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Cexyus 2. Mooenuposanue OuHAMUYECKUX CUCHEM

YK 530.18

HCCIIEJOBAHUE B MATLAB OCOBEHHOCTEM
BbBIHYKAEHHBIXKOJIEBAHUU LHEINIOYKH CBA3AHHBIX
T'APMOHHUYECKHUX OCIUJIJIATOPOB

llopwmnes C. B.
Ypanvckuii cocyoapcmeennuiii mexnuueckuii ynusepcumem, Examepunoype,
e-mail: sergey porshnev@mail.ru

1. Beeoenue

Mopenu nuHeNHBIX 1enovex (puc. 1), coBeprarommnx BbIHYXACHHBIE KO-
ne0aHusl, MPUMEHSIOTCA B PA3IMYHBIX 001acTAX (U3MKH: (PU3UKE TBEPIOTO Te-
na, paguodusuke u T. n. (Hampumep, B [1] i onucaHusi CUCTEMBI TpEX CBS-
3aHHBIX DJJICKTPUYECKUX KOJIeOATENbHBIX KOHTYPOB HCHOJb30BaHA MOJIECIIb,
IPEICTaBIAIONMIAs] COO0M CUCTEMY IIAPUKOB C MaccaMu miy, My, M3, CBSI3aHHBIX
MeXay coOO#l MpYyKUHKaMU OJUHAKOBOM skecTkocTh k.) HecMoTpst Ha TO, 4uTO
o0l1Me MeTo/Ibl PelleHrs JaHHOM 3a7jaud U3BECTHBI [2], UX IMpakTUYecKas pea-
JU3alus CONPSKEHA € PAIOM TPYIHOCTEN. Bo-mepBbIX, aHATUTUYECKHUE pelle-
HUSl YpaBHEHUU JIBIXKCHUSI JJIMHHBIX JIMHEHHBIX 1ernodex (N >3) MoryT ObITh
MOJTYY€HBI TOJIBKO JIJISI OTHOCUTEILHO HEOOJIBIIIOr0 YKCIIa cirydaces [2]:

Dk, =k, =...=k,,,m, =m, =...=m,_;

D ky=k,=k,=....k =k, =k, =...;my=m =...=m,_;
) ky=k=...=k, ,my=m,=m,=..., m,=m,=m, =...;
4 k=k#k,,i=0,1,..,.N-1, my=m,=...=m,_,,

Sk =k,i=0,1,..,. N, m.=m=#m,_, i=0,1,....N-2.

Bo-BTOphIX, OONBIIMHCTBO ATUX PEIICHH OKa3bIBAIOTCS BEChbMa IPO-
MO3JKHMHU U JIJI UX MOCJIEAYIOUIEr0 aHAIn3a MPUXOINUTCS UCob3oBaTh [1K.

OpHako Jake B 9TOM CJIy4dae PElIECHHUE YAAeTCs HAUTH TOJIBKO JUIA yCTa-
HOBUBILIETOCA PEXUMA, U JJIs1 YaCTOT, NAJIIEKUX OT pe3oHaHca. [[ins mepexoaHbIx
MPOIECCOB MPU COBIIAJICHUN YACTOThl BHEIIHEN BBIHYKIAIOIICH CHIIBI C OJHOM
M3 PE30HAHCHBIX YaCTOT M3BECTHO AHAIUTUYECKOE PEIICHUE MJI MaJOTro KO-
JUYECTBA OCHUIUIATOPOB (2—3), OJIHAKO, OHO OKa3bIBAETCS HACTOJIBKO IPOMO3/I-
KUM, 4TO JUIsl €r0 aHaIM3a npuxoautcs npumeHsaTh [IK. B aTtux ycinoBusx mist
MCCIICIOBAaHUS JIMHEHHBIX IEMOYEK CBSI3aHHBIX OCHWUISITOPOB HCIIOIb30BATh
YHMCJICHHBIC METO/BI.

Puc. 1.
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B cratpe onuceiBaeTcst MeToanka ucrnonab3oBannsd MATLAB nis ananmnza
0COOEHHOCTEN BBIHYKIEHHBIX KOJEOAHMI IIEMOYKH CBSI3AHHBIX JIMHEHHBIX Tap-
MOHUYECKUX OCHUJIATOPOB.

2. Mamemamuueckas MoOe1b CUCHEMbL CEA3AHHBIX 2APMOHUYECKUX
ocyunnamopos u ee peanusayus 6 MATLAB

Bynem cuutaTh, 4TO BHENIHSAS BBIHYKJAIOIIAsl CUJIA MPUIIOKEHA K Kpau-
Hemy JieBoMy mapuky (puc. 1). Torma cucrema nuddepeHnnanbHbIX ypaBHE-
HUM, OMUCHIBAIOIINX BBIHYXICHHBIC KOJICOAHUS CBS3aHHBIX JIMHEHHBIX OCIUJI-
JATOPOB, UMEET CIECAYOIIUNA BU/I:

Xy = X, — O (xo X4 ) + ma
m,
X =—op(x,—x_)—ol, (x—-x,), i=1...N=2, (1)
Ry = =0y (XN_1 R ) ~ O Xy
rae cofﬂ,i =K.,/ m;, m; — Macca i-ro IapuKa, ki1, — KECTKOCTb MPYKUHBI, CO-

CAVHSIONICH i-bIi M i+1-bIi mapuku, F(f) — BBIHYXKIAOIIas CUja.

Jns HaxoxnaeHus uyucieHHoro pemieHust cucremsl JIY B MATLAB wuc-
MOJIB3YETCA CIEIYIOIINNA alITOPUTM:

1) 3amaTh BEeKTOP-(PYHKIMIO, BO3BPAIIAIONIYI0 3HAYCHUS TEPBBIX MPOU3-
BOAHBIX cuctembl 1Y (pasmepHOCTh QyHKIHH 2N);

2) 3amaTh BEKTOpP, COACPXKALIMM HadalbHblE YCIOBHA (X; (O), X; (O),
i=1L2...N-1);

3) oOpatuThea K OAHOU U3 (DYHKIMM, BO3BpaIIAONIUX TaOIUILy, COAEP-
YKalylo YUCIeHHOe penieHue cuctemsl Y, Hanpumep Qpynkunn odeds;

4) NpOBECTH BU3YAIM3ALIUIO TTOJTYUYEHHBIX YHCJICHHBIX PEIICHUN.

