¢ {¢;}.

HoxkazaresberBo. Ilycrs kBajgparypa S, (f) ¢ Ha6op0M {cl} TOYHA JIJIT MHO-
rousieHoB crereru n — 1. Torga o ompeseneHuio ¢; = f p(x =1(9;) =
n
(k. deg @i(x) <n—1)=5,(2;) = Y ¢;Pi(x;) = ¢;. YTBEpKICHHEE TOKA3AHO.
i=1

ITpu BbrunciaeHnn Ko3bOUINEHTOB KBAIPATyPhl HA OTpe3Ke [a,b] mosesHo

a+b b-—a
CAIeIATE 3aMeHY TIePeMEHHbIX & = — — + Tt u nepefitn k [—1,1]:
T —x; —a t
= [0 [ 2= = ("5%) [P0 1]
ey T — J?j ey tz —
a i -1 i
31ech
+b b—a a+b b-—a
0 t = a t L_ tl 1
rit)=r{— 5t 5t g tei=1..n
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O1eHKa MOrPeNIHOCTY MHTEPIOJISIUOHHBIX KBaApaTyp. Tak KakK Bbl-
nostsiercst ToxaecTBo Sy (f) = I(Ly), T

Haumee, i1t TpOU3BOIBHON TOYKN & UMEEM OIEHKY

[EAR

n!

(n)
Ro(f) < R = 11 ”/|

” |wn ()|, crenoBaTensHO,

(o))de < WU (B —a " |p WO (1)) dt
n! 2 ’

|f (@) = Ln(2)] <

rme WO(t) = (t —t1)...(t —tn).
IIpumep 22.3. i bopMysibl NpsiMOYTOIBHAKOB IO IEHTPAIBLHON TOIKE NMe-
em n = 1,p(x) = 1, cuenoBaressHo,

U /|t|dt G

JlaHHYyIO OTIEHKY MOKHO yJIydIuTh. /leficTBuTE/IbHO,

/bfu)dx/b<f<“§b>+f'<“§b><x et

— ) =2)®
Orciona crenyer, uro Ry = || f"[| =57~

Dopmysia Tpanenuit: n = 2, p(x) = 1, ciaexoBaTesbHO,
( )
R = 71852 / = 1lat = ||

Dopmyina napabos (Cumncona): n = 3, p(z) = 1, ciemgoBaresbHO,

. b—a)?
Ry = |19 ) L 20
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Teopema 22.1 ITycmo p(x) — wemuas omHocumesvHo cepedurv, ompesra [a, b

PYHKYUA, U Y3ADL Tj PACTLOAOHCEHDL CUMMEMPULHO OMHOCUMEALHO ‘ITH’, m.e.
b b
% —Tj =Tpti—j — % Tozda ¢; = Cpt1—i-
JlokazaTebCcTBO.
b—a, | t—t
— 0 J
ci = ( ) [ POt) H dt,
2 S
1 i=1
J#i
b—a, | - t—t
— 0 Y
= (5 [0 I =
2 Wt
-1 jEn+1—i
(TaK KaK t7l+1_1‘ = —ti, tj = —tn+1_j)

n

1
b—a 0 t+tn+1_j
= t —— _dt=
( 2 )/lp ) H —(ti = tht1—j)

j=1
jEN+1—1

(zamenum j #n+1—inan+ 1 —j # i u nepeobozuauum n + 1 — j := j)
n

b—a 1 0 7t7tj
= (= )/p(t)Hmdtci,

j=1
FE]

1 1
Tak Kak /g(t)dt = /g(ft)dt. Teopema jroka3aHa.
21 21

CanencrBue 22.1 ITycmo ysav keadpamypos u 6ec p(T) CuMMEMPUuHb OMHO-
cumeavro cepedurv, ompeska. To20a UHMEPNOAAUUOHHAA KEAIPATNYPA C YUCAOM
Y3408 2q — 1 mouwna 0rs mHozounenos cmeneru 2q — 1.

HokazaresibcTBo. [ IPOM3BOILHOTO IOIMHOMA IMeeM pasiiozkenne Pog_i(x) =

a2q—1(z — “T‘H’)Qq_l + Q2n—2(x). MHTErpas 1 KBagpaTypa JJisl IEPBOTO cjarae-
MOI'O PaBHbBI HYJIIO, & JJIsl BTOPOI'0 COBIIAJIAIOT 10 IIOCTPOEHUIO.

CocraBuble KBazparypHble dopmyusl. IIycre h = (b—a)/N n x, =
a+kh, k=0,1,..., N. Beegewm ciemyromue 0003HATCHUS:

Th+1

() = / p(2) () dz, SP(f) = Slevonal(f), k=0, ... N -1,
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N-1
Torna I(f) = > I¥)(f), u 1uist ero BEIMHUCIICHUS MOYKHO TIPHMEHHTD COCMAG-
k=0
N~ g
nyro kBagparypuyio dopmyry SN(f) = S Sn”(f) ¢ omenkoii morpemmocT
k=0

N-1
RY(5) < X 1RO

HaHpI/II\erp, JJIA COCTaBHOM CI)Opl\ly.HbI IpAMOYT'OJIbHUKOB

b—a e h
S =" X1 (ot )
k=0

JIJIg IIOTPEITHOCTU Ha OTPE3Ke [Ik, Ik+1] nMeeM HepaBEHCTBO

3 3
(k) " (Thy1 —x)® (b—a)
e R A TRRE oo
N " (b — a)3
clleJloBaTelIbHO, 1l Beero oTpeska [a, b Ry = || f"[[(, 4 ANT

Jlekiiua 23. Ksaapatrypsl I'aycca. OproronaJjib-
HbI€ MHOTOYJICHBI

ﬂJISI HpI/I6JII/I}KeHHOFO BbIYUCJICHUA UHTErpaJia

b

I(f) = / p(z) f@)de, p(x)>0me.

[OCTPOUM TIPH 3aJIAHHOM N KBaJIPATyPHYIO hOPMYILy BUIA
n
Sn(f) = Z ci f(xi),
i=1

TOYHYIO JIJIsi MHOI'OYJIEHOB HamboJiee BBICOKOI crenenu. Takue KBaJIpaTyphl Ha-
3bIBaIOTCs KBapaTypamu Laycca. Takum 06pa3oM, nMeeM CIIEIYIONIYIO 3a1a9y.

Tano: p(x). [a,b], n.

Haitru: nabop {z;,¢;}l; U3 yCIOBHS TOYHOCTH KBaJPaTYPHI JIIs MHOIO-
4jleHoB Hambosee Bbicokoil crenenu, T.e. [(Py) = S,(Py), Pi(z) = 2F, k =
0,1,...,n—1,...,m.

Tak kKak 4mcjio CBOOOJHBIX IMApaMETPOB KBaJIPATypPbl PABHO 271, TO MOXKHO
HaJIeAThCsT, 970 m = 2n — 1. OHAaKO, COOTBETCTBYIONIAsT HEJIMHEHHAST CHCTEMa
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BecbMa HeTpuBHaJbHa st n > 3. Ilosromy, ciemys Dayccy, mocrymaior ciemy-
TOIUM 00PAa30M.

OproroHajibHble MHOTOYJIEHBI. BaskHYI0 POJIb IIPU IIOCTPOEHUN KBaIpa-
TypHbIX (hopmya [aycca urpaior oproroHajbHble MHONOWIEHBI Ha OTpe3Ke [a, b]
¢ BecoM p(z) > 0 mOUYTH BCIOY.

IIycte H — mpocTpaHCTBO KOMILUIEKCHO3HAYHBIX (DYHKIIHIA, OIPEIETEHHBIX
Ha [a,b], ¢ orpaHMYEHHBIM HHTErpasoM (HOPMOii):

b
(f,9) = /f(iv)g(iﬂ)P(x)dx, pla) > 0ms., |[fI*=(f,f)

HamomamM, aTo cucrema pyHKITHIH {ﬂ’j}?:o Ha3bIBAETCS OPTOTNOHAJJIBHOH, ecan
(1i, 1) = 0; Ha3BIBAETCH JIMHEHHO HE3ABUCHMOIH, ecu Z;.L:O ¢j; = 0 Bo3MOXKHO
Tonmeko ipu ¢; =0, j =0,1,...,n.

ITocTpoenue.

1-it meros. Cucrema OPTOrOHAJIBHBIX MHOIOYJIEHOB MOXKET OBITh ITOJIyde-
Ha U3 IPOU3BOJILHON JIMHEAHO HE3aBUCUMOM CHCTE€Mbl MHOI'OYJIEHOB {cpj};?zo B
pe3yJbrare CTAaHIAPTHON MpoIeaypsl oproronaau3anun tuna ['pama—IlIvumara.
Hanpumep, B KadecTBe UCXOIHOM MOKHO BHIGpaTh cucremy {1,z, ..., 2% ...},

2-oit meroz. He ciioxKHO 710Ka3aTh, YTO MHOrOUWIEH ¢y, () SBJISETCS OPTOro-
HAJIbHBIM MHOT'OYJIEHOM TOTVIA U TOJBKO TOTJIA, KOTJIA 1y, (Z) OPTOrOHAJEH IIPO-
u3BoJbHOMY MHOTOWIeHy P,_1(x). Takum obpazom, koadduimentsr ¥, (x) =
ag+a1z+. . .+a,_ 12"+ MoXKHO HafiTH U3 cucTeMBl ypasHenuit (1, 17) = 0,
7=0,...,n— 1. B nannom ciyuae kodddurment a,, = 1 BeiOupaercs u3 cood-
paxKeHuii yao0CTBa HOPMUPOBKHU.

B npakrudeckux pacderax Hanbosee yrnoTpeOUTEIbHBI CJIE/LyOIINe OPTOro-
HaJIbHbIE MHOTI'OYJIEHBI:

Jlexkanpa ([—17 1], p(x) = 1)7

Yebbmésa nepsoro poga | [—1,1], p(z) = #>,

V-2

JTareppa ([0, 00), p(z) = e™*),

Opmura ((—oo7 o0), p(z) = e"”z).

Bameuanmne. s cranpaprabix cucreM {4, (x)} yuaercs nocTpours siBHbIE
dopmyssr. Hampumep,

JJ1st MHOTOUIeHOB JlexkaHipa:

_ 1 dn
T onpl dan

P () ((332 - 1>n) )

2n+1 n
n_i_lan(x)*n_i_l

VYnt1(x) = PYn—1(2);
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JUIst MHOTOW/IEHOB UeObIméBa:
tn(x) = cos(n arccos x),
Uny1(z) = 2200 (2) — Yn_1(2).

Teopema 23.1 OpmozonasvHbill, MHO20UAEH CMENEHY T UMEEM POBHO N PA3-
AUNHBE KOPHET Ha ompeske [a, b].

Hoxkasaresbcrso. Eciu ¢, (z) umeer Ha [a,b] TosbKO © < n Hysell HedeT-
T

HOI KPATHOCTH, TO MHOTOWIEH Qpir(T) = ¥n(x) H(Jc — ;) He MeHsIeT 3HAKa
=1

b T
Ha 3TOM OTpe3Ke, 4To nporusopednt cpoiicrsy [ p(z)in(x) [[(z — x)dz = 0
a =1

OPTOTOHAJILHOCTH Uy, () BCeM MHOIOWJIEHAM HU3IIEH CTEIleHH.

Teopema 23.2 Cpedu mnozourenos euda P,(x) = ™ + ... MUHUMAAOHYIO
b

nopmy || P,||? = /p(:c)P,%(:c) dx umeem opmozonasvrwili Mrozouser V() co

a
cmapwum Kospduyuernmom 1.

HokazaresabctBo. Ilycrs P, (z) — IPOM3BOJIBHBIL MHOTOYIECH CTENEHU T
co crapumm koabdumumentom 1. Toraa P, (z) = 1, (x) + rp—1(x), n u3 oproro-
HAJBHOCTH Yy, () JTIO6OMY MHOTOYWJIEHY HU3MIEH CTETIEHN CJIeyeT

1Pa@)|” = [|wn (@) + a1 (@)

Teopema 23.3 Lz opmozonaavhvix mHo2ouwaenos euda n(x) = ™ + ...
CNPABEINUBDL PEKYPPEHTMHBLE COOMHOULCHUSA

Yn(x) = (2 = bp)Yn—1(x) — cpPp_a(x), n=2,3, ...,
(mwnflawnfl) (wnflawnfl)

by = bl e b Tl )

(wn—lvwn—l) ’ (¢n—2,¢n—2)
Hoxka3zaresnbcrBo. Ilpejcrasum Muorowien xi,—1(z) B BUge: xh,_1 =
n
>~ agthy. Onpenennm k03 OUIIEHTHI (j U3 YCIOBHUl OPTOrOHAIBLHOCTH
k=0

(an—la w]) = a](¢]7¢]) .

IIpn j < n — 2 umeem

(ﬂ/)n—hl/)j) = (T/)nﬂ,im/)j) = (wnthjH) =0,
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Te. Bece o = 0 mpu j < n — 2 (3mech Q41 = x)j(r) 0603HATAECT MHOIOUICH
crenenn j + 1 ). Takum obpaszom,

anfl = Oénwn + anflwnfl + Oén72wn72 )

IpA 3TOM v, = 1 B CWJIy paBeHCTBa eQUHUIE KOI(DDUIMEHTOB NPU CTapiieil
crenenn x. OTCIONA CJIEIyeT, ITO

’(/}n(x) = (-’17 - an—l)wn—l - an—ﬂ/}n—2~
U1 Tak xax (wnawnfl) = (wnf% ¢n71) =0, To

(mwn—ly w'rn—l)
(Yn—1,%n-1)

by == ap_1 =

Hamnee (n, ¥n—2) =0, Te.
0= (anfla 1/%—2) - Qn,1(¢n,1, ¢n72) - an72(wn72a ¢n72)~

n—2

ITockONbKY Tp—2 = Yn_1 + > Bithi, 10 (TYn_1,¥n—2) = (Yn_1,TPp—2) =
i=0

(¥Yn—1,%n—1). Takum oGpaszom,

(wn—lv'(/}n 1)
(wn—Qv '(/}n—Z)
Jlemma 23.1 OmeZOHa/lebLe MHO20YNEHDL HA CUMMEMPULYHOM OMHOCUMEND-

HO HYyas ompeske ¢ uemnwum eecom p(x) obaadarom ceoticmeom Pn(—x) =
(=) (x). pu smom by, =0 das ecex n.

Cp = Qp_9 = >0.

HoxkazaresberBo. [Iposepum 6a3y nnpaykunu. Tak kak ¢o(x) = 1, 1 (x) =
x, 10 u3 YerHocTH p(x) U noJydeHHOH dopmyisl jia by, caemyer, uro by = 0.
ITar wHAYKIUA: [IyCTh YTBEPXKIEHHE JIEMMBI BEPHO JJIsi TIOJIMHOMOB CTEIEHU
10 (n — 1) n xosddunuentor mo by, BKIOUNTEIBHO. TOrma U3 peKyppeHTHON
bopMyIIBL IS 1), TTONYYIaeM Y€THOCTh/HEUETHOCTD 1y, (L) U, KAK CJIeJCTBUe, U3
dopmynbt 1718 K09DPUIMEHTOB PABEHCTBO by 41 = 0.

Teopema 23.4 Hyau opmozoHasbHbT MHO20UAEHOS C HUKCUPOSAHHDIM Ha OM-
peske [a,b] secom p(x) > 0 nepemescaromes, m.e.

(n) (n—1) < ... (n 1)

a< <z <z <b.

JokazaTesibcTBO. Bynem crpouTs JlokazaTeIbeTBO 0 MHLYKIK. Basa uH-
nykuuu. IIposepum gyt ¥ (x), 1 (x), 2 (x). Unmeem: g = 1, 1)1 = x — :v(ll). Tak
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(1)

Kak Po(z) = 2 + ... ma < 7’ < b, 1o signis(b) = 1. Paccmorpum pexyp-

_ (1),
PEHTHOE COOTHOIIEHHE JJIA Y B TOUKE T = X, !

Ya(2{V) = —eapo(all) < 0

T.K. ¢co > 0. Bece kopHu 19 npunajiekar orpesky [a, b], nosromy sign s (a) = 1.
Takum 006pa3oM, UMeeM IepeMeHbl 3HakKa o(T) B HOCJIEH0BATENHHO PACIOJIO-

(1)

JKeHHBIX TOYKax a < 2~ < b, ciegoBareisbHo,

(2)

a<xy (2)

<2V < a2l <.

Tar uaaykmun. [lycrs mymu mepeMekaoTcs st ¥y —1, Yp—2:

< b.

a< :vg"’l) < :vg"’Q) <...< xﬁl":f) (" 1)

(n—1)

Tak kak ¢ (z) =2 +... 1 2 < b, To sign Y (b) = 1. TlogcraBum z =z,

B PEKyPPEHTHOE COOTHOIIEHUE

wn(m) = (x - bn)wn—l(x) - Cn¢n—2($)-

o () = s (7).
2)

nmeem:

(n )]

Hamomuum, aro 3mecwy ¢, > 0. U3 ycioBus :cgl 5 < m, < b caemyer, aro
-1

Yn_o (x(nfl)) > 0, TakuM obpa3om, wn(

n—1
(n—1)
n—2

Ty_1 ) < 0. Ananoruyno mokasbi-

BaeTCsl, 4TO Uy, (:c ) > 0. U rak masmee. Tak Kak MHOTOYJIEH MMEET BH/I

Yp(x) =2"+...na< xin), U BCe ero KOPHU NPHUHAJJIEXKAT OTPE3KY [a, b], To

signy, (a) = (—1)". Takum o6pa3oM, UMeeM IlepeMeHbl 3HaKa ), (x) B mocie-
JIOBATE/IHHO PACIIOJIOKEHHBIX TOYKAX @, x§" 1), ey :v%"il), b, 94TO U 3aBepIIAET
JTIOKA3aTETHCTBO.

Sameuanne. ITommmomer {z™}3°_ He MOIyT OBITH OPTOTOHAJBHBI HE HA
KaKOM OTpe3Ke [a, b] Hu ¢ kakuMm BecoMm p(z) > 0.

Keagparypusie popmystisl I'aycca. 13 nojryyeHHBIX paHee OIEHOK CJIery-
€T, 9TO TOYHOCTH KBAJIPATYPhI IOBBIIIACTCS C OBBIIIEHUEM CTEIIEHH MHOIOMWJIEe-
HOB JIJIg KOTOPBIX KBaJIpaTypa ToYHa. PaccMOTpuM 3a1ady MOCTPOCHUs KBAIpa-
Typ laycca: mpu 3aJaHHOM YUCIIE y3JI0B N MOCTPOUTH KBAAPATYPHYIO (hOPMYJTY

n b
Sn(f) = Z ¢; f(x;) s Boruucsienus unTerpasos suga I(f) = /p(x)f(x) dz,
i=1 s
TOYHYIO JIJIsi MHOIOWIEHOB MaKCUMAJILHO BBICOKOi crenenu. Becosas dbyHKIms
p(x) 31€ECH IpEAnoIaraeTCs MOYTU BCIOY MOJOKUTEIbHOI.
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B 310l nocTaHOBKe MMeeTCst 2n CBOGOIHBIX TapaMeTpoB (y3J7bl 2; 1 Koabdnu-
[UEHTHI ¢; HEU3BECTHBDI ), IIO3TOMY MOXKHO IIONBITATHCS IIOCTPOUTH KBAIPATYPY,
TOYHYIO JIJIs MHOT'OY4JIEHOB cTernenn 2n — 1.

JlemMma 23.2 He cywecmeyem xkeadpamypv, ¢ n Y34aMU, MOYHOU OAf BCET
MHO20UAEHOE CTMENEHY 210.

JokazareabctBo. Boszbmem P, (z) = (v — 21)?--- (v — 3,)%. Torma 0 =
Sn(Pay) # I(Pay) > 0.

OrmernM, 9TO HE PEKOMEHJIyeTCsl CTPOWTH KBaJparypbl Laycca meromom
"Heompe e IeHHBIX KOI(DMDUIMEHTOB U y3JI0B" M3 yCIOBHUS TOYHOCTH KBAJIPATy-
PBI JIJIsT MHOTOWJIEHOB HanboJiee BBICOKOI crenenn. [Torydennas TakumM o6pa3om
cucTeMa HEJIMHEHHBIX YpaBHEHUH BeChbMa HETPUBHMAJIbHA yKe IpHu n = 3.

IIpu mocTpoennn kBaspaTypHbIX hopmysa [aycca KIroUeBbIM SBIISIETCS CIle-
JLyIOITee yTBEPKICHNUE.

Teopema 23.5 ITycmv ysavl T1,...,Tn — HYAU OPMOZOHANDHOZO MHO20UNE-
Ha Yn(x) cmenenu n wa [a,b] ¢ secom p(z), u Sp(f) — weadpamypa, mownas
ons mmozounenos cmenenu n — 1. Tozda keadpamypa mouna Oas MHO204AEHOS
cmenenu 2n — 1.

Hoxka3zaresberBo. [liisi 1pOUM3BOJILHOIO MHOrOWIeHa umeeM Po, 1(x) =

Y (2)Gn—1(x) + rn_1(x) = F(z) + G(z). HosTomy

b b
I(Pop—1) = [ Pop—1(z)p(x)dz = [ G(x)p(x)dz.

b
Pasencrso Hymo unrerpana [ F(z)p(z)dx ciegyer us omnpeeseHus oproro-

HAJILHOrO MHOTOUIEHA ¥y, (7). Jjist KBapaTypbl HMeeMm
Sn(Pan—1) = Sp(F+ G) = S,(G) = /G(x)p(x)dx.

Pasencrso S, (F') = 0 cienyer u3 ycaosuit ¢(x;) = 0, T.k. F(z;) = 0. B pesyns-
rare umeeM paBeHCTBO I(Pay,_1) = Sy (Pan—1). Teopema pokasana.

JlanHoe yTBep:KIeHre TO3BOJISeT Pa30UTh CaM IPOIECC MOCTPOCHHU KBaApa-
Typsl ['aycca Ha J1Ba HOC/I€I0BATE/ILHBIX TAlA;
— HaXOXKJICHHE HyJICH OPTOrOHAJIBHOIO MHOTOWICHA, Y, ,
— HaXOKJIeHHE BECOB METOJIOM Heollpee/eHHBIX KO3 PUINECHTOB.

JlokazkeM cireyromee MoJIe3HOe YTBEPXK ICHHE.
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Jlemma 23.3 Bce koappuyuenmot xeadpamypv. 1aycca noaoscumenvro.

HokasaresbcTBo. Pacemorpum MHOTOWIEH crenenn k = 2n—2 suna P (z) =
n

1 (x — z;)2. Lna unrerpana ot sToro muorodiena dopmyna Laycca gaet Tou-
1=1

7{¢k

HBII Pe3yJIbTaT:

b

n n

/p(:L’)Pk(IL') dx = Z ¢; Pi(xj) = Z ¢; Pi(xj) + e Pr(zr) -
a =t gt

IMockonbky cupasemuso Py(z;) = 0 upu j # k, cileHoOBATEIbHO, HIMEEM Cf =

b
J p(z)Pr(z) dz/Py(z) > 0. Jlemma nokasana.

Tax kak KBagpaTypsl l'aycca TOYHBI [j18 MHOTOYWIEHOB CTereHn m = 2n — 1
u ¢, > 0, ciemoBaTesibHO, BEpHA OIEHKA

b
£V (b — @)™+
R, < (m D) gmriTm 2 | p(z)dz.

a

Nmeer MecTo cremyroree mojge3Hoe yTBEPXKICHNTE.

JIemma 23.4 ITycmo secosasn Pyrkyus p(x) — “emHas OMHOCUMEALHO Cepe-
dunoe ompesra urmezpuposanus (a—+b)/2. Toeda ysav xeadpamypu Taycca 0asn
b

soruucaerus I(f) = / p(z) f(x) dx pacnososicenv, cummempuuro omHocumens-

a
1o (a +0)/2, a coomeemcmeyrouue cummempuhoim Yaaam kodpduyuenmon
K6adpamypvl PasHbL.

JleficTBUTEIBHO, CUMMETPUA Y3JI0B KBAJAPATYPHI CJIELYET U3 CUMMETpuH (KOCO-
CHMMETDPUH) OPTOrOHAJIBHOIO MHOTOUWIEHA, & CUMMeTpHsI KOI(DhUIMEHTOB eCTh
CJI€JICTBAE CUMMETPHH Y3JIOB.

OrmeruM, 9TO HA JIAHHBIA MOMEHT MMEIOTCS TOTOBbIe TabJIUIBI KBAPaTy P
10 212 ¢ 20-10 3HAKAME [UIS CTAHJAPTHBIX BECOBBIX (DYHKIMIA.

1
1
IIpumep 23.1. Jlisa unrerpaJa / ——— f(x)dx xBagparypa [aycca umeer
-1
BH/I
n

27 -1
Zf(:nj), x; = cos L.

Sn(f) = om

313

j=1



Pazner 5. 141

JlaHHYI0 KBaJ[paTypy TakKe Ha3bIBAIOT KBajparypoil dpmura. CooTBETCTBY-
FOIUMU OPTOTOHAJIBHBIMU MHOT'OYJIEHAMU SIBJISIIOTCSI MHOIOYJIeHbl JeObIéBa,
nosromy KopHU Ty, (x) 3a/a10T y37bl KBaJAPATYPHl N-T0 TOpsiaka. ATobbI st
JaHHOTO HAbopa KO3 MUIMEHTOB KBaIpaTypa ObLIa TOYHA JJIs TPOU3BOJIBHOTO
MHOrouIeHa Po,_1(x) 10CTATOYHO IPOBEPUTD, ‘{TO KBaJIpATypPa TOYHA JIJIA IPO-

uzgoabHOro P,_1(x). IIpencrapum P,_1(x) = Z amTm(x) n ycranoBum, 4TO

KBaJIpaTypa To4uHa Jjsd 1y, nupu m < n.

Jleknma 24. OnTuMu3alus KBaJpaTyp

PaccMoTpuM 3ajiady BBIMUCICHUS HHTErpasa ¢ ONTHUMAJbHBIME B HEKOTOPOM
cMbIcsie 3arparamu. 1lycTh 3ajaHbl 00JACTb MHTErpUpoBanus [a,b], Bec p(x),
KJIacC TOIBIHTerpaabHbIX QpyHKImi F.

N
IMorpemmocteio kBagpatypsl Sy(f) = > ¢;f(x;) ma xmacce dbynxmmit F
i=1
HaspiBaloT Besmunuy Ry (F) = sup |[Ry(f)|, tme Ry(f) — morpemmsocTts Ha
fer

dyukiun, .e. Ry(f) = I(f) — Sn(f).

Hwwxusist rparb Wy (F) = inf |Ry(F)| Ha3biBaeTcsi ONTUMAJIBHON OIEHKOM
i\t

MIOTPENTHOCTH KBaJpaTyphl Ha Kiacce. Kesm cymecTByer KBajparypa, Jjs KO-
ropoit Ry(F) = Wx(F), To Takyl KBaJpaTypy Ha3bIBAIOT ONTUMAJLHON HA
JIAHHOM KJIACCe.

IIpumep 24.1. Ilycrs F: |f'(z)] < A, z € [0,1]. MoxXHO JI0Ka3aTh, 4TO OITH-
MaJIbHas KBaJIpaTypa — COCTaBHAA (DOPMYJIa IPAMOYTOJLHIKOB 110 NEHTPAIb-

HOI TOYKE:
Y (i A
sv(n =5 30 (F52) mxio) < 3
j=1

Ecim tpebyercst obecrieanTh TOYHOCTD UHTETPUPOBAHUS €, & COOTBETCTBYIOIIEE
N > % JUIsT HAC HE JIOCTHXKUMO, TO MOYKHO M3MEHUTh Kijiacc F' u jmmbo mombi-
TATHCsI HOCTPOUTH ONTUMAJBHYIO KBaIPATYpy (YTO 9aCTO HETPUBUAIBHO), NGO
JIJIsT BBIOPAHHOTO KJIACCa HANTH aCUMIITOTHIECKN OITUMAJIBHYIO KBaJIPpATypy, U
JUI Hee PEIUTDb 33139y 00 ONTUMAJIbHOM PACIpeIe/IeHIN Y3JI0B.

yers F: || f"|clai,p) < Aiy @ =1,..., q. lIpeacrasum

b b;

1(f) = / f@yde =Y [ f@)ds

a i=1 a;
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Ha kaxzom orpeske [a;, b;] amuabl H; GyneM IPUMEHSATH COCTaBHYI0 (GOPMYITy
rpamnenuii ¢ marom h; = H; /N;:

b;
/f(:c)dxzhi <@+f(ai+hi)+-..+f(bihi)Jr@).

IIpu sTom

i f" H[a H3 A; H 1. A;H3
RO(f | bl 22 < R <R RO(f il B
| ( )|— 12 N2— 12N2a | N( | N = Z' ;12]\712

IlepBasi mocTaHOBKAa ONITUMU3AIMOHHON 3aJa4M.
Hamo: q, N.
Haiitu {Ni}, 23:1 N; = N, u3 ycjioBusl MUHIMYMa HOTpentHoCcTH Ry, T.e.

Ry — min,
V=N +...+Ng—N=0.

Ianee Gynem cuutarh, 40 N; — JIeHCTBUTENbHBIE YUCIA (XOTSI MHTEPECYIOT
nesble). Torma st Gynkiwn Jlarpamxka L = Ry + AU umeem:

3
OL _ A o= N = H(?)\)l/3

— p=1,...,q.
6NZ 6N3 ) b ) »d

IlopcraBnsem N; B yciioBue Z 1 Ni = N, umeem Z H; ( )1/ = N. U3 nan-

HOTO BBIPAYKEHUS HAXOIUM A U TOJCTABJISIEM B cbopMyﬂbl mitst N;. Tomygenmbie
TakuM 006pazom N; He ITiesIble, TOITOMY Pe3yJIbTaT OKpyrisem. Haiinennoe B uro-
re pacipeesieHre y3j0B HECKOJIBKO OTJIMYHO OT OIITUMAJIBHOrO, HO JaJbHeee
YTOYHEHUE BPsiJL JIU PA3yMHO.

Bropast mocTaHOBKa OONTUMHU3AIMOHHOI 3a1a4u.
Hano: ¢, Ry = €.
Haiitu {NZ} U3 yCJIOBUS MUHAMYMa 9HCJIa y370B N = Zgzl N;, Te.