Omnucanue GyHKIUHA, BO3BpAIIAIONIEH 3HAYCHUS TEPBBIX MPOU3BOIHBIX
cuctemsl 1Y (1), MbI pasmectunu B ¢aitnie Euler2.m, nucTuHr KOTOpOro npu-

BOJIUTCS HUXKE.
% sqmcTuHr ¢aiina Euler2.m
function z=euler2(t,x)
% onucanue pyHKIUN, BO3BpALIaIOLIeil 3HAYeHNS MePBbIX MPOU3BOIHBIX
global k m A Omega
N=length(m); % 4uc10 TeJ KoJ1edaATeTbHOH CHCTEMBI
z=zeros(2*N,1);
z(1)=x(2);
z(2)=-(k(1)/m(1))*x(1)-(k(2)/m(1))*(x(1)-x(3))+F(t,A,Omega);
K=3;
for i=2:N-1
zZ(K)=x(K+1);
z(K+1)=-(k(i)/m(i))* (x(K)-x(K-2))-(k(i+1)/m(i))* (x(K)-x(K+2));
K=K+2;
end;
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Z(2*N-1)=x(2*N);
2(2*N)=-(k(N)/m(N))*(x(2*N-1)-x(2*N-3))-k(N+1)/m(N)*x (2*N-1);

function f=F(t,A,Omega)
% (yHKIHS1, ONMUCHIBAIOIIAS] BHEIIHIOI BHIHYKIAKIYI0 CHITY
f=A*sin(Omega*t);

I[aﬂee I HAXOXKACHUA M BU3yalIW3allKi YHUCJICHHOI'O PCHICHHSA CUCTCMBbI

Y (1), onuchIBarOmMX CUCTEMY, COBEPIIAIOIIYI0 CBOOOHBIE KOJeOaHus,

06XOI[I/IMO BBIITOJIHUTD CIICAYIOINYIO IMOCICA0BATCIbHOCTE KOMAH/ !

>> clear all;

>> global k m A Omega

>> N=16; % 4HCJI0 TeJ K0J1e0aTeJIbHOIi CHCTEMbI

>>n=1:N;

>>m(n)=1; % 3agaHue Macc TeJ

>> j=1:N+1;

>> k(i)=1; % 3agaHue ’KeCTKOCTeH NPYKUH KOJIe0ATeJIbHOI CHCTEMbI

>>n=1:2*N;

% HavaJbHbIE YCIOBHA

>> R0(n)=0;

>>R0(1)=0.5

>> A=0; % aMIIMTYy/Aa BHELIHEH BbIHYKIAKOIIECH CHJIbI

>> Omega=0.0; % 4JacToTa BHEIIHEH BHIHYKIAIOLIEH CHJIbI

>> Tfin=50*pi; npaBasi rpaHNIIa BPEeMEHHOI CeTKH

>> Np=2"13-1; % 4ucI0 y3JI0B BpeMEHHOIl CeTKH

>> [T,M]=0de45('euler2',[0: Tfin/Np:Tfin],R0);

>> subplot(4,4,1);plot(T,M(:,1));axis([0 40 —0.5 0.5]);title('n=1");

>> subplot(4,4,5);plot(T,M(:,3));axis([0 40 —0.5 0.5]);title('n=2");

>> subplot(4,4,9);plot(T,M(:,5));axis([0 40 —0.5 0.5]);title('n=3");

>> subplot(4,4,13);plot(T,M(:,7));axis([0 40 —0.5 0.5]);title('n=4");

>> subplot(4,4,2);plot(T,M(:,9));axis(|0 40 —0.5 0.5]);title('n=5");

>> subplot(4,4,6);plot(T,M(:,11));axis([0 40 —0.5 0.5]);title('n=6");

>> subplot(4,4,10);plot(T,M(:,13));axis([0 40 —0.5 0.5]);title('n=7");

>> subplot(4,4,14);plot(T,M(:,15));axis([0 40 —0.5 0.5]);title('n=8");

>> subplot(4,4,3);plot(T,M(:,17));axis([0 40 —0.5 0.5]);title('n=9');

>> subplot(4,4,7);plot(T,M(:,19));axis([0 40 —0.5 0.5]);title('n=10");

>> subplot(4,4,11);plot(T,M(:,21));axis([0 40 —0.5 0.5]);title('n=11");

>> subplot(4,4,15);plot(T,M(:,23));axis([0 40 —0.5 0.5]);title('n=12");

>> subplot(4,4,4);plot(T,M(:,25));axis([0 40 —0.5 0.5]);title('n=13");

>> subplot(4,4,8);plot(T,M(:,27));axis([0 40 —0.5 0.5]);title('n=14");

>> subplot(4,4,12);plot(T,M(:,29));axis([0 40 —0.5 0.5]);title('n=15");

>> subplot(4,4,16);plot(T,M(:,31));axis([0 40 —0.5 0.5]);title('n=16");
Pe3ysibTaT BBITIOJHEHHS NPUBEAECHHOM BBIIIE IOCIEA0BATEIBHOCTH

MaH/I IIPEACTABIIEH HA pHUC. 2.

HC-

KO-
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h=1 n=5 n=49 n=13
0.5 0.5 0.5 0.5

-0.5 -0.5 -05 -0.5

0.5 0.5 05 05

-0.5 -0.5 -05 -0.5
n=3 n=7
0.5 0.5 0.5 0.5

n=15

-0.5 -0.5 -05 -05
n=4 n=8 n=12 h=16
0.5 0.5 05 05

UJ\/\/\J\MNJ\/ J\/\WOW

-0.5 -0.5 0.5 05
0 0 0 0 0 40 0 40

(=)

:

Puc. 2. 3aBUcHMOCTb MTHOBEHHBIX 3HAUEHHUH CMEIEHU Tel
KOJICOATETBHOM CUCTEMBI OT BPEMEHHU.

OpnHoil U3 OCHOBHBIX MpoOieM uucieHHoro peuieHus Y u cucrem Y
SBJISICTCS TpoOJIeMa BBIOOpaA Iara MHTETPUPOBAaHUS Al , TOCKOJIBKY MPHU JTOCTa-
TOYHO OOJBIIOM IIare MHTErPUPOBAHUS BO3HUKAIOT HEYCTOWUYUBBIC PEIICHHUS,
T. €. pelIeHuUs], TOTPEIIHOCTh KOTOPHIX HAUYMHAET BO3pACTaTh BO BPEMEHU HKC-
MOHEHIUAIBHO ObICTpOo. OauH U3 CrOCOO0B MPOBEPKH YCTOMYMBOCTH METO/A
3aKJII0YAeTCsl B KOHTPOJIE BEJIUYMHBI MOJHON SHEPruu, KOTopas B Cliydae CBO-
OO0JTHBIX KOJICOAHUI JOJIKHA COXPAHSITHCSA, TOATOMY JIJIsl TPOBEPKU MPABUIHHO-
CTH BBIOOpA IIara MHTETPUPOBAHUS Af MOXHO HCIIOJB30BaTh CIICIYIOMIUMA a-
TOPUTM:

1) 3agaTe HaYaIbHBIC CMEIIECHUS U CKOPOCTH TeJ IEMOYKH CBSI3aHHBIX OC-
HUJUISITOPOB.
2) 3agaTh BPEMEHHOW MHTEpBaJl, HA KOTOPOM HILETCS PELICHUE CHUCTEMBbI

ay.

3) 3aI[aTB YUCJIO TOYCK, B KOTOPBLIX MIICTCA YUCIICHHOC PCHICHNUC CHCTCMbI

ay.

4) Haiitu pemenue cucremsl Y.