N = Ny +...+ Ny — min,
‘I’ZRN—EZO.

s dysxumn Jlarpamxka L = (N1 + ...+ Ng) + %(RN — €), BBIIUCAHHOMN 11151

yﬂO6CTBa B TepMHUHaX U = % npu ,HGIU/ICTBI/ITGJII:HLIX Ni, nmMeem

oL 1 [ AH? A\ Y3
=1+- 0= N, = H; .
oN, ( 67 ) - (Gu)
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3 3
IToncrasum N; B ycaoBue na Ry, mosmyamm Z % (%%) = e. Orciona cite-

L
JyeT, 94TO [1,3 Z H; ( )d = ¢. I3 1aHHOr0 BHIPAYKEHUS HAXOIUM (I, TIOJCTABUM

B bopMyIIBI ,anﬂ N;, 1 pe3yJbTaT OKPYTJIUM.

Iostyuennnie hOPMYJIbI TIO3BOJISIOT ¢HOPMYIUPOBATH PAGOTY PA3yMHOIO aJi-
rOPUTMa: CTPOMM HABOpP IOJOTPE3KOB [a;,b;] muraBHoro mamenenus f”(x), Ha
KaKJIOM OTpeske mpuOmmkento onenusaeM A; = | f”||(a,5,], Haxommm N; 10
YKA3aHHBIM (DOPMYJIaM U JAJI€e BBIYUCIISIEM 110 COCTABHOM (DOPMYyJI€ MHTErpal.
OrmeTum, 94TO GOJBLITMHCTBO aJrOPUTMOB Oa3UpyeTcs Ha KaueCTBEeHHO! CTOPOHE

[TOJIyY€HHBIX Pe3yJIbTaTOB, a He Ha KOJUYECTBEHHBIX COOTHOIIEHUSAX. B 1aHHOM
H?
ciiydae Hafiyiennas dopmysia EALN—ZS =3 O3HAYAET, UTO IMOTPENTHOCTH IO
i
KaXKJIOMy 3JIEMEHTAapHOMY IIOJ0TPE3KY MHTErPUPOBAHUS OIMHAKOBA B CJIydae
OITUMAJILHOTO PACIIPeJIe/IEHUs] Y3JIOB.

HpaBI/IJIO PyHre OII€HKU ITIOTr'PEIITHOCTHA. HyCTb JJId IIo/IcYeTa NHTerpaJia

f p(z) f(x) dr npumensiercss HexkoTopas coctasHas dbopmyna SN (f) =

Z sS4 )( f). MoxHO 0Ka3aTh, YTO B CJLydae JOCTATOYHO IJIAJKON [ UMeeT MecTo

CJIeII,yIOH_[ee pejacraBjieHue
I(f) = SM(f) + Ch™ + O (h™F1)

¢ me 3aBucsieit or h koucraunroit C. Ilo cyTtu, 370 COOTBETCTBYET PA3IIOKEHIIO
GYHKIIMI OMHUOKH O CTereHsIM h.
2N
O6o3HaunM yepes S,S )( f) cocrasayto dopmMyity, TIOJYIEHHYIO IPUMEHEHN-

S(N) 6 ; )
em dopmyasl Sy ' (f) ¢ BIBoe GOJBIIMM IUCIOM y3JI0B (IOJOBUHHBIM IATOM).
Torma ¢ Toit :xe C' HaxoanuM:

I(f) = SEM(f) +C <g)m +0 (hmH)

CiietoBaTesIbHO, ¢ TOYHOCTHIO JI0 4jieHoB O (hmH) CIIPABEJJIUBO CJIEIYIOIIee
npasuso Pynee:

SN = s
1—9-m )
(2N) (N)
N () S (f) = Sn ()

C~

(N) (2N)
Orcrofia ciemyer, 9T0 UCHOIL3Ysl 3HAYEHUsT Sy, °~ U Sy~ KBaJpaTyphl C IJIaB-
HbIM wieHnoM morpertaocTd C'h™, MOXKHO MTOCTPOUTDH KBaIPATyPHYIO (hopmysty
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S(QN) S(N)

n
2m —1
[Tpu npuMeHeHNN JAHHOTO MpaBUIa K (popMyJie Tpalenyii moJrydaercst pop-
mysia CuUMIICOHA, T.K. B 9TOM CJydae m = 2, 1 Ha oTpe3ke [a;, b;] nmeem:

ST(LN,QN S(2N)

HOPsIJIKA TOYHOCTH He Huke (n + 1).

SV = P () + (b))
s = B2 (a4 1)+ M (1O + f00).

2

Dopmyna CUMIICOHA UMEET YETBEPTHIH MOPSIIOK TOYHOCTH, [TOITOMY B JIAHHOM
CJIydae IMopdJIOK IVNIAaBHOT'O YJIeHa IIOTPEHIHOCTU YBEJIUYIUTCHA Ha 2.
(2N) (N)
pICLOM Sy — Sh
2m —1
N)

. (N) (2N) (N,2
Csl 9KCTPAIIOJISIIUOHHOM, T.e. ipu Sy, ~ # Sy ' BeJuduHa Sy, BCErJIa JIESKUT

[Iporemypa mocrpoerust hopmyITbI S,(LN’2 SIBJISIET-

BHE OTPE3Ka C KOHIAMUI S(N) S(QN) HeiicTBUTEIBHO, €CIn 5'7(12N) > Sy(LN), TO
SV 5 g2 5 5 Eemn 8T < STV, w0 85V < SN < 55N
ITycrb st Beraucsenns: uarerpasa I(f) or #HeKoTOpoit (hyHKIMU UCIIONB3Y-
ercs KBaJpaTrypHas (GpopmyJia S,(LN), dakTHIECKUl TOPSATOK TOTHOCTH M KOTO-
poit Hem3BecTeH s auHoil hyuknnu. PaccmorpuM npoyece Sumikena ducen-
HO OIEHKY 3HAYEHUS MOPAIKA M, ABJSIONIHIcs 0000menneM npasusia Pymre.

N 2N
Ilycts 1 ( f ) — TOYHOE 3HaYeHHe WHTerpaJja. BeraucanM 3HaYeHust ,S’,(I ), ,S’,(I ),
(4N)
Shn

. Ecu yauThIBaTh TOJIBKO TJIABHBIA WJIEH MTOT'PEITHOCTH, TO IOJIyYaeM CH-
CTEMY TpPeX ypaBHEHUIT

I(f) = SV (f) + onm
I(f) =SSNV + o (8™,
I(f) =SS +o ()"

¢ neussectHbiMu I(f),C u m. @opmanbHoe pemmenue nospoJsier Haditu I(f),
C, m. Omnako jys xoukpernoro N, orbpomennbie ciaraembie O(h™T1) wo-
ryT oka3arbcs mopsaka Ch™, 9To cymecTBeHHO nckas3ut oTseT. [losromy 60-

NN

Jiee pa3yMHBIM SIBJISIETCS CJeAyomuil mogaxosr. Tak Kak S,(LQN)( - S,(IN)( f) =
C (1 —2"™)Rh™, cieoBaTENBHO,

F(Inh™Y) =1In|SCV(f) — SN (f)]~! ~ const + mInh~t.

HuddeperimpoBanne aCUMIITOTHIECKAX PABEHCTB BOOOIIE TOBOPsI HE3AKOHHO,
II03TOMY BEJIMYUHY 1 MOXKHO TIOIBITATHCH HANTU B pe3y/bTaTe JMHEHNHON WH-
reprossiiun F(In h™1) 1o HeckoMbKMM 3HAUEHMSAM h/ 2k (HaTIpUMep, B CMBICJIE
HAMMEHDBIIUX KBAJPATOB).
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IIpasuso Pyure nossossier chopMyIMpoBaTh IPUHIIUAIL IIOCTPOCHUS IIPOTPAMM
UHTEIPUPOBAHUS C ABTOMATUIECKUM BBIOOPOM IIIAra, YIUTHIBAIONIUX [TOBEICHNE
uHTErpUpyeMbIx GyHKImi. VX cyTh 3aKk/I049aeTcs B cieayiomeM. Ilycrs s uH-
TerpupoBaHus IPUMeHsieTCs HeKoTopas KBajparypa S(f). s upubiuzkennoro
BBIUUCJICHUSI MHTErpaJsa Ha OTpe3Ke [a;, b;] AyuHbl h;, HAXOAATCS JiBa 3HAYCHUS
Sy = Slaibil g §y = Glaisaithi/2l 4 Glaithi/2.bi] € yx nomompo 1o npasmty Pys-
re OLEHUBAETCs TJIABHBIN UJIeH HOrPENTHOCTH. FKC/iM MOrpenHocTh MaJia, TOrja
3HAYEHNE MHTErpaJsia CIYNTAETCsl HallJIEHHBIM. B IPpOTUBHOM ciiydae Tpedyercs
YMEHBIIUTH JJINHY OTPE3Ka WHTErPUPOBAHUs h;.

IIpu HaxoxKeHUU UHTErpaJia Ha OOJIBIIOM OTPe3Ke [a, b] ecrecTBEHHO BbLe-
JISIOTCS JIBE MPOLELYPhI, KOTOPbIE IPUHATO HA3BATh BEPTUKAJILHON U TOPU30H-
TaJIbHOMA.

B ciygyae ropuzonTasbHON MpOTeLyphl (DUKCUPYIOTCS JIBa YHUCTA €1 < Eg
(rounocts) u HavyasbHbli mar hy. Ha orpeske [a1,b1], a1 = a, by = a1 + hy,
HaXoJATCA 3Hadenus S1, S, R = |S1 — Sa|.

Eciim R < €3, TO TOYHOCTh MHTErPUPOBAHUS HA JIAHHOM OTPE3KE CUUTAET-
sl Y/IOBJIETBOPUTENBHOM, TI09TOMY TIEPEXOJMM K CJIEJIYIONEMY OTPE3KY [ag, ba]
amuabl ho. Ecm €1 < R < €5, TO hy = hy, T.e. mar Npu3HaeTCsT ONMTUMAJIBHBIM,
ecim R < €1, TO mar MpU3HAETCs U3JIUIIHE MEJIKUM U hoy = 2h1.

Ecim ke R > €5, TO TOYHOCTh CUATAETCS HEJIOCTATOYHOM, IIO9TOMY I€pe-
oupesiesisieM hy = hy/2, 1 MeTOJ 3aHOBO NIpUMeHsieTcst Jyist [a1, a1 + hy).

SHaueHre uHTErpaJIa 1o BCeMy OTpPe3Ky [a, b] HaxoauTcs Kak cyMMa HaiiJieH-
HBIX TI0 TIOJIOTPE3KAM WHTETPAJIOB.

B ciiyuae BepTuKaJIbHON IPOIELYPhI TaAKXKe (PUKCUPYETCs] TOYHOCTD &. JLjist
BCEro oTpe3sKa [a, b] HaxonsaTcs 3HaueHns S1, S2, R. Ecim R < g, To canraercs,
9TO 3HAYEHUE MHTerpaJia 0 BCeMy OTpe3Ky HaiijeHo. VHadue MCXOIHBIN OTPe30K
Jlesiures Ha jBa [a, a + b*T“], [a + b*T“, b], u MeTOJ IPUMEHSIeTCS PEKYPCUBHO K
KaXKJIOMY U3 MOJI0TPE3KOB.

Hecnoxuo npusectn npuMepbl (DYHKIUA, J1JIs1 KOTOPBIX KasK bl U3 METOI0B
JIaeT ILIOXOi pe3y/ibTaT (HaupuMmep, UcxoaHast (GyHKIMs HEOTPUIATEIbHA, a BCe
Y3JIbl [IONAJIAI0T B HYJIH).

Jleknmusa 25. Meroa, Moure—Kapio. HTerpupo-
BaHUe (PYHKIIA C 0COOEHHOCTAMM

Paccemorpum 3aady BeIAuceHns WHTErpajga B MHOTOMEPHOM CJIydae:

= /f(w)dw, Qc R d>1.
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[ycts f € ChY(A,..., A)|q. MoxHo j0KazaTh, 9TO HE CYIIECTBYET MeTO-
JIOB MHTEIPUPOBaHUsI Ha JIAHHOM KJACCe C OIEHKOH MOrpPelntHOCTH JIydIle, YeM

c
|R(f)] > —+, rme d — KpaTHOCTH BBIYHUCIIAEMOro uHTerpaJa. U ecin neobxo-
Ni’
d

o obecrientsh Tounocts |R(f)| < e = ¢A1073, To N > 103¢. Tlockombky
HAXOXKJIEHNE KAaKJIOTO 3HAMEHHUS MOJABIHTErPAJbLHON (DYHKIMN OOBITHO Tpedyer
3HAYATEJLHOrO Yncja apudMeTHIeCKuX JeicTBril, To yxke npu d = 6 Takoe
yciaosue Ha N MOXKET OKa3aTbCsl HEBBIIOJHUMBIM. B 9TOM cilydae Jyist JOCTHU-
JKeHUs TPeOyeMOi TOTHOCTH MOYKHO TIOTIBITATHCS JIETATBHEE ONMCATH KJIace F u
NPUMEHUTH GOJI€E TOTHBIE METOJIBI.

Paccemorpum nnOit pubiamkeHHbIN cI0CO0 BBIYUC/ICHUS 3HAYEHUS UHTETrPa-
JIa, OLIEHKA, MOIPEITHOCTH KOTOPOrO TapaHTHPYETCs TOJBKO ¢ HEKOTOPOH CTere-
HBIO JJOCTOBEPHOCTH.

[ycrsb obtacts Q = [0, 1]%. PaccMoTpuM citydaiiiyio BeIMauHy p, paBHOMEp-
HO pacupegesnennyio B . ITocrpoum c.B. s = f(p). Torua

) =hff(p)dp = I(f) = M(f),
D(s) = M(s?) — M?(s) = I(f*) — I*(f) = D(f)

Hych BbI6paHO N CJIy‘IaIU/IHbIX BEJIMYUH Pj, HE3aBUCUMBIX B COBOKYIIHOCTH.

1
Onpenenum s; = f(p;) u nocTpouM ¢.B. Sy = N Z s;. Torma:

N
M(Sy) = 5 D M(s;) = M(s),
1 ]:}V 1
D(Sy) = N2 (ZD s +ZZCOU Siy85)) = ND(S).
Sy — M(Sn)

Paccmorpum c.B. Zn = . CorytacHO IeHTpAIbLHOMN IpeIeIbHOM Teo-

D(Sn)
peMe ciydaiiHas BeJIMYWHA Zpy pPacHpezesieHa aCUMITOTHIECKA HOPMAJILHO C
dyHKIMENH pacipeiesieHust

&
<
S~—

I
‘H
8\@
9y
|
%

Qu

~

IIpu sTom
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T.e. BEPOSITHOCTb TOT'O, YTO CJIydailHas BeJIMYMHA C TAKON (DyHKIMell pacipe-
JIeJICHUsT HE MPEBOCXOJIUT 0 MOJIYJIIO 3HadeHus y > (0 acCUMITOTHYECKH paBHA
Po(y)-

Takum 06pazom, npu 6osbiux N ¢ BEPOATHOCTHIO OIM3KOM K Po(y) BBILOJI-
HSIETCsl HEPABEHCTBO:

1Sy = I(£)] = [Sn(f) = M(Sn)| < y/D(Sn) = y@.

Jannas oneHka 1103B0JisieT ¢hOPMYIMPOBATH MpaBUiIa 3-X curM: y = 3, po(3) ~
0.997; u 5-u curm: y = 5, po(5) ~ 0.99999. B npasoii yacTu ONEHKH CTOUT
nenssectHas Besmauna D(s) = D(f) = I(f?)—I?(f), KOTOPYIO MOYKHO OIEHUTD
B IIPOLECCE BBIYUCIICHUI.

IIpuBenem mpakTudeckyio cxemy npumenenns: Mmeroga Monre-Kapiro. Ilycrs
mepa ) paBua emunure. [lycrs € — Tpebyemast TounocTs, a 1 — 17 — Tpebyemast
Mepa Hajexkuoctu. U3 ycmoBus

o0
2 2
N — [e 2dt
\/277/
Yy

OTIPEJIETTAM ).

Jasee mocsen0BaTeIbHO
ana n = 1,2, ... crpoarcs ciaydailHble TOUKHU Dy, HAXOIATCS

th =tp—1+ f(pn)7 dp =dp_1 + fg(pn>7

Su(f) = tn/n, Dn(f) = dn/n — S’Z(f)7

en = y\/Dn(f)/n;

II0Ka &, > €.

ITo okonuannu pacdera nosaraeM, 9to |[I(f) — Sy (f)| < € ¢ BeposiTHOCTBIO
1—mn.

OrmernM, 9T0 HAaMGOJIbIIKE TPOGIEMBI JAHHOIO METOJ/IA 3aKJIIOUEHDI HE B Be-
POSITHOCTHOM TIOJIXOJI€ BBIYUCJICHUS UHTErPasia, a B OTCYTCTBUU JATIAKOB CJIy-
YaHHBIX 9UCET ¢ TPeOyeMbIMEA XapakTepucTukamu. PopMaIbLHO TPYIO0EMKOCTD
METOJIa, HE 3aBUCUT OT pasMepHOcTH d. OHAKO, THIUIHBIM JIJI TPAKTUKH STB-
nsercst Tpebosanue Masocru Sy — I(f)|/I(f), .e. mamoctu /D(f)/N/II(f)|.
ITpu srom Besmunna /D(f)/|I(f)| 6GpicTpo pacrer ¢ yBeJuMdeHNEM KPATHOCTH
d mHTErpasa, 9To NPUBOIUT K BO3PACTAHUIO BHIYACIUTENbLHBIX 3ATPAT.

s yeckopenus cxogumocTu Metoma Moure—Kapiio MOXKHO MOIBITATHCS TIPEI-
CTaBUTb IIOJ(BIHTErPasbHy0 GyHKIMIO B Buje cymMbl f(w) = F(w) + G(w), rue
F unTErpupyeTcs iIBHO U COJEPKUT BCE BHICTPO MEHSIIONINECT KOMIIOHEHTBI, a G
umeer Masyio aucrepcnio. CyecTBeHHOE yCKOPEHUE MOYKHO TIOJIy9UTh 38, CUET
pa3dmeHust NCXO/IHON 0OJIACTH HA 110/I00IACTH ¢ MAJIBIM U3MeHeHneM QyHKIuu f
(nanpumep, 3agaua 06 "Oupoce" wiau unrerpuposanue sign x ua [—1, 1]). Ilpu

148 Jlexyusa 25. UarerpupoBanne (pyHKIHE ¢ OCOOEHHOCTSIMUI

HaJImIuU WHGMOPMAIUH O TIOBEJICHUN TOJBIHTErPAJILHOM (DYHKIIH TAKXKE MOXKHO
U3MEHHUTH IIJIOTHOCTH PacCIpejle/IeHUs y3JI0B.
Brictpo ocrminupyrormme dyHkimu. [lycts Tpebyercst BBIMUCIATD WH-

Terpa
b

I(f) = /exp{iwx}f(ac)dac, wb—a)>1,

a

rie f(x) — rmajkast byHKIHUSI.

®yuxnun Re (exp{iwz} f(z)), Im (exp{iwz}f(z)) umeror Ha paccmarpusa-
emMoM orpeske npumepHo w(b — a)/m myneit. Takue dbyHKIME MOryT GBITH XO-
POILO IPUOJINKEHBI MHOIOWIEHAMHU crenenu n > w(b — a)/7, ciaeqoBaresbHO,
JUTsl HENOCPEJICTBEHHOIo BhIYmcseHns: uHTerpada I(f) norpebyercs: npumene-
HUe KBaJIpaTyp, TOYHBIX JIJIsI MHOTOWJIEHOB OYeHb BBICOKOI cremenu. IlosTomy
foJiee BBITOJHBIM MOYKET OKa3aThCsl CNOJb30BaHue exp{iwz} B KauecTse BeCoO-
BOI (PYHKITHAN.

3aa1uMee y3/1aMi HHTEPIIOIHPOBAHUS X5, j = 1,2,..., 1, IOCTPOUM MHOI'0-
ien Jlarpamxa Ly, (x) u paccMOTpUM KBapaTypHyIo bOpMyILy, CeaB 3aMeHy
b+a b—a
TIePeMEHHbIX & = — + 5 t. Bynem nmers:

n n
. b—a :w(atd)
Sl = [ o [ 3o r@n@so) | do = 252 Y p (),
p j=1 j=1
h b
. t— tk —a
J— ipt —
rie cj = /e H y dt, p= 5 -
-1 k#j
ITpu 5TOM OllEHKA OrPEITHOCTH

b
[Bn ()] = I/exp{iwﬂf}f(”)(ﬁ(w))(ﬂf —x1) ... (& —wn)da| <

<O cpan(d—a)"

He 3aBUCHT OT W.
[Tpusenem pacuyernyto dopmyray st n =2, dy = —1, dy = 1:
1
1Ft sinp  pcosp —sinp
C12 = —elptdt = + ) 1.
2 p p
-1
OTMmernM, 9TO IPU MAJIBIX W JAaHHBIE (DOPMYJIbI MOTYT UMETH OOJIBIIYIO BbI-
YUCJUTENHHYIO TIOMPEITHOCTD. JIefiCTBUTEIbHO, IIPU MAJIBIX W BEJIMINHA P MAJIA,
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u byHKIMM cosp U Sinp Bbrumcasiores ¢ norpemnoctavu O(274) u O(p2~1)
COOTBETCTBEHHO, TJie { — JIJIMHA MAHTUCCHI. BejegcrBrue 3T0ro KoadOuIimeHTh
¢1 u cg npuobperator norpemuoctb O(27%)/p. Takum 06pazoM, IpU MaJbIX P
JIydIlie MOCTPOUTDH KBAIPATYPHYIO (hOPMYILY, HE BBIJIEJIsIs BEC.

Beruncienune narerpasos ot dpyHkIuii ¢ ocoberHoctamu. CyiecTBeH-
HYIO 9aCTh PeajibHO BCTPEYAIOIIUXCs [TOJIBIHTErPAJIbHBIX (DYHKIWI COCTABJISIIOT
GYHKIIMI ¢ 0CODEHHOCTSAMU, TIPUIEM OCOOEHHOCTH MOYKET COIEPKAThCS OO B
dbyurnum, ub0 B ee mpon3BoaHbIX. Ecin HeperysspHOCTh (DYHKIINNA HE BHI3BA-
Ha KOJIe0aTeJbHBIM XapaKTePOM ee MOBEJIEHUsI, TO JJIs BBIYUCIICHUST OOJIBIINX
cepuii MHTerpaJioB TAKOI'O THUIIA IPUMEHSIeTCs PsiJl CIEIUAJIBHBIX [IPUEMOB: Bbi-
JleJieHre OCOOEHHOCTH B BECOBYIO (DYHKIIMIO, pa3bWeHne MHTerpasa Ha YacTH,
QJINTUBHOE MTPEJICTaBICHNE TOABIHTErPAIBLHOM (DYHKINY, 3aMeHa TTePEMEHHBIX
u T

1. Beigesienne BecoBomt dyHKIiuu. [lycrs Tpebyercsi BBIYUCIATE UHTE-

b

rpaa I(f) = / f(x)dz c meperyngapnoii dyukuumeii f(x). B atom ciyuae npu-

MEHEeHUe CTaHaﬂapTHbIX METOJ[OB UHTErPUPOBAHMS HEJIOIYCTUMO, TaK KaK OIEH-
K& I[OTPEITHOCTH BhIpaykaercsi depe3 f (m) (€). Mycrs f(x) npencraBuma B BUjE
f(@) = p(x)g(z), vae p(x) comepKkuT 0COBEHHOCTH, HO MMEET IIPOCTON BUI, a
g(z) — rmagkas Gyrkuus. B 9T10M ciyuae pasyMHO IPUMEHEHHE KBAJIPATYpP-
HBIX (POPMYJI IJIsi HHTETPAJIOB C BECOM.

dx
IIpumep 25.1. Jd UHTEerpaJa / C BeCO-
P P A P \/1f:v4 \/1f:v2\/1+x2

1
V1—22

Boil (byHKIHEH PaCcCMOTPEHHBII METO/I IIPUBOJIUT K T.H. KBaJIpaType

Opmura;:

T — 2j—1 .
Sn(f):EZg(xj); l’j:COSTﬂ',]:L...,n.
j=1

O6paTuM BHUMaHUE, YTO COOTBETCTBYIOIIMMHI OPTOrOHAIBHBIMUA MHOTI'OYJIEHAME
SIBJISIFOTCsT MHOTOWIeHbl UebbiméBa, u KopHu T, () 3aJa10T y3JIbl KBaJAPATyPhI
N-TO MOPAIKA.

2. SIBHOe BbIIeseHne ocoGeHHocTH. [Tycrh Boruncisiercs uarerpas I (f) =

1

/g(m)xo‘dx, e a € (—1,1), g(z) — rmagkas dyukuus, g(0) # 0. MoxHO BbI-

0
JeJINTh % B KayecTBe BecoBOii. MoxKHO pa36I/ITb UHTEerpaJl Ha CyMMY JIBYX IIO

orpeskaMm [0,¢]| u [e, 1]. IlepBblii orpe3ok mojeauTh HA k dacreil U HA KAXKIOM
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€ by
3aMeHuTh ¢(x) Ha MOCTOAHHYIO MYyHKIMIO g(2;): / Z g(x; / *dx.
0 ag

ITorpemuoCcTh TAKOH 3aMEHBI Ha KasKJIOM ITI0JI0TPE3KE MOXKHO ONEHHUTD, HAIIPHU-
Mep, Ha ocHoBe Meroja Teitsopa: g(x) = g(x;) + ¢'(&)(x — x;). Haa x € [e,1]
BO3MOXKHO IIDUMEHEHUE CTAHJIAPTHBIX METOJIOB MHTETPHPOBAHHUSI.

Inx

dx MOXKHO IIPEJICTABHUTDH IOJBIHTE-
1+ 22

IIpu BBrUmcienun wHTErpaJa /

0
rpasibiyio Gyakuuio B Buge f(z) = G(x) + g(x), rue
2
z”lnx
G(l’):hll‘, g(x):71+I2’
1 1
U BBIYUC/IUTD / G(z)dx B stBHOM BHIE, & JJIst / g(x)dx mocrpouth KBaIpPaTypy.
0 0

MozKHO BBLIEIUTH 0cobeHHoCTb Gostee Touno, pacemorpes G(z) = (1 — 2?)Inz.
3. 3ameHa nnepeMeHHbIX. /15 paccMaTpUBaeMOil OIBIHTErPAJTHHOM DY HK-
muu f(x) 0COBGEHHOCTD TAKYKE MOYKHO yCTPAHUTD, CIEJIAB 3aMEHY [EePEeMEHHBIX

r =tk
1 1
Inx E2th—11nt
2 7%dt7 k‘ > 2.
1+ 1+¢
0 0
B sToMm ciydae, yBesmumBast CTENeHb k, MOXKHO IOBBICHTH TIJIAJKOCTH HH-
TerpupyemMoil (pyHKIMH, CJIeJ0BATENBHO, CTENEeHb KBaAparyphl. OHAKO, TIpH
yBeJIMueHnn k TakyKe pacTeT HOPMa IPOU3BOHBIX MOJIyUeHHONH (PyHKIUHU, UTO
[PUBOJUT K YXYJIIEHUIO ONEHKH OTPEITHOCTH (Y3JIbl IPU TOM CIYIIAIOTCS K
HYJIEBOH TOUKE).
B HEKOTOpBIX CIydasx MPUXOJUTCA COBMEMATH HECKOJBKO NpueMoB. llo-
CTPOUM KBaJIPATYyPHYIO (DOPMYITY /IS BEIMACTEHUS MHTErPAIa
o0

/f(x)e“‘xo‘ sin(wz)dzr, e « € (—1,1), w>> 1, |[fF(2)] < A, k=0,1,2,

Pazobbem oTpe3ok nHTErpnposanust Ha nogorpesku [0, g], [g, A], [A, oof, Tae € =

1/w, A > 1. Ha nepBoM OoTpe3Ke B KauecTBe BECOBOH MOXKHO B34Tbh %, Ha

BTOpoM — (yHKIHMIO sinwz. Ha TperbeM OTpe3Ke MOXKHO, HAIIPUMEP, CIEIaTh

3aMeHy TIEPEMEHHBIX Thna T = A/t w mepeliTn K MHTErpupoBaHWio QYyHKITAN

¢ 0COGEHHOCTBIO Ha KOHEYHOM OTpeske. JImbGo 3a cuer BhIGopa A obecrednTb
(oo}

BBIIIOJIHEHHE YCJIOBU | / g(z)dz| < 0 ¢ Tpebyemoit TOUHOCTHIO 0 U IpeHeOpedDb

A
SHAYCHUEM JJaHHOTO MHTEIrpaJa.



6. Henuneiinble ypaBHeHUs

Jlekiust 26. MeToibl penieHust HEJIMHENHBIX ypaB-
HEHU

VreparoHHbIE METOJIBI BBIUUCIEHNSI M30JIMPOBAHHOTO (OT/IEJIEHHOTO OT JIPYTHUX )
KOpHsl z ypaBHeHus f(x) = 0, Kak IpaBmwiIo, TpeOYIOT yKa3aHusl KaKoi-1mbo 06-
gactu D, cojepzkalieii 3TOT €JJMHCTBeHHBII KOPEeHb, W aJrOPUTMa HAXOXKICHUST
OYEPETHOTO MPUOJNIKEHUS Ty 1 TIO YK€ UMEIOITUMCS Ly -.ny Ly k-

ITupoko ucmosb3yembie CIOCOOBI OT e/ IeHnsT KOpHEt — rpadudeckuit u Tab-
JIMIHBIH — 0a3WpyloTCd Ha CBOMCTBAX TWIANKOCTH (DYHKIUH; B CJIydae, KOTIa
f(z) siBasiercst anreGpamyecKuM MOJIMHOMOM CTEIIEHU 7, UMEIOTCS AHAJIUTHIE-
CKHe TTOJIXO/IBI.

Ecsu f(x) — HeupepbIBHAS, TO BEIIECTBEHHDBIN KOPEHDb 2 IPUHAJJIEIKUT JIHO-
60OMy OTPE3KY, Ha KOHIAX KOTOPOro (hyHKIUS MMEET 3HAYEHHUS PA3HBIX 3HAKOB.
Jlenst OTPE30K MOTOJIaM, TIOTY9aeM yHUBEPCATIBHBIA METO/| BBIYUCICHAST KOPHST
(Meroj Gucekyn). DTOT MOAXO]] He TPeOyeT 3HAHUS XOPOIIIEr0 HAYaJbLHOTO IPU-
6smzkenus. Ecam oHo nMmeercs, TO Jist TIaIKuX (PYHKIMI UCIIOJIB3YIoTCs HoJree
acppeKkTUBHBIE METOIbI.