5) BbluuCnUTh 3HAYEHUS SHEPTUHM CHCTEMbl CBSI3aHHBIX OCLHUJUISTOPOB B
Ka>KJ[blii MOMEHT BPEMEHHU.
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6) Ilpoananu3upoBaTh WU3MEHEHUE HPHEPTrUU CUCTEMbI BO BPEMEHHM Ha 3a-
JAHHOM BPEMEHHOM HMHTEPBAJIE U OLEHUTHh TOYHOCTH BBINOJHEHHUS 3aKOHA CO-
XpaHEHUs1 SJHEPTUU.

7) Ilpu HEYyIOBIECTBOPUTEILHOM TOUHOCTH PEIICHUS TOBTOPUTH TIl. 3—6.
8) IIpu yaOBIETBOPUTEIILHON TOYHOCTH PELICHUS MEPEUTH K aHATIU3Y BbI-
HYKJICHHBIX KOJICOaHU.

Kak oueBuaHO, Mg peain3allid OMUCAHHOTO BBIIIE aaropuTMa HEOOXO-
JUMO YMETH BBIUYHUCIIATE DHEPTUU KaXKIOI0 U3 TE€JI CUCTEMBI B 3aJaHHBIE MOMEH-
Thl BpeMeHHU. /{7151 pelenus qaHHo# 3ajaul MOXHO MCHOJIb30BaTh PyHKIuMI0 En,
OMHMCaHUE KOTOPOH MbI coxpaHuiiv B ¢aiiie En.m.
% sgmcTuHr ¢aiina En.m
function E=En(N,m,k,M)
K=length(M); % 4ucJI0 CTPOK MAaTPUIIbI pelIeHHit
K1=1;
for j=1:N
for i=1:K
if j>1
if j<N
e(1)=0.5*m(j)*M(i,2*j)."2+...
0.25*k(j)*(M(1,2*j-1)-M(i,2%j-3)). " 2+...
0.25*k(j+1)*(M(i,2*j-1)-M(1,2*j+1))."2;
end;
end;
if j==
e(i)=0.5*m(1)*M(i,2)*2+0.5*k(1)*M(1i,1)"2+...
0.25*k(2)*(M(i,1)-M(1,3))"2;
end;
if j=—
e(1)=0.5*m(N)*M(i,2*N)"* 2+0.5*k(N+1)*M(1,2*N-1)"2+...
0.25*k(N)*(M(1,2*N-1)-M(i,2*N-3))"2;
end;
end;
en(:,K1)=e';
K1=K1+1;
end;
E=en;
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Puc. 3. MruoBeHHbIE 3HaYEHUS SHEPTUIA BHIOPAHHBIX TEJ KOJICOATEIHHOM CUCTEMBI.
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Puc. 4. 3aBUCUMOCTb MMOJTHOM SHEPTUU CUCTEMBI OT BPEMEHH.

JInsi BBIUMCIICHUS] MTHOBEHHBIX 3HAUEHUW JSHEPTUM TeNl KOJeOaTebHOM
CUCTEMbI U €€ IOJIHOM OHCPIUHU HGO6XO,Z[I/IMO BBIIIOJTHUTH CICAYIOIIYHO ITOCJIC-
JO0BAaTCIIbBHOCTb KOMAaH/ .
>> clear all;
>>global k m A Omega
>> N=16;
>>n=1:N;
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>>m(n)=1;
>>j=1:N+1;
>> k(i)=1;
>>n=1:2*N;
>> R0(n)=0;
>>R0(1)=0.5;
>> A=(.0;
>> Omega=0.0;
>> Tfin=50*pi;
>> Np=2"13-1;
>> [T,M]=0de45('euler2',[0: Tfin/Np:Tfin],R0);
>> E=En(N,m,k,M);
>> plot(T,E(1,:),T,E(8,:),T,E(16
>> for i=1:Np+1

s=E(i,:);

Efull(i)=sum(s);

end;
>> figure(1);plot(T,E(:,1),T,E(:,4),T,E(:,8),T,E(:,12))
>> axis([0 30 0 0.25]);
>> figure(2);plot(T,Efull)
Pe3ynbpraThl BBINOJHEHUS MPUBEACHHON BBIIIE MOCIENOBATEIBHOCTH KO-

MaHJi IPEACTaBIECHbI Ha puc. 3, 4. AHanu3 3aBUCUMOCTH MTHOBEHHOUW SHEPTrUU
KoJie0aTeIbHON CUCTEMBI OT BPEMEHHU, MPEICTaBICHHAsl Ha puc. 4, MOKa3bIBACT,
YTO IIOJHAs DHEPrus OTKIJIOHSIETCS OT CBOETO IIEPBOHAYAIBLHOI'O 3HAYCHUS I10
JIMHEMHOMY 3aKOHY. [Ipu 3TOM MakcuMalibHasi BETMYMHA OTKJIOHEHUS, XapaKTe-
pHU3yIOIas TOYHOCTh YUCJICHHOTO PEIICHHS, Ha BHIOPAaHHOM BPEMEHHOM HHTEP-

Basie He npeBocxoauT 0.24%.

3. Hccneooeanue ocobennocmeit 8blHyHcOeHHBIX KoJleOaHuil
JIUHEIHOI YENnOYKU C6A3AHHBIX OCUUTIIAMOPOE C 0OUHAKOBHIMU MACCAMU

PaccmoTpum pe3ynibTaThl MOJEIUPOBAHUS KOJEOATEILHON CUCTEMBI, CO-
cTosied u3 miaTu mapukoB (N = 5) onuHakoBoi Maccsl (m = 1), COeIMHEHHBIX
NpYy>KMHKaMH OJIMHAKOBOM xkectkoctu (k; = 1, i = 1,2,...5) nox neiictBuem
BHEIIIHEH BBIHYKJAIOMIEH CUJIbI, YaCTOTa KOTOPOM COBMAJAET ¢ OJTHOM U3 COOCT-
BEHHBIX 4acCTOT M3y4aeMoi cuctembl. COOCTBEHHbBIE YaCTOThI JAHHOU CUCTEMBI
@, SIBISIIOTCS. PELIEHUEM XapaKTEPUCTUYECKOIO YPaBHEHUS

B-o’E|=0, (3)

rac E— CINHUYHAA MaTpHIia, B — TpCXAUaroHajJdbHas MaTpuna, 3JICMCHTHI KO-
TOpOﬁ BBIYUCIIAIOTCS ITO0 CIICAYIOIIUM ITPpABUJIAM:
. 2 . 2
Bn —2600» B12 =—Q,
_ 2 _ 2 _ 2 .
B, , =-w,, B,=20,, B, =-w,, i=2,3.N-1, 4)

_ 2 _ 2
BNN—l =—0,, BNN - 2030-
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3HaueHus COOCTBEHHbBIX YacTOT MPU BHIOPAHHBIX MMapaMeTpax CUCTEMbI paB-
el 1.0, 1.4142136, 1.7320508, 1.9318517, 0.5176381. 3aBUCUMOCTH CMECILICHUI
Ten KoJiebaTenbHOU cucTteMbl oT BpeMenu g y=1.0, 1.4142 npencraBiieHsl Ha

puc. 5,6, COOTBETCTBEHHO.