IIycTb OTBICKMBAETCs €JIMHCTBEHHBIN Ha OTPE3Ke [a, b] KOpeHb z ypaBHeHUsI
f(x) = 0 B upeanonoxenun venpepbisaocTu Gyukuuu f(x). Ecau B ero okpecr-
HocTu QyHKIWs npejcTapsiercs B Buje f(z) = (x—z)Pg(x), tae p — HATYpAIH-
HOe 4ucso, a g(x) — Takas orpaHndeHHasi GyHKIWs, 9T0 ¢(2) # 0, TO YmUCcHO P
HA3BLIBAIOT KpPamHoCcmvio KOpHd. Eciu p = 1, To KOpeHb Ha3bIBAIOT NPOCTIbLM.
IIpu nevernom p dbyukuus f(x) menser 3uak Ha [a, b], r.e. f(a)f(b) <0, a upu
YETHOM P — HET.

VTepannoHHBIii METO, PENIEHUST MTOPOKIAET MOCJIEIOBATETHHOCTD TPUOIH-

JKEHUI X, , KOTOPAsi CXOAUTCSI K KOpHIO: lim |2, —z| = 0. Besmuuny e, = |2, —z|
n— o0

HAa3BIBAIOT a6COA0MHOT 0w ubKkol Ha N-it ureparuu. M TepainoHHbII METO T, nMe-
eT nopadok m (WM cKopocmb CLoOUMOCTU M), €CIH M — HAUOOJIBIIEE TIOJI0XKHI-
TeJIbHOE YUCJIO, JIJIsi KOTOPOT'O CYIIECTBYET TaKas KOHEeYHas 1mocTossHHas q > 0,
9T0

. €n+1
lim sup ot

n— o0 m
€n

< q < o0.

TlocTosiHHYTO ¢ HA3BIBAIOT KOHCMAHMOUT ACUMNIMOMUNECKOT, 0UUbKU, €6 OOBITHO
olleHUBAIOT Yepe3 npoussojubie Gyukmuu f(x) B Touke © = z. [Ipum = 1(q €
(0,1)) cxomuMocTh Ha3BIBAETCH AUHedHOU (MHOTA TOBOPSIT, YTO B 3TOM CJIy-
“ae MEeTO/JI CXOJUTCS CO CKOPOCTHIO TEOMETPHUIECKOI MPOrPeCcCuu, 3HaMEHATEh
KoTOpOii ¢), tpu 1 < m < 2 — ceepraunelinot, ipu m = 2 — Keadpamus-
noti m T.1. I3 cxommmocTu ¢ mOpAIKOM m > 1 cileflyeT OIEHKA €p41 < (p€n,
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n
Gn — 0 mpu n — oo. Ilpu srom e, 41 < eg H q;- ITHOr 18 CKOPOCTDH CXOAUMOCTH
i=0
MOYKET 3aMeJIIThCS MMPU TPUOIMKEHNN K UCKOMOMY PEIIeHHUIO, ITO COOTBET-
cTByeT ¢, — 1, HO €, — 0 mpu n — co0. Takum cBOUWCTBOM 006/18JIAI0T METOIBI
C NOAUHOMUAALHOT CKOPOCTBIO CXOIUMOCTH €41 < (1 — ael)e, ¢ HeKOTOpbIMU
p>1m0<aeh <1
Ocoboe BHUMAHNME B TEOPHUH PelIeHUs HEeJIMHEHHBbIX ypaBHEHUN yIessercs
METOJIaM CO CBEPXJIMHEHHON CKOPOCTHIO cxoauMmocTH. IIpu mpakTudeckux pac-
Jerax TPAIUIMOHHO IPUMEHSIOT METOMLI ¢ KBaJAPATUIHONW CXOAUMOCTBIO, TaK
KaK UTEPAIMOHHBIE IIPONECChl 60jIee BBHICOKOIO Hopsika (m > 2) 06bI9HO Tpe-
OYIOT CePHbE3HOTO YBEJTMICHUsT BHIYUCIUTEIHHBIX 3aTPAaT.
OTMeTnM, 9TO IPU HAXOXKJIEHUN KPATHBIX KOpHeit (p > 1) st 6osbmmHCTBA
aJrOPUTMOB XapPaKTEPHO 3aMEJJIEHNE CKOPOCTH CXOIUMOCTH.
Metron upocroii ureparun. Ucxognoe ypasuenue f(x) = 0 3ameHsior
9KBUBAJEHTHBIM €My YpPaBHEHIEM

x = p(x).
DTy 3aMEHY MOXKHO CJEJIATh TOJIOKHUB, HAIIPUMED,
p(z) =z + () f(2),

rje ¥ (x) — npou3BoJIbHAS HEIPEPbIBHAN 3HAKOIOCTOAHHAS (DYHKIIU.
BriGepeM HEKOTOpOe HauaJbHOE NPUOIIMKEHNE Xo € [a, b] K KODHIO z, Iajb-
Hefine npubJmKeHusi Oy1eM BBIYUC/ISITH 110 (POPMYJie

Tni1 = @(xn), n=0,1,2,...
Onpepenenne 26.1 Omobpasicenue y = @(x) MmMempuueckozo npocmparcmea

H naswvisaemcs colcumarowyum (axcnonenyuanvio), ecau o(H) C H u npu nexo-
mopom 0 < g < 1 swvinoarero ycaosue

p(p(x1), p(x2)) < qp(x1,22) Vaio.

3decw p (x1,x2) — paccmosanue mexcdy MouKaMu L1 U Ts.

Teopema 26.1 I[Tycmv omobpasicenue y = @(T) ABAAEMCA CHCUMANOUUM HG
noanom mempuyeckom npocmparcmee H. Tozda cywecmeyem eduncmeennas
mouka z makas, wmo z = ¢(z). Ipu smom daa npouseosvroli xg € H eepra

ouera: p (0" (o), ) < "p (o, 2).
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HdokazaresbcTBo. [TokaxkeM, UTO MOCJIE0BATENBLHOCTD Ty = @™ (o) ABISA-
erca pyHIaMeHTaIbHOM. JlelicTBUTEIHHO,

p (" (w0), "™ (20)) < ¢"p (20, ™ (70)) <
(¢ yueToM HepaBeHCTBA TPEYTOJIBHUKOB Jisl TOUEK Zo, (L), - - ., 0™ (o))

<q" (p (20, ©(20)) + p (@(x0), ¥*(0)) + ... 4 p (™ (20), som(svo))) <

1
—1
< q"p (w0, (o)) (L+a+...+4"7") < ¢"p (o, p(w0)) 7= -
Ecsn B3aTe mocraroano Gosbimoe n, To Bemmanaa p (9™ (xo), """ (xg)) Oyner
CKOJIb YTOIHO MAJIOH HE3ABUCHMO OT 1. JTO 03HAIAeT BDyHIAMEHTATBHOCTD M0~
CJICIOBATENILHOCTH Ty, U CYIIECTBOBAHUE Ipesesa 2. IIpu 9TOM U3 HelpepbIBHO-
CTH (0 UMeeM:

z= lim z, = lim o(x,—1) = ¢( lim z,-1) = ¢(z).
n— 00 n—00 n—00

Ecmu 21, 29 — JBe HENMOJABUIKHbBIE TOUYKHU, TO
p(z1,22) = pp(z1), o(22)) < qp(21,22) = p(21,22) = 0.
Teopema moxasama.

B mekoTopbIx cirydasx CKOPOCTh CXOIUMOCTH MOXKET 3aMEJISIThC IIPH TIPHU-
OJIMKEHUN K KOPHIO, HAIIPUMED:

p(p(x1), p(x2)) < p(21,22) (1 — ap? (21, 72)) <
p (21, 72) p (21, 22)

T (14 ap? (z1,22) ~ (14 apP (z1,22))V/P’

a>0,p>1.

Oupepenenne 26.2 Omobpasicenue y = @(T) MeMPUIECKO20 NPOCTPAHCNEA
H mnaswieaemcs caabo (noaunomuanvro) corcumarowum , ecau o(H) C H, u
npu nexomopwvix o > 0,p > 1 svinoaneno ycaosue

P (31‘1, 31‘2)
1+ apP (z1,22))'/7

p (1), p(22)) < ( V1.

Teopema 26.2 IIycmov omobpasicernue y = o(x) ABAAEMCA CAGOO (NOAUHOMU-
AABHO) COHCUMAIOULUM NG NOAHOM Mmempureckom npocmpancmee H. Tozda cy-
wecmeyem eQUHCMEEHHAR TNOYKa Z makaa, wmo z = (z). IIpu smom das npo-
uzeorvnoti vy € H sepra ouenra: p (™ (o), 2) < p (20, 2) (14+anp? (xq, 2)) /P,

JloKa3aTesibCTBO JAHHOTO Y TBEPKICHUS aHAJIOTUIHO JI0KA3ATEeIbCTBY IIPUH-
[IUI1a C2KUMAIOIIUX OTOOparkeHuil. IBHO MpoBepsIeTCsi, 9TO Il TOJTMHOMHAAIBLHO
CYKUMAIOINUX 0TOOpaKEeHN UMEeT MECTO OIEHKA:

p(xlva)
(1 + napr(zy,z2))' /7"

p(e" (21), 9" (x2)) <
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Orcrona criejtyer, 9To MpOU3BOJIbHASA MOCIEI0BATEIBHOCTD " (1g) ayia xg € H
apyisierca dynamentaibHoi. Jeitcrsurensho, mveem p(¢™ ™ (z0), ¢ (20)) <

p (™ (x0), o) p ("™ (0), o) 1
(1 + napr (p™(xo), z0)) /P = (napP (@™ (o), z0)) /P = (na)l/p s¢€

C IIPOU3BOJIBHO MaJIbIM € U BCEX 1M, €CJIU 71 JJOCTATOYHO BEeJIUKO.
W3 dyniaMenTaIbHOCTH HOCTIEI0BATEIBHOCTH CJIEJLYET, UTO CYIIeCTBYET IIpe-
JlesibHast Touka 2z = lim " (zp). AHAJIOTUYHO CIIyYar0 SKCIOHEHIMAJIBHO CKI-
n—oo

MAIOIIEro OTOOPAXKEHUS JIOKA3BIBACTCA, YTO TOYKA 2 SBJIAETCS €IUHCTBEHHON
HEIOJ(BIKHON TOUKOM orobparkenust ¢: ¢(z) = ¢( lim x,) = lim z,41 = z,
Un—><>o n—oo .

OPU 3TOM KaXKJasd TOYKa Ty IPUTATHBAETCA K HEH ¢ MOJMHOMHUAJIBLHON CKOPO-
cThio. Teopema mokasama.

JIJIT METOJIOB ¢ TMOJMHOMHABHON CKOPOCTBHIO CXOJUMOCTH TUCJIO UTEPATHil
7, HEOOXOIUMOE JJIsl JOCTUKEHUSI OIMUOKU TOPSIJIKA €, MMEET ACUMIITOTUKY 7l A2
€7P, 9TO CyIIECTBEHHO OrPAHUYUBACT UX PUMEHEHUE JIJIA PACIETOB C BBICOKOM
TOYHOCTBIO.

Ormernm, gro B ciydae H = R! rapanTupoBaTh CXOAMMOCTH METOJIA MOYK-
HO IIPH YCJOBUH, Y9TO COOTBETCTBYIONIAE OIEHKU CKUMAEMOCTH BBIIOJIHAIOTCS
Jmbo JyId BCEX TOYEK X1 € R, 1ubo mrst Touek T1,2 € [a,b], HO momOJIHU-
TesbHO Tpebyercs ¢(zo) € [a,b] mis Vg € [a,b], T.e. Bce npubmmkenus " (xo)
UpUHaJIeXKaT OTPE3KY [a, b].

Teopema 26.3 ITycmo ypasnenue f(x) = x — p(x) = 0 umeem xopenv z, u
0Nt €20 BOINUCAEHUA NPUMERALTNCA MEMOO NPOCTNOT UMEPAUUY Ty t1 = O(Xy).
IIyemy dynwyua o(x) € C1 6 omxpumoti oxpecmmocmu z, u |<p’(z)| <g<l.
Tozda natidemes maxas oxpecrmnocmo Qs = [z — 8,z + d], wmo das npoussoss-
H020 Tg € Qs MEMOJ CTOOUMCA K Z € AUHETHOU CKOPOCTDBIO.

HoxkasaresnbcrBo. Oyukuns ¢’ (r) menpepoiaa u |¢'(z)] < 1, cremosa-
TesibHO, |/ (x)] < ¢ < 1 B HEKOTOPO# OKpecTHOCTH () 5. BO3bMEM IIPOU3BOJIBHYO
TOUKy Zo € Qs. Ilo Teopeme Jlarpamnzka nmeem p(zo) = ¢(2) +¢'(£)(xo — 2), e
touka £ € Q5. Tak kak z = ¢(2), 10 |p(x0) — 2| = |’ (&) (z0 — 2)| < Jlxo — 2] <
|zg — z|, T.e. ¢ oToGpazkaer oTpe3oK (Js B cebst U ABJIAETCS CKUMAIOIIUM. Teo-
pema JoKa3aHa.

Caencreue 26.1 Ilycmv 6 yeaosuazr meopemv, @' (2) = 0, p(x) € C?. To-
2da 0nn memoda Tpr1 = @(Tn) 6 OKPECTNHOCTIU KOPHA Z 6EPHA KEAODAMUYHAR
OUEHKa CTOOUMOCTIU

|z — zpy1] < C(z — :cn)2
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HokazareabcTBo. CXOIMMOCTh METOJ[a B OKPECTHOCTU Ty € (Js KODHS 2
ciegyer u3 TeopeMbl. OIEHUM CKOPOCTH CXOIMMOCTH:

Engr — 2= 9 (2n) — 9 (2) = 9z + (20 — 2)) — 0 (2) =
= 0 (2) 4 (En — )P (2) + & (&0 — 2)2 ¢ (n) — i (2) =

2 2
= 14 (fn) (xn - 2)27 &n € [37»,“ Z]

[\]

Teopema 26.4 [Tycmov wa wexomopom ompeske Qs = [a — 6,a + §] Pynryua
o(x) ydosaemsopsem ycaosuro Junwuya |p(x1) — p(x2)] < gqlar — 22| ¢ xon-
emanmoti ¢ < 1, u 6 Mmouke a BUNOAHAETNCA HEPABEHCTNEO

la —p(a)] < (1—-q)é.

Tozda na ompeske Qs ypasnenue f(x) = x — p(x) = 0 umeem eduncmeernvii
KOpeHb Z, U NocaedosamesvHocmy Ty, = ©(Tn_1) cxodumes K KOPHIO Z O0AA
NPoU3BoALHO20 To € Q5.

HoxkazaresberBo. Ilycrs zp € Qs, Te. |a — xzg| < 0. Torga

lp(z0) — al = |p(z0) — p(a) + ¢(a) —al <
< Je(wo) — w(a)| + le(a) —a| < qlzo —al 4+ (1 — )6 < 0.

Taxum o6pazom, byHKus () orobpaxaer Qs B cebsl U SBJISIETCS CRKUMAIOIIEN
¢ KoHCTaHTOi ¢. IIprMenenne TpuHITUIIA CXKUMAIOIINX OTOOPAXKEHUN 3aBEepPIIaeT
perrenue.

Teopema 26.5 ITycmo dynxyus f'(y) nenpepwena u |f(xzn)/f'(y)] < & dan
scery € [xn, —&,xn +£]. Tozda das nexkomopozo z € [x, — e, p +€| cnpasedruso
pasencmso f(z) = 0.

Hoka3zaresbcrso. 1o reopeme Jlarpamxka umeem f(z,+t) = f(a,)+f'(y)t,
orcropa caenyer f(xz,+1)/f' (y) = f(xn)/f'(y) +t. Beipaxenue B npasoii yactu
PaBEHCTBAa HEOTPHIATEJILHO TIPH ¢ = £ U HENOJIOXKHUTEJIbHO npu ¢ = —¢. U3
YCJIOBHS CJIEYET, ITO IPON3BOAHAsA (QYHKIMM HE MEHseT 3HaK npu t € [—¢,€],
noaromy ecsiu 0ba 3uadenus f(z, —¢e) u f(x, + €) OTIMYHBL OT HyJisd, TO OHU
UMEIOT pasHble 3HaKu. Teopema J0Ka3aHa.

amevanne. Taknm 06pa3oM B KAIeCTBE KPUTEPUST OCTAHOBKU MTEPAITAOH-
HOr'O METOJIa JIJIsi HAXOXKJIEHUsl IPOCThIX KOpHEi ypasuenus f(x) = 0 yciosue
|f(zn)/f'(xn)| < € mpennoururensuee, dem ycnosue |f(z,)| < e.

IIpumep 26.1. Ilycrs ypasaenue f(x) = 0 umeer KopeHb Ha uHTepBaJe (a,b),
upudeM f(z) muddepennupyema, a f'(r) 3HAKOIOCTOSHHA HA 3TOM OTPE3Ke.
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ITocrponM paBHOCHIIBHOE ypaBHeHUe Buja & = ¢(x), Juisi KoToporo Ha [a,b]

BhIONHEHO yeaosue |¢f (z)] < ¢ < 1.
st onpeienierrocTy Gynem caurarh, 9ro f/(x) > 0. Ilyers 0 < m < f/(x) <
M. Bamenum ucxoznoe ypasaenue f(x) = 0 paBHOCUIBHBIM

=), @)=z-Af(x), A>0.
IMonGepem napamerp A Tak, 9To0bI HA [a, b] BBIIOJIHSIIOCH HEPABEHCTBO

0<¢'(z)=1-Af'(z) <g<1.

IIpu A\ = % nosgydaem ¢ = 1 — m < 1.

Merton xopza. Iycrs f(a)f(b) < 0. Unest meToza (ero eie HA3BIBAIOT METO-
JIOM A02CHO20 NOAOHCEHUA) COCTOUT B 3aMeHe KpuBoi y = f(x) xopaamu, nmpo-
XOISIIMMHA YePe3 KOHIBI OTPE3KOB, B KOTOPBIX f(Z) MMeeT IIPOTUBOLOJIOXKHbIE
snakn. MeToa Xopa TpebyeT, YTOOBI OMUH KOHEIT OTPe3Ka, Ha KOTOPOM HUIEeT-
Cs KOPEeHb, ObLI HEMO/IBIKEeH. B KadyecTBe HENOBM2KHOIO KOHIIA X() BBIOMPAIOT
KOHEI[ OTPe3Ka, JIJIsi KOTOPOro 3HaK f(x) coBIagaer co 3HAKOM BTOPOH MpOM3-
sogmoit f(x). Pacuernas popmysa umeer Buj

T =z __In 70
T f(am) — fl=o)

U MOXKeT ObITh THoJydeHa u3 ypaHeHust npsivoit y = (f(zn) — f(x0))/(zn —
x0)(x — x,) + f(x,), uMerommel HyKHBIA yroJ HAKJIOHA U HPOXOSIIEH depe3
rOKy (T, f(2)).

Meton cekymux. Ilycts x,,_1 u x,, — mocaea0BaTEIbHBIE TPUOIMKEHAST K
KOpHI. 3ameHnM dyHKIUO y = f(x) Ha JUHEHHYTO, HPOXOSIILYIO Yepe3 TOIKI
(xn_l, f (xn_l)) u (xn, f (xn)) B kauecTse cieyorniero npubauzKeHns K KOpHIO
BO3bMEM TOYKY II€PECeTeHnst ITOM MPSIMOIL ¢ 0chIo abcmucc. Pacuernas dopmysta
MPUHUMAET BH/I

o _ Tp — Tp—1
Tl = T N T Fa) | )

Meton mapabout. Ilycts 2,2, Tp_1 U T, — TPHU TOCIEIOBATEILHBIX TPH-
GuMKeHNs K KOPHIO. 3aMeHnM KpuByio y = f(z) napaboJioii, mpoxo/siieii uepes
TOYKI (xn_g,f(xn_g)), (xn_l, f(acn_l)) u (xn,f(xn)) B xauecrge ciemyrorie-
ro NpUOJIUKEHN K KOPHIO BO3bMEM OJIMXKAMIIYIO K Ty, TOUKY II€pecedeHus 3Toi
napaboJIbl ¢ OChIO abCIUCC. DTOT IMOAXO, UCKIIOUUTEIHLHO 3 PEKTUBEH /1151 Ha-
XO2KI€HUsI KOpHEH MHOIOUJIeHA KaK C AefCTBUTEIbHBIMU, TAK U C KOMILIEKCHBIMUI
K03 puIrmeHTaMu.

Teopema 26.6 IIycmo f(x) € C?, z — npocmoti kopenwv. Tozda natidemes ma-
Kas okpecmuocmod Qs(z), wmo das npoussosvhux xo, 1 € Qs(z) memod xopd
cxodumcs ¢ AUHETHOT CKOPOCTLIO.
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dokazareabcTBo. [IpeactaBuM MeTo ] XOp/T KaK YaCTHBIN Cydail MeTojia
HPOCTOI UTEPAIUN:

W
Tl el =T gy )
Torma
o (x)=1- (f'(@)(x —x0) + f(2)(f(x) = flz0)) + fla)(x — 20) f'(x)
(f(:ﬂ) - f($o )2 )
' - f,(z) Z2—x0) =
<P(z)—1+f(mo)( 0)
f//(,rl)

f) + f(2) (w0 — 2) + (zo — 2)* + f'(2)(2 — z0)

- f(Z)‘i’f/(f)(xo *Z) =
_ (mO - 2)2 f//("?) _ B f//(n)
- 2 () (xo — 2) = (z0—2) 21(€) n,& € [xo, 2].

Hst ipocroro xopus umeeM f'(z) # 0, Mo3TOMy HavYaIbHOE MPHOIZKEHHE To

MO2KHO B34Th B TAKO OKPECTHOCTH KOPHS, YTO ’Lp’ (z)‘ < g < 1. Coruacuo JioKa-
3aHHBIM paHee pe3yJibTaTaM OTCIO/a CJIeJlyeT, YTO MEeTO/I XOp/I UMeeT JINHEHHYIO

CKOPOCTB CXOJIMMOCTH I IIPOU3BOJIBHBIX ZT(, 1 U3 HEKOTOPOil TOJOKPECTHOCTH

Q(s(z)

Vreepxkaenue 26.1 ITycmo f(z) € C3, 2 — npocmoti kopenw. Tozda natidem-
cs makas, oxpecmmuocmd Qs(2), wmo das npoussoavuuix T, 1 € Q5(z) memod
CERYWUT CTOOUMCH U BEPHA OUEHKG

[Tng1 — 2] < Alwn — 2|,
1 f"(2)
2 f'(z)

1
edemz%%l.Gl&Aw(

HO.

1/m
) , m.e. cxodumcs ceepraunelti-

Meton HproTona. B ciygae omHomepnoro ypasuenusi hopMmysia MeETOIA
Herorona umeer By,
f(zn)

- f(@n)
B pannoM cirydae Ha KaxKJIOM Iare Jyra Kpusoit y = f(x) 3amensiercs Ha Kaca-
TEJIbHYIO K Hell, IPOBEJIEHHYIO B TOUKE (xn, f(xn)): y— f(xn) = f(an)(x—xz,).

Orcrona HaxoauMm (GOPMYILy UTEPAIIMOHHOTO TpoIecca, mojokus y = 0 u & =

. Tn4+1l — Tp
ZTp+1. Meron HeroToHna cooTBeTCTBYeT MeTO/ Ly IpOCTO Hrepamm ————— +
.

Tn4+1 = Tn
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f(zn) =0 ¢ onTuMaNbHBIM B HEKOTOPOM CMBICJIE TTapamMeTpoM 7. JleficTBuresnb-
HO, IIyCTh Z — M30JIMPOBAHHBINA IPOCTOH KOPEHb U BCe Iy, € [a,b]. Torma

ZZZ—Tf(Z),

Tpg1 = Tn — Tf(Tn),

cjie10BaTe/IbHO, JIJIgd HEKOTOPOI'O g umMeemM

2= np1 =1 =7f(&))(z - zn).

Ecmu 7 = 1/f/(§), T0 z — &pny1 = 0, Te. MeTOx cofiercs 3a oxun mar. Ho & He
U3BECTHO, 03TOMY BbIOUpaeM T = 1/ f/(x,,).

Teopema 26.7 IIycmv f(z) € C2, z — npocmoti kopenv. Tozda natidemes ma-
Kas oxpecmuocms Qs(z), 4mo das npoudsosvrozo xg € Qs(z) memod Hvtomona
cxodumcesa u 6epHa OUECHKG

|Tnt1 — 2| < Clan — [,
m.e. cxodumcs xeaodpamuuHo.

HoxkazarenbcTBo. Paccmorpum meron HeoTrona Kak gacTHBIN caydait Me-
TOZ@ IIPOCTON WTEepaInu, JAJjIs KOTOPOTO

, (f'(@)* = f@)f" () f(2) (@) ,
r)=1-— 5 = 5, T.e. z) =0.
- (@) ((x) o

CorutacHo JIOKa3aHHBIM paHee pe3ysIbTaTaM OTCIOA CJIeyeT, 9To MeTo i HboTo-
Ha B HEKOTOPOIl mosloKpecTHOCTH (Q5(2) MMeeT KBaJPATUIHYIO CKOPOCTh CXOJU-
MOCTH.

Teopema 26.8 IIycmy f(z) € C?, 2 — xopenv kpammocmu p. Toeda natidemcsa
maxas okpecmmocmv Qs(z), wmo das npouseosvrozo xo € Qs(z) memod Horo-
MOHG CTOOUMCA U 6EPHA OUEHKA

|Tni1 — 2| < glen — 2| = (p = 1)/p,
m.e. cTooUMea AUHEtNO.

JokazarenbcrBo. [locTymas Tak e, KaKk W B CJIydae POCTOTO KODHS,
HOJTY UM Ty i1 —2 = (T —2) go’(z)—i—% (zn—2)%¢" (€), 1ie € € [y, 2]. Omnako, B
f(z) ["(x)

(£())*

“HOJIb Ha HOJIB’, TAK KaK z sIBJIsIeTCsl Tak»Ke KopHeM ypasHenusi f'(x) = 0.
Ouennm ¢'(z).

ciydae p > 1 B Boipazkenuu ¢’ (x) = COJIEPYKUTCST HEOIIPEIEJIEHHOCTD



Paznein 6. 159

Ipexncrasum f(z) B Buge f(z) = g(x) (x — 2)?, tae g(z) = a # 0. Torua,
seraucias f'(z) u f”(x), nomy4daem npexncrasienue s ¢ () B MaJIoif oKpecT-
HOCTHU KOPHSI

f@) f"(@) _ae—z)"app—1) (@ —2)""" n
(f’(.%‘)) a2p2 (3;‘ _ 2)21)—2

Lp,(l‘): O(|x—z|)

p—1
Orcrona cienyer, uro ¢'(z) & —— < 1, u 4eM BbIlIEe KPATHOCTh KOPHsI, T€M

MeJJIeHHee CXOIuMOoCTh. TeopeMa oKa3aHa.
IIpumep 26.2. Ilycrs ypasuenue f(x) = 0 umeer Ha orpeske [a,b] KopeHb z
kpartHoctu p, ipuuem f(z) € C3. Toctpoum mogudukanuio merosa Hpiorona,

UMEIONIyI0 KBaJpPpaTUIHYIO CKOPOCTH CXOJMUMOCTH. Tpe6yeMon MO,U,I/I@I/IK&L[I/IIO
6y,aeM HCKaTb B BUJIE

f(xn)

u noabepeM napaMerp o Tak, LIT06LI ¢'(2) = 0. Béausu kopHst umeeM ¢ (x) =

f@)f" (x)
(f(x)

HAXOUM O = P.

Tptl = Ty —

l—at+al 2 1 1ol , +O(|x z|) = T+O(|m z|). Orcrona

Jlexiiusa 27. Peinenue cucrem HeJIMHEMNHBIX ypaB-
HEHU

By,[LeM CYUTaThb, YTO UCXO/JHadA CUCTEeMa UMeeT BUJI:

filat 22, .,
falxt, 22, ...,

1 2 my _—_ ().

fm(x 2%, 2™) = 0;
s penieHus 3aJa9i MOXKHO ITOIBLITATLCS IIOCTPOUTH HEKOTOPOEe CXKUMA-
omee orobpaxkenue G(X) U HIPUMEHUTH MeEMOd NPOCMOT UMEPAUUL Kyt =

G(x;,,). B MHOromMepHOM cilydae TakKe BO3MOXKHA CJIELYIOAas MOjudUKaIms

MeToJa:
1 _ 1 2 m
Ty = gl(xn7xna ey Ly )a

2 _ 1 2
Tnt+1 = 92(-75n+1733n7 ey Ly )7

mo 1 m—1 _.m
anrl - gm(xn+17 "'7xn+1 7xn )
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Eciu w3 dyukuun F ynaercs BbIIIUTD [VIABHYIO JIMHEHHYIO 4acTb, T.€. HOJLY-
uuTh npeacrasienne F(x) = Bx + H(x), T0o MOXKHO HCIIOJIB30BATE JIHG0 MEMOOD
Iukapa Bx,, 11 + H(x,) = 0, sm60 ero moauduxanuo

B Xn+1 — Xp

F(x,) =0.
X F(xa) = 0

ITo cyTm 31O cooTBETCTBYET HEKOTOPOMY 0000IIeHII0 MeToMa HbioToHA.
O6o6mmenneM meroza aycca—3eiinens u Merona Ikobu Ha HeJIMHEHHBIN CIIy-
yail ABJILIOTCA MEMOIbl NOKOOPIUHAMHO20 CNYCKA, NJIsI KOTOPHIX KOMIIOHEHTHI
OY€EPETHOTO PUOJIMAKEHHUS Xy 41 COOTBETCTBEHHO OIPEJIEIIAIOTCS IIPU PEIIEHUN
OJIHOMEPHBIX HEJIMHENHBIX YPaBHEHUI OJIHOM U3 CJIEYIOIIINX CHCTEM:

fl( n+17 7"'7le)207 fl( n-‘,—la ,“.,xzb):o,
fQ( n+17 31-}-17"'7337? :07 f2( T, %4—1;"';1:7) :Oa
fm(anrlvx%erlv --'7xnm+1) = 0; fm(:crlu ~~-ax:zn717xnm+1) = 0

HaxoxkieHane KopHeil cucreMbl ypaBHeHuil ObIBaeT yJI00HO CBECTH K HAXOXK-
JIEHUI0 MUHUMyMa HekoToporo dyHknuonana ®(x), manpumep, misa ®(x) =
|F(x)||?. Hamommmm, 4T0 MOM06HBIM 06Pa30M CTPOUINCH METO bl PEITeH s JTH-
Heltubix cucreM. s pemenus 3aaun Munumu3anuu P (X) MOXKHO PACCMOTDETh
CJIEJTYIOIINY HECTAIIMOHAPHBIN TIPOIECC, HA3BIBAEMBIN MemodoM YCMaHOBAECHUS:

pr x(t) + grad @ (x(t)) = 0.