L | L L ! ! L
o 20 40 B0 a0 100 120 140 160

Puc. 5, a. 3aBUCMMOCTb CMEIIEHUS TIEPBOTO
LIapUKa JMHEHHON LIETIOYKH OT BPEMEHU

(y=1.0).

0.18

01

005+

-0.05

01F

-0.15 1

02 L 1 L L 1 1 L
1] 20 40 ED a0 100 120 140 160

Puc. 5, B. 3aBUCHMOCTb CMELIIEHUS TPETHETO
[IapuKa JUHEHHOM LENOYKH OT BpEMEHH

(y=1.0).

L ! L ! L ! L
1] 20 40 51} 80 100 120 140 160

| L L L ! L |
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Puc. 5, 6. 3aBUCUMOCTB CMEIICHUST BTOPOTO
HIapUKa JMHEHHON LIETIOYKH OT BPEMEHU

(y=1.0).

1 L L L 1 L 1
0 20 40 B0 a0 100 120 140 160

Puc. 5, r. 3aBUCUMOCTb CMEILIEHUs YETBEPTO-
IO IIapHuKa JMHEHHON [IEMOYKH OT BpEMEHU

(y=1.0).

Puc. 5, 1. 3aBUCUMOCTB CMEILIEHNUS NIATOTO 1IapUKa

JMHEWHOM 11enodku ot BpeMmenu (y=1.0).
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Puc. 6, a. 3aBucuMoCTb CMELICHUS IEPBOTO Puc. 6, 6. 3aBMCHMOCTb CMEILIEHHS BTOPO-
HIapyKa JMHEMHOW LIETIOYKHA OT BPEMEHHU ro IAapuKa JUHEHHOMN LIETIOYKH OT BpeEMe-
(y=1.4121). Hu(y=0.4121).
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Puc. 6, B. 3aBUCHUMOCTbh CMEIIEHHS TPETHETO Puc. 6, r. 3aBUCUMOCTbH CMEILIEHUS] YETBEP-
HIapyKa JIMHEMHOW LIETIOYKHA OT BPEMEHHU TOrO IIapHKa JMHEHHON LIETIOYKH OT Bpe-
(y=1.4121). menu (y=1.4121).
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1] 20 40 B0 80 100 120 140 160

Puc. 6, 1. 3aBUCUMOCTb CMEIIEHUS IISITOrO
HIaprKa JTUHCWHOM [IEMOYKH OT BPEMCHH
(y=1.4121).

U3 puc. 5, 6 BUgHO, 4TO MPU BO30OYKJIECHUU HA PE30OHAHCHOW YaCTOTE B
CHUCTEME €CTh IIApUKH, ABUKEHHE KOTOPBIX HE SBISETCA PE30HAHCHBIM. JLJIs
ciay4dast y=1 TakoBbIM sBisieTcs mapuk Ne 3, mst ciyvas y=1.4142136 — mapu-
ki Ne 2, 4. IlonmydyeHHBIN pe3yJibTaT, OKAa3bIBAIOIINIICA HA NEPBBIN B3IJIS He-
OKHJIaHHBIM, TPEOYyeT TOTOTHUTEIbHBIX MOSICHEHUH.
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Cucrema (1) siBasieTcs cCUCTEMOM JMHEHHBIX HEOJTHOPOIHBIX TuddepeH-
HUalbHBIX ypaBHEHUN BTOporo mopsiaka. Kak uzBectHo [3], oOuiee perieHue
TaKOW CHCTEMBbI SIBIIIETCA CYMMOW OOILEro pelieHus COOTBETCTBYIOIIEH
OJTHOPOJHON CHUCTEMBl U KaKOro-J1M0O 4YacTHOTO pEUIEHHs] HEOJHOPOIHOM.
Pemenne OQHOPOAHOW CHUCTEMBI SIBISETCS CYNEPHO3ULMEN HOPMAaJIbHBIX
TFAPMOHUYECKHA KOJIEOaHUI C COOCTBEHHBIMM YacTOTaMH (), SBIISIOLIMMCS

penieHueM xapaktepuctuueckoro ypaBHenus (3). Kaxmomy coOcTBeHHOMY
YUCITY oai, o =1,2,...N cOOTBETCTBYET COOCTBEHHBIN BEKTOP =, ABJIAIOLIMNACS
pelIeHreM YpaBHEeHHUS

r— 2 r—
B-E =05, (5)
OO6miee pelieHre 0THOPOJHOTO YPaBHEHUS MPEJICTABIISICTCS. B BUJIE:
N
x(1)=) C,E e, (6)
o=l

rae C, — TNpOU3BOJIbHBIE KOMIUIEKCHBIE MOCTOSIHHBIE, ONpENEIsIeMbIe U3 Ha-
YaJbHBIX YCIOBUM.

B tom cimyuae, xorja 3ajada o COOCTBEHHBIX KOJIEOaHUSX pelleHa IJis
HaxoxaeHus yacTHoro pemeHuss C/lY B yCTaHOBUBLIEMCS PEXUME MOKHO HUC-
II0JIb30BaTh METO/] Pa3yI0KEHUs IO COOCTBEHHBIM QopMmam [4]. Crenys naHHOMY
METONY, IIPECTABUM BEKTOP BHEIIHUX CUII B BUJIE:

F()=Y f.()ME,. (7)

3nece M — maTpulia Macc, SIBJISIONIAsiCS B HAIlleM Clydae IUaroHajdbHOH, a
fo(t) — TpoeKIy BEKTOpa BHEIIHUX CHUJI HA BEKTOP HOPMAJIbHBIX KOJEOaHUM.
N3 (6), (7), BUIHO, YTO BEKTOP BHEIIHUX CHJI U HUICKOMBIA BEKTOP CMEIICHUS MO-
T'YT OBITh TIPEACTaBICHBI B KOMIUICKCHOM BHJIC:

~ ~

5 A
F=| ¢ lexp(iyt); X=| ¢ |exp(iyt), (8)
3 i

rae 1?1 =F exp(y,), Zl. = A, exp(i®;) — KOMIIJICKCHBIC aMILIUTYIbI.

MoxHo nokaszath [4], uto K0d>p(ULIUEHTH! pasnoxkeHus f, yIOBIETBO-
PAIOT PABEHCTBY:

- = .F
=< 9
=g g 9)
[Ipu sTom wactHoe pemenne C/IY npencrasisercs B BUAE:
X, = A4, exp(iyt), (10)
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[Ipn HynEeBBIX HAaYaJIbHBIX YCIOBUSAX, TO €CTh IIpU x,(0) =0, x,(0)=0 Ha-
yanbHble (Pa3bl KoseOaHUN BCEX MIAPUKOB, CIEAOBATEIbHO, U MHUMBIE YacTH

KOMIUICKCHBIX aMIIJINTY I A s » TAKIKEC 6y,HYT PaBHBI HYJIIO.

U3 (10) BuAHO, 9TO JIJIsi PE30HAHCHOTO BO30YK/ICHUS KaKOW-TMO0 MOJIbI B
cucTeMe C OOJIBIIMM YHCIIOM CTETeHeH cBOOOAbl HEOOXOIMMO HE TOJIBKO oOec-
IIEYUTh PE30HAHCHOE COOTHOILICHUE MEXIY YaCTOTOM 3TOM MOJBI U YaCTOTOMU
BHEITHEH CUJIBI, HO W CO3/1aTh TaKWE€ YCJIOBHsI, YTOOBI BO3JACHCTBUE CHJIBI HA
pa3HbIC AIEMEHTHI CUCTEMBI HE 0Ka3aJ0Ch B3aUMHO CKOMIIEHCUPOBaHHBIM. [Ipu
HEBBINIOJHEHUU JAHHBIX YCJIOBUU B UCCIEAYyeMOU cucteme, Bo30ykaaemMoil Ha
OJIHOM M3 COOCTBEHHBIX YacTOT, PE30OHUPOBATH OYJIET TOJIHLKO YacTh IAPUKOB.
Hampumep, kak BugHo u3 Gpopmyisl (10), mapuk ¢ HoMepoMm s OyAeT pe30HUPO-

BaThb Ha 4acrtore @,, eciu f E #0. Takum 00pa3oM BBIYHCIMB MaTpPUILY

R = f E _ Mbl cMoxeM Oe3 umciaeHHoro pemenus CIY caenaTb BBIBOABI O
IIOBEJICHUU CUCTEMBI IIPU ¥ = @, .

[IpoBepuM MpuUBEIEHHBIE BBILIE PACCYKIACHUS, BBIUUCIUB MATPUIYy Rq.
JIisi BBIYUCICHUS JTaHHOW MaTPHIlBl OKa3bIBae€TCs YJIOOHBIM CO3/1aTh JIBE M-

(GYHKIUY, JJUCTUHTH KOTOPBIX IPUBEICHBI HIKE.
% nuctuHr gaiga B4.m
function A=B4(k,m);
% (yHkuus, Bo3ppamawumas marpuny B B coorBercTrBue ¢ (4)
Nm=length(m);
Nk=length(k);
Omega=zeros(Nk,Nm);
for j=1:Nk
for i=1:Nm
Omega(j,i)=k(j)/m(i);
end;
end;
A=zeros(Nm,Nm);
for i=1:Nm
if i==1
A(1,1)=Omega(1,1)+Omega(2,1);
A(1,2)=-Omega(2,1);
end;
if (>1)&(i<Nm)
A(i,i-1)=-Omega(i,i);
A(i,i))=Omega(i,i)+Omega(i+1,i);
A(i,i+1)=-Omega(i+1,i);
end;
if i==Nm
A(Li-1)=-Omega(i,i);
A(i,i))=Omega(i,i)+Omega(i+1,i);
end;
end;
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% samcTuHr ¢aiina F4.m
function R=F4(k,m,F);

% (yHKIUs, BO3BPALIAIONIA MATPULLY Rm = f50S5 B cooTBeTCTBHE € (9) M

% cOOCTBEHHDBIE YaCTOThI KOJIC0aHNIl JHNHEHHON eMOYKH
B=B4(k,m);
N=length(m);
[Sigma,Teta]=eig(B);
Teta=Teta.0.5;
M=diag(m);
N=length(F);
for i=1:N

tmp=Sigmac(:,i);

H(i)=dot(tmp,F)/dot(tmp,M*tmp);
end;
for i=1:N

for j=1:N

R(i,j)=H(i)*Sigma(j,i);

end;
end;
for i=1:N

tmp(i)=Teta(i,i);
end;
R=[R,tmp]; 3

JUia BbruMciaeHUs MaTpulel R = faESa paccMaTpuBaeMOM CUCTEMBI HeE-

00X0MMO BBITIOJIHUTH CIEAYIOUTYIO MTOCIEA0BATEIbHOCTh KOMaH/I!
>> N=5; % 3a1aemM 4 CJI0 LIAPUKOB
>>n=1:N;
>>m(n)=1; % 3agaemM Macchl IAPUKOB
>> j=1:N+1;
>>Kk(j)=1; % 3apaeM KeCTKOCTH NPYKHUH
>> F(n)=0;F(1)=1; % 3amaeM BeKTOP BHeNIHEl CHIIbI
>> Q=F4(k,m,F) % Bbrunc/jsieM MmaTpumy Rm = f50s5

Q:

1.8660 3.2321 3.7321 3.2321 1.8660 0.5176

—1.5000 —1.5000 0.0000 1.5000 1.5000 1.0000
1.0000 —0.0000 —1.0000 —0.0000 1.0000 1.4142
—0.5000 0.5000 —0.0000 —0.5000 0.5000 1.7321
0.1340 —0.2321 0.2679 —0.2321 0.1340 1.9319

M3 noxy4eHHOro pe3yJsibTara BUJIHO, YTO IPHU YAaCTOTE BHEIIHEW BBIHYX-
natomedt cuibl, paBHOM 0.5176, OyayT HaXOIUTCS B PE30HAHCE IMIAPHUKHU, TIPH
gactore 1.0000 — He B pe3oHaHce OyaeT cpeaHuil mapuk (Kak u ObUI0 OOHa-
pyxeHo npu uucieHHoM pemienuun CUY (1), cm. puc. 5), 1.4142 — He B pe3o-
HaHce OyJyT BTOPOW M YETBEPTHIN IApHKHU (KaK U ObLIO OOHAPYKEHO MpHU YKC-
neaHom pemennu CIY (1), cm. puc. 6), 1.7321 — He B pe3oHaHce OyneT cpen-
HUM 1mapuk, 1.9319 — Bce mapuku OyayT HaXOOUTCS B pE30HAHCE. 3aBUCUMO-
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CTU CMEIICHUN AapuKOB OT BpeMeHu npu y = 0.5176, 1.7321, 1.9319 npexncras

JieHbl Ha puc. 7, 8, 9, COOTBETCTBEHHO.
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Puc. 7, a. 3aBUCHUMOCTB CMEIIIEHUS TTIEPBOTO
[IapyKa TUHEHHON IIEMOYKU OT BpEMEHHU
(y=10.5176).
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Puc. 7, B. 3aBUCUMOCTb CMEILIEHUS TPETHETO
apuKa JMHEHHOW EMOYKU OT BPEMEHH
(y=10.5176).
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Puc. 7, 1. 3aBUCHMOCTE CMEILEHUS IATOrO
IapyuKa JUHEHHOM LIEMOYKH OT BpEMEHU
(y=0.5176)
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Puc. 7, 6. 3aBUCUMOCTb CMEILIEHUSI BTOPOTO
[IapHUKa JINHEWHOU IIETTOYKH OT BPEMEHU
(y=0.5176).
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Puc. 7r. 3aBUCHMOCTb CMELIEHUS
YETBEPTOrO MIapHKa JTUHEHHOMN IEMOYKH OT
Bpemen# (Y = 0.5176).
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15
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Puc. 8, a. 3aBucUMOCTb CMEILIEHUS TIEPBOTO
HIapHKa JIMHEMHOW LIETIOYKHA OT BPEMEHHU

(y=1.7321).
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Puc. 8, B. 3aBUCHMOCTb CMELIIEHUS TPETHETO
HIapyKa JIMHEHHOHN ENOYKH OT BpEMEHU
(y=1.7321).
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Puc. 8, 1. 3aBUCHMOCTb CMEIICHUS IISITOTO
LIApPUKa JMHEHHON LIETIOYKH OT BPEMEHU

(y = 1.7321).