Tak kax npu grad ®(x) # 0 umeem

L (x(1))  (erod B(x), ) = — (srad B o), rad B()) <0

TO JiyIs1 ipomu3BosibHOrO (0) Bosb Tpackropun X(t) snadenue ®(x(t)) me Bo3-
pacraer, 1o3romy X(t) cXomuTcs K HEKOTOPOii Touke = Buia grad ®(x) = 0.

pyroit BO3MOXKHBII HeCTAIMOHAPHBII TPOIIECC, PeIeHne KOTOPOro B TOUKE
JIOKQJIbHOI'O MUHUMYMa TAKXKe YCTAHABJIUBACTCS, UMEET BUJIL:

d?x

dx
yrel +7dt + grad ®(x) =0, v > 0.

MozxkHo IIPOBEPUTDH, YTO B JaHHOM CJiy4da€ BJIOJIb TPa€KTOPHUHN HE BO3pacTaeT

dx dx
dt’ dt

TOJ0B yCTaHOBJICHU A OHepaTOpr MIPOU3BOJHBIX 3aMEHAIOT COOTBETCTBYIONIUMU
Pa3HOCTHBIMHA aHaJIOTaMU.

3HAYCHHE d)yHKuHOHana = + ®(x). IIpu gnciennoii peasuzanuu me-
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Pacemorpum ciryuail cucrembl m HelmHERHBIX ypasHenuit F(x) = 0, roe x =

(', ., 2™7T, F = (f1,..., fm)?. Bysem upemnonaratsh, uro orobpazkeHue
F : R™ — R™ nHenpepsiBHO JudDepeHImpyeMbIM B HEKOTOPO OKPECTHOCTHU
pelenus z, Tak 9ro F/(x) = gj: | . B npeanooxkennn 06paTHMOCTH STOTO OTIe-

paTopa Meros, HbIoTOHa MOKHO 3a1mcath B BUAE Xp 1 = Xn — (F/(x,)) " F(xy).

Teopema 27.1 (O cxodumocmu memoda Hovromona). Obosnauum Q, = {x :
lx — z|| < a}, 2de || - || — wopma 8 R™. ITycmv npu wexomopwx a,ai,az : 0 <
a, 0 < ag,ay < 00, BHINOAHEHDL YCAOBUL:

D [|(F'(x)" 'yl < aillyll npu  x€Qq Vy;
2) |F(x) — F(x) — F'(x)(% — x)|| < as|% — x||>  npu %,x € Q.

Obosnawum makoce ¢ = aias, b = min{a, cil}.
IIpu yeaosusx 1), 2) uxg € Qp umepayuonnsli npoyece Hotomona crodum-
CA € OUEHKOUT NOo2PEeWHOCTU

I C e [
m. e. umeem KeaIPaAMUIHYIO CKOPOCY CLOOUMOCTU.

HoxkazareabctBo. [lycrs x,, € (). Jokarkem 110 HHIyKINH, 9T0 Xy 41 € 5.
Tak xak b < a, cjenoBaTeNbHO, TOUYKHA Z, X, € ), U 110 yCJIOBUIO 2) UMeeM

1F(2) — F(xn) — F'(xn) (2 — %n)|| < 2|z — x|,
Hasee F(z) = 0, a u3 pacueTHbix HOPMyYJI HAXOIUM
F(Xn) = _F/(Xn)(xn-i-l - Xn)-
Orcrona cirejyer, 9ro
1F" (xn) (2 = Xp41) || < azlz — x>,
Takum obpazowm,

41 = 2l = [[(F'(2n)) " F (20) (011 — 2) | < @[ F (%) (xn g1 — 2)]| <
< (a1a2)|xn — 2| = c||x,, — 2z||* < cb?® = (cb)b < b.

Biroxenue x,, € O, n > 0 nokazano. JlokazkeM cxoqumocTs. IycTs ¢, = c||x, —
z||, Torga ||Xp41 — 2| < gullxn — z||. YMHOXHM naHHOE HEPABEHCTBO Ha C,
MOy auM ¢y +1 < g2. IToKaskeM 1o MHIYKINH, ITO OTCIOA CIIeTyeT OTIeHKA Gy, <

n n
@3". Umeen: n = 0, go < qo; ycTh BepHO JyIst 1; TorAa gni1 < ¢ < (¢§)? =
n+1
g2 . Takum 06pa3oM, BepHA CJIe/yIoas OleHKa CKOPOCTH CXOIUMOCTH:

cllxn — 2|l < (cllxo — 2])*".
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N rak xak c||xg — z|| < ¢b < 1, cueoBarensHo, X, — z. Teopema JoKa3aHa.

VciioBust TEOpEMBI FapaHTUPYIOT, YTO KOPeHb z rnpoctoii. HamomuuMm, uTo B
clydae KpaTHBIX KOpHeil Meros HbIoToHA CXOIUTCs ¢ JIMHEHHONW CKOPOCTHIO, U
CKOPOCTDb 3aMeJIJISIeTCS TIPY MOBBINEHUN KPATHOCTH.

IlocTpoenmne mrepanuii Bhicuiero nopsaka. Kak ormedanoch, ocoObIit
UHTEPEC MPEJICTABJISIIOT METOJIBI CO CBEPXJIMHENHON OIEHKOI CXOIMMOCTH, T.K. B
9TOM CJIy4Yae CKOPOCTb CXOIUMOCTU YBEJININBAETCS IIPU TPUOJIMZKEHUN K KOPHIO.

NuTepnonsamuonnsbiit Metoxn. Ilycrs numeercs HaboOp Xy, ..., Tn—m41 U3 M
upubikeHuil K KOpHIO 2z ogHoMmepHoit dyukiuu f(z). Torma B Kagecrse ove-
PEIHOrO TPUOJIMKEHNs TIeJIeCO00PA3HO BHIOPATH HYJIb HHTEPIOJISIIIHOHHOTO MHO-
rowieHa Ly, (), HOCTPOEHHOrO 10 Y3JIAM Ty, ..., Tp—mt1. DTO TPEOYET HAXOK-
JieHUsI KOpHeit MHorouweHa L,,. Kak cjeicrBue mupoKoe MpUMEHEHUE UMEIOT
TOJIBKO AJITOPUTMbI IPU M, = 2, 3 — MeTOJ| CeKyIIUX U METOJ apadoJI.

Yro0b1 n36€ekaTh MpodJIeM, CBI3aHHBIX C PEIEHNEM aJIredPandecKoro ypas-
Henus L, (x) = 0, ecrectBenHo unrepnosuposarsh obparuyio K y = f(z) dynk-
muio ¢ = F(y) no yznam y,—; = f(zn—s), 72 =0,...,m—1, u B KagecTBe OUEPETHO-
r'o NPUOJINYKEHNS B3Th 3HAYEHUE TI0JIY YeHHOIO MHTEPIIOJIAIIMOHHOTIO MHOIOJIe-
Ha B HyJe. Jluneiinas oGparHas WHTEpHOJSIUs (M = 2) COOTBETCTBYET METOLY
CEKYIIUX, HO yKe IPU M = 3 upsiMasi 1 00paTHAS WHTEPIIOJISIIUS [TPUBOIAT K
PA3INIHBIM AJITOPUTMAM.

Meron Yebwimésa. Ilycrs z — kopenb ypasuenus f(z) = 0 u F(y) —
obparnast K f(x) dbyukmus. Torga x = F(f(z)) n z = F(0). Pasnoxum F(0) B
psin Teityiopa B OKpECTHOCTU HEKOTOPOIl TOYKHU Y:

= (—y)*

F(0) = F(y) + F(’“)(y)T +....

IMTpubansnm 3nagenne F'(0) 3HaYeHnEM YaCTHYHOM CyMMBI B Touke y = f(x):

m—1 z))*
c=FO) ~pm(a) =+ Y (—1)kF(k)(f(x))%,
k=1

9YTO COOTBETCTBYET 3aMeHe ucxoqHoi dyukimn F(y) Ha MHOrOWIEH @, (y) cTe-
neHEn m — 1, TPOM3BOJHBIE KOTOPOTO COBIAJAIOT ¢ COOTBETCTBYIONAMHA IPO-
uzBogubivu F' B Touke y = f(z). CoorBercTBYOMUil NTEPAIMOHHBIH [IPOIIECC
Tnt1 = Pm(Tyn) UMEET HOPAJIOK CXOAUMOCTH M.

IIpumep 27.1. 3anumem dopmyisr meroga Hebbimésa qyst dbyuxmuu f(x) =
2P — a. Obparnas k f bynkmas mmeer sug F(y) = (a + y)'/P, a npoussoxmbre
F Boipaxatorcs (¢ yaerom y = 2P — a) dopmyiioit

k—1 1 k—1 1
FOG) = @+ TG i) = ] (5 -4).
=0 P =0 \P
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Takum obpazom,
m—1 1 a— P kk—1
om(z) =z+a ; il (107> jl:[o(l —Jp)-

B uacraoctu, @o(x) = (z/p)(p — 1 + a/aP).
Ipu p = 2 nonygaem dbopmyiny Hororona—Xepona ,+1 = wa2(x,) s upu-
GJIMKEHHOTO BBIYMCICHUA KBAJIPATHBIX KOPHEIL.

m—1
Ecmm p = —1, 10 o (z) = 2 3 (1 — ax)*. B srom ciyuae urepamuonnbrit
k=0

pPOIECC Tpt1 = @m(Zn) 1pu |1 — az| < 1 cXomUTCs K PEIIeHnI0 yPaBHEHUsI
x—1/a = 0. JauHbIil METO/ IO3BOJISAET HAXOUTD 3HAUCHHE 1/a ¢ IPON3BOJIBLHOM
TOYHOCTBHIO 6€3 UCIOTIH30BAHNS ONIEPAIUN JICJICHUSI.

§%-mpouecc DiTKeHa. BLIYucImMM 110 IMEIOIEMycs TIPUOIIMKEHIIO Ty, 3Ha-
YeHUsl Tpi1 = ©(Tn) U Tpiz = ©(Zpi1). Tak KAk B MaJIOH OKPECTHOCTH 2
UMEIOTCsI TIPeJICTaBJIEHUsI

(2)(2n — 2),

(@) (@nt1 = 2),

~ A
Tpg1 — 2R @

~ A
Tpiz — 2R Q

. / Tn+2 — Tn+l
TO M3 JAHHBIX COOTHOIIEHU nosydaem ¢ (z) R ——————

Tp4+1 — Tn

2
Tnt2 — @ (2)Tnt1 Loyl — T
1—¢'(2) Tnao — 2Tpa1 + T

Takwmm 0O6pa3om, 3a cireIyIoIee moce T, MPUOIMKEeHNe TPABUIBHO IPUHITH

Tnp((®n)) — o(Tn)p(Tn) (p(p(x0)) = (0))”
W(@(mn» - 290(3%) + xn ‘P(‘P(xn» - 290(3%) + xp ’

W3BecTHO, 9TO €CIM UCXOHBIN MTPOTIECC MMeJT JIMHEHHYI0 CKOPOCTh CXOIUMOCTH,
TO JIAaHHAS MOJUMDUKAIIS UMEEeT CKOPOCTh CXOAMMOCTHU 60JIee BHICOKOTO MOPSIJI-
Ka, HO, BO3MOXKHO, TOJIbKO cBepxJjmHeiiHyo. [I[pumenenne paccMoTpeHHON MOH-
dukaiuu, HapuMep, K KBaJIPATUIHO CXOISIIENCs [0CJIeI0BATEIbHOCTA (DOp-
MaJIbHO HE IPUBOUT K TIOBBIIIEHUIO MOPSIIKA.

Hannoe npeobpa3oBaHue sIBJIseTCs YACTHBIM ciydaeM (Ipu @1 = @2 = @)
merona Creddencona—Xaycxomnaepa—OCTPOBCKOrO TIOCTPOECHUST UTEPATTHOHHOMN
dyHKIIH 3 60oJIee BHICOKOTO MOPSJIKA TI0 U3BECTHBIM (01 U (P!

Tny1 = = ¢(p(zn)) —

| T (pa2(z)) — 1(x)pa(x)

z —1(x) = p2(z) + @1 (p2(z))
B nammom ciygae dyHkmmm @1 u o BEIOMPAIOTCs TaK, 9TOOBI 0becrednTsb 3d-
deKTUBHOE TO/IABJIEHNE BEKTOPA OIIHOKA 2 — Ty,

w3

Jlexuyusa 27. Pemrenne cucrem HeJIMHEHHBIX yDABHEHHIT
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[Iporpamma Kypca.

BeruucanresabHast IOrPEITHOCTb.
1. Borucaumenvras nozpewHocms. Yemotuueocms 3a0a4u U YUCAEHHO20 AN~
20pUMMG.

PasHocTHBIE ypaBHEHUsI.
2. Jlunetinve pasnocmuvie ypasHeHus n-20 nopadka. Teopemvi o npedcmasae-
HUU 06WE20 Pewerus 00HOPOOH020 YPABHEHUS U 00ULE20 PEULEHUA HEOOHOPOOHO-
20 YpasHEHUA.
3. Jlunetinvie pasnocmmvie YpasHeHUA T-20 NOPAIKG € NOCTNOAHHbIMU KOIPPHU-
yuernmamu. Dopmysuposka meopem o npedcmasieruy, 0buLez0 pewenus 00Ho-
POOHO020 YPABHEHUSA U YACTNHOZ0 DEWEHUA HEOOHOPOOH020 YDAGHEHUS C KEA3UM-
Ho204AEHOM 6 NPacot wacmu. Popma danucu JetUCMEUMENLHOZ0 PEWLEHUA.
4. PyndamernmanvHoe peuerue pasnocmmozo ypasuenus. Teopema o npedcmas-
AEHUY HACTIHOZ0 PEWEHUA HEOOHOPOOH020 YPABHEHUA NEPEO20 NOPAJKA C NOCTNO-
AHHOMU KOIPHUUUEHTAMU.
5. Pewenue 3a0a% HG COOCMBEHHDBIE 3HAUEHUA OAA PAZHOCTIHUT YPASHEHUT,
cpasHerue ¢ UPPEPEHUUANOHDIM CAYUAEM.
6. Ilocmpoenue mHozousenos Hebviuésa nepeozo v 6mopozo poda.
7. Ceoticmea mrozounrernos debviuésa nepeozo poda: CUMMEMPUIHOCTIL, HYAU,
axempemymot. Teopemvr 0 KOMNOZUYUL.
8. Dxcmpemanvroie ce0licmea MHozouseH08 debuésa nepeozo poda Ha ompes-
xe [a, b].
9. Okempemanvrvie ceoticmea mrozounreros debviwéea nepsozo poda ere (a,b).

Permenne nudpdepeHimanbHbIX ypaBHEeHUI.

10. Koneuro-paznocmmoiti memod. Annpoxcumayus, yemotiuueocms, crodumocmo,

meopema Duaunnosa.
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11. Memod weonpedenernvix K0aPGPUUUEHMOE NOCTNPOEHUSA PA3ZHOCTHVLL CLTEM.
Hoepewrnocmv dopmya wucaennozo uPdeperHyuposatus, OUeHKa O ONMU-
MANDHOZ0 WaA2A.