15

15 | L | | L L |
0 20 40 60 80 100 120 140 160

Puc. 8, 6. 3aBUCHUMOCTB CMEIIEHUS BTOPOTO
HIapyKa JIMHEMHOW LIETIOYKH OT BPEMEHHU

(y=1.7321).
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Puc. 8, r. 3aBUCUMOCTb CMEIIEHUS YETBEPTOTO
IapyKa JIMHEHHOHN ENOYKH OT BpEMEHHU
(y=1.7321).
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Puc. 9, a. 3aBucuMOCTb CMeLIEHUS IEPBOTO Puc. 9, 6. 3aBUCUMOCTb CMEIIEHUsI BTOPOTO

LIapUKa JMHEHHON LIETIOYKH OT BPEMEHU HIapyKa JIMHEMHOW LIETIOYKH OT BPEMEHHU
(y=1.9319). (y=1.9319).
g g
B B
4 4
2 2
o o
2 2
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5] 5]
ED Z‘D AIEI E;ZI 8;] WEID 12IEI ‘h“l[l 160 EEI Z‘D 11;] E‘EI B‘EI 1EIIEI 15D M‘IEI 160
Puc. 9, B. 3aBUCUMOCTb CMEIICHUS TPETHETO Puc. 9, r. 3aBuCUMOCTh CMeEIIeHUs
IapyvKa JUHEHHOM LIEMOYKH OT BPEMEHU YETBEPTOrO MIAPUKA JIMHEWHON LENOYKH OT
(y=1.9319). BpeMenu (y = 1.9319).
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Puc. 9, 1. 3aBUCMMOCTE CMEIICHUS TISITOIO
LIapUKa JMHEHHOM LIETIOYKH OT BPEMEHU

(y=1.9319).

[IpoBeneHHBI HAMH aHAJIW3 TIOBEICHUSI CHCTEMBI MIPH PA3IUMYHBIX 3HAUe-
HUSX N TO3BOJIMII ClIENaTh CIEAYIOLIe O0IIHe BEIBOIBL:

1. B oOmeM cnydae npu pe30HAaHCHOM BO3JECUCTBUM Ha KOJEOATEIbHYIO
CUCTEMY 3aKOH M3MEHEHUS aMIUTUTY/bl KOJeOaHW OTIMYAeTCs OT JIMHEHHOTO
(puc. 9). OgHaKO MOKHO OLIEHUTH CKOPOCTb POCTa aMIUIUTY/bI, HCIIONB3YS Me-
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TOJ HAaUMEHBIINUX KBaapaToB. (s 3Tux meneit u3 BekTopa x;(¢;) MpOU3BOIUTCS
BBHIOOpKA 3HAYEHUH, COOTBETCTBYIOIIMM JOKAJIbHBIM MaKCHUMyMaM, 3aT€M IO
METOJly HAaUMEHBIIMX KBAJIPAaTOB HAUTH KOA(PPUIMEHTHI anmpOKCUMUPYIOMICH
npsMoi kx+b. Yron HakJIOHa JaHHOW MPSIMOM XapaKTEepPHU3yeT CPEIHIOI CKO-
POCTBh BO3pAacTaHUsl aMIUIMTY/IbI IIPU PE30OHAHCE M MPSIMO MPOHOPLHOHAIIEH CO-
OTBETCTBYIOIIEMY 3JIEMEHTY MaTpulibl R.)

2. llosiBneHue HyJIEBBIX YWIEHOB B Marpuile R BO3MOKHO TOJIBKO MpPH He-
yeTHOM 3HaueHuu N. ([Ipyrumu cioBamMu mpu 4eTHOM N Bce IIAPUKU PE30HU-
PYIOT Ha KaXJ0W U3 COOCTBEHHBIX YaCTOT.)

3. [Ipu HeueTHOM 3HaUeHUU N CYIIECTBYIOT TaKHE€ COOCTBEHHBIE YaCTOTHI,
Ha KOTOPBIX KaXKbIi #—1 MIapUK HE PE30HUPYET. 3HAUCHUE 1 MOKET MEHSITHCA
or 2 no N/2 — 1. (Hanmpumep, u3 marpuusl R uig N = 5 BUAHO, 4TO IIPH | = ®,
U Y =®, PE30HUPYIOT BCE LIAPUKHU, KPOME cperHero (To ectb n = N/2 —1 = 3),
aTpH Y =,, n =2, TO HE PE30HUPYIOT IIAPUKU C YETHBIMH HOMEPAMH. )

4. Ilpu yeTHBIX 3HaYeHUSAX N 3JIE€MEHThl MaTpullbl R SBISIETCS CHUMMET-
pUYHOH (IIapuKH KOJIeOIIOTCS B (haze), TM00 aHTUCUMMETPUYHON (IIApUKU KO-
7e00TCsT B MPOTUBOdA3e, MpUUEeM CKOPOCTh BO3PACTAHUS aMIUIUTYAbl Y HUX
OJINHAKOBA).

5. Ilpu HedeTHBIX 3HaYCHUAX N BIEMEHTHI MaTpulbl R, CHMMETpUYHbBIE
OTHOCHUTEJIFHO CTOJI0I1a, HOMEP KOTOPOTO paBeH HOMEPY IIEHTPAIBLHOTO IIapuKa,
OJIMHAKOBBI (IIApUKHU KOIeOII0TCs B aze), MO0 OTINYAIOTCS 3HAKaMU (IIIapUKH
KOJIEOMI0TCS B MPOTHUBOGA3e, MpUYeM CKOPOCTh BO3PACTAHUS aMIUTUTY/IbI y HUX
OJIMHAKOBA).

3aknrouenue

[TpoBeneHo ucclienoBaHUE OCOOCHHOCTENW PE30HAHCHBIX SIBJICHHUM B CHUC-
TE€ME CBSI3aHHBIX OCIMJUIATOPOB, BBISBIEHBI HEKOTOPHIE Ba)KHbIE 3aKOHOMEPHO-
CTH HcclieqyemMoi cucteMsbl. [lonyueHHble pe3ynbTaThl MOTYT OKa3aThCs MOJIE3-
HBIMH B painodU3HNKe U IEKTPOTEXHUKE (HAmpHUMep, IPU pacyeTe dJIeKTpuye-
CKHUX (UIBTPOB), B TEOPUU YIPYrocTH, (hu3mke TBepAoro tena. Pazpaborannas
B MATLAB Mmetoauka aHain3a JaHHOH CHCTEMBI, MOKET OBITh MCIIOJIb30BaHa
KaK B METOJUYECKUX IEIX (B Ka4yeCTBE KOMIBIOTEPHOW MOJJIEPKKH MPH U3Y-
YEeHUU KypCOB TEOPUU KoJiebaHuM, (PU3nKH, TBEPAOTrOo Teia, paauohu3nKu), Tak
Y TIPH PEIICHUH MPAKTUICCKUX 3a71a4.
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MOAEJIUPOBAHMUE ITPOLHECCA PACITPEJAEJIEHUSA
TEINIJIOHOCHUTEJISAA B KAMEPHON CYHINJKE

IIpoxonenxo M. H., Oxynesa I'. JI., Ilpacon /1. A.

benzopoockuti cocyoapcmeennwiti mexnonocuueckuil yHusepcumem
um. B. I'. lllyxoea, beneopoo,
e-mail: tk-apit@yandex.ru

[Tpotiecchl TemI0BOM 00pabOTKH B TEXHOJIOTHH CTPOUTEIILHON KEPaMUKH
MMEIOT YPE3BbIYANHO BAXKHOE 3HAYCHHE KaK I KaueCcTBa FOTOBOU ITPOAYKIINH,
TaK U JJII 9KOHOMHUKH MPOU3BOjJCcTBA. OHOM M3 BAXXHEHIINUX OINepaluid B TEX-
HOJIOTMHU TEIJIOM30JISIIIUOHHBIX MaTEpHUaloB sIBisieTCa cynika. OHa 3aHUMAET 10
90 % npOAOIKUTENHHOCTH BCETO MPOU3BOJICTBEHHOIO IIMKIIA M HAa HEE Pacxo-
JyeTCsl HE MEHEEe MOJIOBUHBI BCEX MPOU3BOJCTBEHHBIX 3aTpaT. OMHONU U3 OCHOB-
HBIX 3aJ]a4 B 00JIaCTU MPOMBIILUICHHOCTH CTPOUTEIbHBIX MAaTEpUATIOB SIBISIETCS
MOBBIIIICHNE KauecTBa M3JIENUNA W yBeIWdYeHUEe oObeMa BBIMMYCKAeMOW MPOAYK-
UM 32 CUYET YCOBEPILICHCTBOBAHUS TEXHOJIOTHYECKUX MPOIIECCOB M PEXKUMOB,
MOBBIIICHUS MPOU3BOAUTEILHOCTH TPYy/Aa, UHTEHCU(UKAIIMU padOThl CYLIECT-
BYIOIIIEr0 000PY/IOBaHUS U BHEAPEHUS] KOMIUIEKCHOM aBTOMAaTU3aIlMU TEXHOJIO-
TUYECKUX IIPOLECCOB.

Pemienue onrcaHHbIX 3a/1a4 HAMPSMYIO CBSA3aHO C YPOBHEM JETalIW3aLNU
U TJIyOMHOM MaTeMaTHYE€CKOTO OMHCAHUSI TEXHOJOTHUYECKHUX MPOIIECCOB CYIIKH
KepaMUYECKUX H3JCNUNA, YTO HEBO3MOXKHO 0€3 MPUMEHEHUs B pacuerax cre-
[IUATM3UPOBAHHOTO MTPOTrpaMMHOTO obecrieuenus. B pabote mpuBoautcs paspa-
00TKa MaTEMaTHYE€CKON MOJENIN JBUKEHUSI U paclpe/ieNICHUs] TETIOHOCUTENS B
KaMEpHOUW cymmike nepuoandeckoro aeiictsusi cpeactsamu MATLAB, sB-
JISTIOIIASICS OCHOBOW MOJIENTHM TEPMOBIIAXKHOCTHOM 00paObOTKM KEpaMUUECKHUX H3-
nenuii. CyIMIbHBIM areHTOM SIBJISIETCS HArpeTbld Bo3ayX. OOBEKT MOACIUPO-
BAHUS — KaMEpHas CylIUJIKa IEPUOJUYECKOTO JICUCTBHUS.

IIpr mocTpoeHMH MaTEeMAaTUYECKONM MOJIENIN WCIIOIb3YHOTCS HEKOTOPBIE
OTPaHUYECHUS U JONYIICHUS:

e Pemaercs miockas 3agayva.
e BIaXHOCTh MOCTYHAKIIEr0 BO3AYyXa HE YYWUTHIBACTCS W MNPUHUMAECTCS

MTOCTOSTHHOM.

e PaccmaTpuBaeTcsa CTallMOHAPHBIN MPOLECC I CKOPOCTU UCTEYEHHUS Ta3a.

e BsaumozeiicTBHEM YacTHI] M UX BIMSHUEM Ha IOJIe CKOPOCTel mpeHedpe-
racMm.

e PaccmarprBaeM HECKHUMAEMbIM T'a3, TO €CTh U3MEHEHUE IUIOTHOCTH OT-

CYTCTBYET (p = const).

e lmeeT MecTO TOJIBKO KOHBEKTUBHBIN TEIJI000OMEH.
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e BiusHue rpagueHTa U30bITOYHOTO JABJICHMS I1apa NPeHeOPEeKMMO MaJo.
e Kamepnas cymmika o0nagaeT UaeadbHbIMU TEIIOTEXHUYECKUMHU Xapak-

TEPUCTUKAMHU, T. €. OTCYTCTBYIOT IOTEpU TeIJla Ha HArpeB 3JEMEHTOB

CYLIWJIKH ¥ U3MEHEHUE BJIAroco/Iep:KaHus TEIIIOHOCUTENS 3a CUeT KOHCT-

PYKTUBHBIX OCOOEHHOCTEN CYILINIIKH.

o @uzuyeckue mapameTpbl U KO3 UIMEHTH MaTepuajga U CyIUIHLHOTO
areHTa B MPOIlecce CYIIKA MPUHUMAIOTCS TIOCTOSTHHBIMH.

[TocTpoeHne Monenu IBWKEHUS W PACHpeeNieHHs HArpeToro BO3IyXa
BHYTPH CYIIWJIKHA OCHOBBIBACTCSI Ha MCIIOIH30BAaHUH TOJEBBIX MOJEJICH BO3MY-
Xx000M€Ha U pacrpezeneHus: cyOcTaHIMil BO BHYTPEHHEM MPOCTPAHCTBE KaMe-
pbl. OCHOBOI TakuX MOJENEH MOTYT CIIYHUTb CICAYIOLIUE YPaBHEHHUS.

VYpaBHEeHHE HEPa3PBIBHOCTH:

V-V=0, (1)
rae V' — BEKTOp CKOPOCTH.