12. 3adavwa Kowu, ycaosus annpoxcumayut P-20 nopadka Ha PeweHut, o-yc-
motuueocms. Modeavrvie cremo.

13. Yucaennvie memodv, pewernus 3adavwy Koww: memod Tetianopa, memodu
Adamca.

14. Memodvw, Pynee—Kymma oas pewenus 3adaywu Kowu.

15. Buiuucaerue 2Aa68H020 YAEHA NOZDEWHOCTIU OAA NPOCTMETWUT CTEM OASL 30~
davu Kowu. Ouenka 2400040H0T NOPEWHOCTU A6H020 00HOWA2068020 MEMOOA.
16. Yemotiuuevie u Heycmotiuusoie 3adauu. Necmxue cucmembl.

17. Memod Jlebedesa peuwserus scecmyur cucmem.

18. Obwviknosentvie duddepertuanvrovie YPasHEHUS 8MOP020 NOPAJKaA, ANNPOK-
CUMAUUSA, Q-YCTOTHUBOCTIL. ANNPOKCUMAUUA KPAESBLT YCAOBULT MPEMBELO PO-
da.

19. Yemotivusocms kpaesoti 3adavu 0as YpasHeHUs 6MOpPo2o NoOpAdka: memod
cobCMBEHHVLT PYHKUU.

20. Yemotivusocmsv kpaesoti 3a0auu 0 YpasHeHUs 6Mopo2o nopadka: dHepze-
muyeckuts mMemoo.

21. Memod npozonxu.

22. Memod cmpeavbv, u memod Pypuoe.

YucsieHHbIE METOABI JINHEMHOMN aJreGpshl.
23. Hopmor 6eKmMOpP0O8, NUHETUHDBIT ONEPamopos, 06YCAOBAEHHOCTIL MAMPULDL.
OuenKka 803MYWEHUA DEWEHUS CUCTEMbL NUHETUHDIT AA2e0PAUNECKUT YPaGHE-
HUT NPU B03MYULEHUU NPABOT, HACTNU.
24. Memod Iaycca pewenus cucmem AUHETHLIT AA2E0PAUMECKUL YPASHEHU.
Aanzopumm opmozonanrusdavyuy I'pama—IlImudma.
25. Memod ompasicerul.
26. Hesvipoorcdentan 3a0a4a HAGUMEHDWUT KEAOPAMOE: MEMOO HOPMANLHOZ0
ypashenus, memod Q R-pasaootcenus.
27. 3adama HauMEHDYWUT KEaOIPamMo6 HeNoAH020 paraa: memodv, (Q R-pas.iodcerun
u Q R-pasaootcenus ¢ 8b60pom 2Aa6H020 CMOAOUG
28. Cuneyasproe passodtcenue. Teopema 0 HAGUAYHUWEM NPUOAUNCEHUU MATPU-
Ubl MAAOPAH20ELMU MATNPUUAMY 8 HOPME, NOJUUHEHHOT e8KAUIOBOT.
29. Pewenue 3a064U HAUMEHDWUL KEAOPAMOE NOAHO20 U HENOAH020 PAH2068 Me-
MOJOM CUHRYAADPHO20 PASAONHCEHUS.
30. 3adaua HOUMEHBWUT K6adPAMOE C NUHETHBLMU 02DAHUMEHUAMU—PAEEHCN-
B8AMU: MEMOObL UCKAOUEHUS, 0000ULLHH020 CUHRYAAPHO20 PASNOHCEHUS, 636€-
WUBAHUEM
81. Badaua HAUMEHLWUT KE8aIPATNOS C 02PAHUMEHUAMYU TUNG KEAIPATIHDIT Hepa-
8eHCNB: MeMO0 0000ULLHH020 CUHZYAAPHO20 PASAOHCEHUS.
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k+1 = BxF + ¢ daa pewenua cucmem auneti-

32. Memod npocmot umepayuy X
HOLT AN2E0PAUNECKUT YPAGHEHUT.
38. Jlunetinwili onmumasdvhoili 00Howaz06uill Memod U AUHETHDBT ONMUMAAD-
nouli N -waz206uit Memoo.

34. Memod nauckopetiuwezo 2paduermmozo Cnycka U Memood MUHUMANOHBLT HEGS -
30%.

35. Hmepavyuortvie memodo. ¢ npedobycro8ausamenem

36. Memodw: Taycca—3etidensn, Sdxobu u eeprnell pesarcayuuy

37. Ipoexuuonroil ar20pumm peweHUs CUCMem AUHETHBIT aA2e0PaUYeCKUT YPa6-
nenutll. Ipoexuyuonnas meopema, sxcmpemanrvroe ceoticmeo. OJHOMEDPHDIE AA-
20pUMmMbL

38. Memod conpasicennvir 2paduehmos.

39. Cmenennoti memod co coeuzom 0as 3a0ay Ha cOBCMEEHHBLE 3HAYEHUA.

40. Memod obpamnoti umepayuy co cdeuzom dan 3a0av Ha cobcmeeHHvle 3Ha-
yenus. Omnowenue Panes.

41. Unsapuarnmmuvie nodnpocmparcmsa. Memod umepuposarus nodnpocmparcme.

QR-anzopumm.

IIpubsiu>kene pyHKIUH OIHOM ITepeMeHHOI.
42. Hnmepnoasuuonnouti mrozouser Jlazparoica. Murnumudayus ocmamowrozo
YAEHA NO2PEWHOCTNY.
438. Hauayuuwiee npubAudCeRUE 8 AUHETHOM HOPMUPOBAHHOM U 2UALOEPTNOBOM
NPOCMPAHCMBAT.
44. Mnozousen mausywuwezo pasHomepHozo npubsuscenus. Teopema Banne—
Iyccena. Teopema HYebvrwésa.
45. IIpumepv, nocmpoenus MHO204AEHE HAUAYHULEZ0 PABHOMEDPHO20 NPUbAUIICE-
Hus. Teopema eduncmeenrocma.
46. Cnaatin—unmepnossayus. JIuHetHbT UHMePnoAAUUOHHbIT CAGTH.
47. Kybuueckuli uHmepnossyuoHHil Cniatin.
48. JIokarohoil (annpokcumayuontoud) cnaalin.
49. Ipubauosicernue no mrozouseram Yebvuiésa.
50. JTuckpemmnoe npeobpasosanue Pypve. Ceoticmea, npumepol.
51. Buicmpoe npeobpasosarue Pypve onn N = ning, N = 2F (pexypcusran
popma,).
52. Unmepnoasyus Iade—STxobu. Mnozomoveunas unmepnossyus Ilade.
YucieHHOe MHTErPUPOBAaHUE.
53. Memod neonpedesernoix KoaPPuuueHmos nocmpoeHus kKeadpamyp
54. Unmepnoasuyuontsie K6a0pamypot.
55. Cocmasntuie keadpamypot.
56. Opmoz2oHarbHblEe MHO20MAEHDL.
57. Keadpamypnroie dopmyane Laycca.
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58. Badavu onmumusauuy keadpamyp.

59. Ilpasuno Pynee ouenxu noepewnocmu. Ilocmpoenue npoepamm ¢ asmoma-
MUYECKUM GbOOPOM ULG2A.

60. Memod Monwme—Kapao svivucaenus unmezpanos.

61. Buiyucaernue uHmezpaios 6 HepeeyitspHOM CAYAE.

Peritenne HeJIMHEHHBIX YpaBHEHMUIA.
62. Memod npocmotl umepayuu: CHCUMAOULLE U CAGDO CHCUMAIOWUE 0MObPa-
HCEHUS.
63. KoncmpykmueHble meopemvs 0 cTodumocmu Memoda npocmoti Umepayu u
CYWELCMBOBAHUY, KOPHET YPABHEHUS.
64. Memod xopd, memod cexywur: pacwemuuie Gopmyav, U Meopemvl CXoduUMo-
cmu. Memod napabon.
65. Memod Hvtomona ¢ R'.
66. Memodv, muna npocmoti umepayut 0A4 PEWEHUS CUCTNEM HEAUHETHBLT YPa6-
Henwut. Memods, yemanosaerus.
67. Memod Hviomona 6 R™.
68. Unmepnosayuonmnvie memodol NOCMPoEHUs UmMepayuti 8vicue20 nopalka:
memod Yebvauésa, §2-npouecc timrena, memod Cmedencona—Xaycxordepa—
Ocmposcrozo.
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Crucok 06s3aTe/IbHBIX 3aJ1a4.

Bamava 1.1. Hatmu obwee pewenue 6 deticmsumenvrotli popme 0as caedyio-
We20 YpasHenua: Yry2 + Y = cos 5k .

Bamaua 1.2. Hatmu oeparuvertoe GyHOGMEHMANDHOE DEWEHUE YDAGHEHUSA
Ykt1 — Yo — 12yp—1 = 6} .

Bamaua 1.3. Hatlmu ece pewerusa 3a0auu Ha cOGCMEEHHLE 3HAUEHUS

-2 _
Ye+1 h1/2k+yk Lo g, 1<k<N-1,
1
Yo =0, *ﬁ(yN*qu) =-Ayn, h=.
Bapaua 2.1. Jaa sadawu y +y = exp 2z, y(0) =1 nocmpoums deyxmonen-
HYI0 PAHOCTNHYIO CTEMY 6MOP020 NOPAJKA CTOOUMOCTIU.

Bagaua 2.2. Jas ypasnenus y'(x) = f(x) nocmpoums cxemy Adamca 6mopozo
Yk —Yk—1 _ C1fk—1+ Ccafr—2
nopAdKa annpoKCUMAUUL . = 5

NO2PEUWHOCTNU U UCCACO08AMb YCOTMUSOCTD.

Bapaua 2.3. Jas 3adavu — v + p(z)u = f(x), u(0) =1, u(l) =0, p(z) >0,
NOCMPOUMB PAZHOCMMHYIO CLEMY B8MOPO20 NOPAIKA GNNPOKCUMAUUY HA CEMKe
x; =th,i=0,...,N, h=1/N. Hecaedosamv ycmotinueocmv u crooumocms.

. Hatimu eaaenviti waen

Bapaua 2.4. Jaa 3adavu —u” + u = f(z), v'(0) = 1, /(1) = 0 nocmpoumv
PASHOCTANYIO CTEMY 6TOPO20 NOPAOKG ANNPOKCUMAUUY Ha cemke x; = (i—1/2)h,
i=0,...,N, h=1/(N —1/2). Hccaedosamob ycmolGuusocms u cxodumocmso.

Bagaua 3.1. Ilycmv B — CUMMEMPUYHAA NOAOAHCUMENLHO ONPEIeNCHHAA

mampuya. Jlokazamo, wmo seauuuny +/(BX,X) MONHCHO NPUHAML 34 HOPMY

8EKMOPA X, U HAUMU KOHKCMAHMBL IKGUBGAEHIMHOCTIU, C8A3BIBAIOULUE IMY HOP-

My ¢ Hopmot ||x||z2.

3amaua 3.2. IIycmo A — mampuua npocmotll cmpykmypov,, m.e. nodod-

na Juazonaavrol, u ece AN(A) € [m,M], m > 0. Hokasamv, wmo memod
E+1 k

X —X 2

s = 4 AXF =D czodumea npu 0 < T < U

Bamaua 3.3. [lycmov y 3adawu Ax = b ¢ mampuuyet npocmoti cmpyxmypo.

umeemces 00Ho ompuyamesvhoe cobemeennoe snavenue A1 € [—2.01,—-1.99], a

ocmaavrvie — noaostcumenvhor: N; € [1,3], i = 2,...,n. Hocmpoumsv cxods-
WUGCA UMEPLUUOHHBLT MEMOO OAA PEUWEHUA MAKOT CUCTNEMDL.
a [ 0
Bamaua 3.4. Jas pewenus cucmemvs | B a B | x = b npumensemcs
0 8 «

memod Laycca—3etidenn. Hatimu ece snaverus napamempos o, B, 048 KOMOPHILT
Memo0d CTOOUMCA C NPOUZEOALHO20 HAMANGHO20 NPUOAUNCEHUS.
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Bamaua 4.1. Qyuxuyus f(r) = € npubauscaemca na [—1,1] muozouaerom
Jlazpanotca no wemuvipem pasroomemoausum ysaam. Hatimu nauborvwee yenoe
P 6 ouenke nozpewnocmu caedyrouwezo uda: ||f — Ly|lcj—1,1) < 107P.

Bapaua 4.2. Qyuxyusa f(x) = cosx npubiustcaemcs mnozouserom Jlazpar-
orca wa [—1,1] no n uebvuésckum ysaam. IIpu Kaxom 3HAMEHUU N BEAUNUHG
NO2PEUHOCTIU NPUBAUIHCEHUA 6 HENPEPBISHOT HOpMe He npesoczodum 1075,

Banaua 4.3. Cpedu scex mmoz0uienos suda asx> + 522 + a1 + ag Hatimu
HauMEHEE YRAOHAOWULTCH om Hyan ha ompeske [1,2] .

Samada 4.4. IHocmpoumsv MHO20MAEH HAUAYHULEZ0 PABHOMEDHO20 NPUBAUICE-
nua cmenenun = 3 das dywruun f(z) = 3sin® 1024 |22 — 7z 4 10| na ompesxe
3,4].

Bamada 5.1. Ouenumo wucao pasbuerud ompeska N 0Af GUCACHUSA UHME-
epana fol sin(z?) dx no cocmasnoti xKeadpamyproti gopmyae mpaneyudi, obecne-
wusarowee movwrnocmo 1074,

3agayga 5.2. Ilocmpoums keadpamypy Laycca ¢ mpems Yyaiamu 0as 6viucie-

nus unmezpasa I(f) = f_ll \/%dm Yrazamo anzebpauveckuti nopadox moy-

HOCTU MOCTPOEHHOT KEAOPATIYPbL.

1
Bamada 5.3.  IIpedarootcumsd cnocob 6viMuUcCAeHUs UHMESPAA fo 111;82 dx no

cocmaenoti k6adpamyprot Gopmyae ¢ NOCMOAHHM ULG2OM h U NO2ZPEULHOCTIBI0
0(12).

Bagaua 6.1. Vpasuenue x = 21, umerowee dsa kopna z1 = 1 u zy = 2, pewa-
10m Mmemodom npocmoti umepayu Ty = 2271, Heeaedosamo cxodumocmo

MEMOOG 6 3a6UCUMOCTIU OM 8bIOOPA HAMAALHOZ0 NPUBAUINCEHUA T .
3 2

T y: =4,
Bamaua 6.2. Jlasa pewerus cucmemt { o -y =14

memod Hvromona. Ykazamo nenyaesyro oxpecmmuocmov Qs kopusa z = (2,2) u
OUEHUMD WUCAO UMEPayUT N, HeobToduMoe A JOCTNUNCEHUA TMOYHOCTIY, ||Z —
Xp|l2 < 1073 das npoussoavrozo xg € Qs.

NPUMEHAEMCA

Bamaua 6.3. Jlia sviuucienus al/p NPUMEHAEMCA CACOYOULUT GAROPUTIM:
(p—1)zP+ (p+1a
(p+1DaP+ (p—1)a’

Tni1 = @(Tn), p(z) =2

Hatimu nopsadox cxodumocmu memoda.
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