YpaBHEHHE NBUKCHUA:

o2V -V, @)
Dt
rae V — BeKTOp CKOPOCTH, p — IJIOTHOCTH CPEAbI, p — CTaTHUECKOE JaBJICHUE,
W — IUHAMHYECKUN KO (ULIUEHT BA3KOCTH.
YpaBHEHUE DHEPTUM:

p~CUF=k-V2-T+d), (3)

rae V' — BEKTOp CKOpPOCTH, p — IUIOTHOCTB cpenpl, T — temneparypa, © —
JICCUTIATUBHBIN YJICH.

VYpaBuenus (1) u (2) 3anucanbl OTHOCUTEIIBHO TaK HAa3bIBAEMbBIX MPUMHU-
TUBHBIX MEPEMEHHBIX p U V. B OIHOM W3 cambIX paclpOCTPAHEHHBIX METOJOB
pewmienus ypaBHeHuil HaBbe-CTokca 11l HEC)KUMAEMOW KUIKOCTH MPUMHTHB-
HbI€ TIEPEMEHHbIE 3aMEHSIOTCS Ha (YHKIIMIO TOKa ¥ M 3aBUXpPEHHOCTh ®. [lof-
XOJl C UCIIOJIb30BAaHUEM 3aBUXPEHHOCTH M (PYHKIIMU TOKAa B KaueCTBE HE3aBUCH-
MBIX NIEPEMEHHBIX SBIIIETCA OJHHUM U3 CAMBIX PACIPOCTPAHEHHBIX METOAOB pe-
nieHus AByMepHBIX ypaBHeHU HaBbe—CTOKCa 1Sl HEC:)KUMaeMo# KUJIKocTh. B
HEM JIeNIal0T 3aMEeHy MEePEMEHHBIX, MePEX0/ii OT KOMIIOHEHT CKOPOCTH K (PyHK-
UM TOKA y W 3aBUXPEHHOCTH (. B JIeKapTOBBIX IBYMEPHBIX KOOpJIWHATAX
GYHKIIUS TOKA U 3aBUXPEHHOCTH OTPEEISIIOTCS KaK:

a—W:u,a—wz—v, 4)
oy ox
(D:@_a_u. (5)
ox Oy

I/ICHOJ'IIBYSI HOBBIC HC3aBHUCHUMBIC IICPCMCHHBIC, ITOJTYYalOTCA JIBa HOBLIX YPaB-
HCHU.
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0w oo oo pfdw o
—tu—+v—== +
ot ox oy plox* o
D10 mnapaboiauvyeckoe ypaBHEHHWE C YACTHBIMU MPOU3BOJHBIMU HA3bIBACTCS
YPaBHEHHUEM NEPEHOCA 3aBUXPEHHOCTH. /{11 €ro pemeHuss MOXHO MPUMEHATH
YHCIICHHBIE METO/Ibl PEUICHHS HEIMHENHOTO ypaBHEeHUs1 broprepca.
JlononHUTENbHOE YpaBHEHUE [IJI1 HE3aBUCUMBIX IEPEMEHHBIX J U !
2 2
2 \lj + 0 \i’ =—O. (7)
X~ 0y
DTO JUIMNTUYECKOE YPABHEHUE C YACTHBIMH MPOU3BOJAHBIMU SIBISIETCSI YpaBHE-
HueM Ilyaccona.

B pe3ynbprare Takoil 3aMeHbl NMEPEMEHHBIX BO3MOXKHO Pa3AECiIUTh CMe-
HIAHHYIO 3JUIMIITUYECKU-TTapadoInyecKyto cucteMy ypaBHeHui HaBbe—Crokca
JUTSL HECXKMMAEMOM KUAKOCTH Ha OJHO Mapadojinyeckoe ypaBHeHUE (ypaBHEHHE
NepeHoca 3aBUXPEHHOCTH) U OJTHO JJUIMNTHYECKOe ypaBHeHue (ypaBHeHue [ly-
accoHa). OOBIYHO 3TU YPABHEHUS PEIIAIOT METOJIOM YCTaHOBJICHUS IO BPEMEHH.

[lony4yeHHbIE ypaBHEHHUsI PEUIAIOTCS METOJIOM CETOK C CPENE CUCTEMBI
Hay4YHBIX ¥ MH)KEeHEpHbIX pacyeToB MATLAB, ¢ y4eToM KOHCTPYKTUBHBIX OCO-
OCHHOCTEH CYIIMUIBLHON KaMephl, HAYaIbHBIX M TPaHUYHBIX ycioBuil. [lomnepeu-
HBIN pa3pe3 CyIWIKU BbIcOTON [ = 3 M u mnmHou D = 15.6 m. Ilomada Bo3myxa
OCYIIECTBIISIETCS YEPE3 ABA OTBEPCTHUS B IOTOJIKE CYIIWIIKHA U YAAISAETCS BO3IYyX
yepe3 OTBEpPCTHE, PACIOJIO0XKEHHOE B IOy CYWWIKU. JIIuHBI NpoeMoB
H=H,=H;=0.6 m. CkopocTbh MOTOKa Ha BXOJ€ uepe3 nepoe orBepcrue U, ue-
pe3 Bropoe U,, a Ha BbIxoJe U;. BHYyTpH CymMIIbHOM KaMephl TOJDKEH CylIeCT-
BOBaTh OaJIaHC BO3yXa, TO €cThb Upx = Uppix.

(6)

0=U-S§,

O =U H,

0,=U, H,,

Opx =0 + 0, (8)

Opux =05 =U; - H;,

U-H+U,-H,=U,-H,,

U -H+U,-H,
o .

3
3a7ar0TCsl KpaeBble YCIOBUS I CKOpocTH M (QyHKuuu Toka. U,=0 Ha
Bcex cTeHkax, U,=0 Ha crteHkax, a B npoemax U,=Ugx u U,=Ugpx COOTBETCT-
BeHHO. DyHKIMS TOKA @ HEMPEpPbIBHA U MTOCTOSHHA:
0
U, = op
oy

IZ_;de :J‘UBXdy: ¢ =Upgyy.

Ugpx =U, =

b

©)
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3amaercs YUCIIO Y3J70B CETKH MO OCSAM C YYETOM TOTO, YTO Ha IMPOEMBI
JIOJDKHO TIPUXOJUTHCS 1o 2 U 6onee y3i0B. [lo ocu 0X: N = 104 Touku, mar h,
= D/N = 0.15; no ocu 0Y: M = 20 Touex, wmar h, = H/M= =0.15.

H1 H2
y
HM
H;
X
Y
Puc. 1. Pa3zmepsl 21eMEHTOB CYLIMIIBHOM KaMepbl U OPUEHTALUS OCEH.
Cerounble GyHKIUU:
U(x y)~U(xl.;yj)=U
U, (x.7)~ Ux(x )=
(10)
) =0,

)
U, (x.7)~Ur(xs,
(o(x,y) (x,,y, )=F,
CeTouHbIC aHAJIOTH JUTS YPaBHCHUI:

62(p 82(p _o,
Oox’ 82

11
(B v E ) e (Bt E) (b

b

- 2(h+h?)
JUISl BHYTPEHHUX TOYEK CETKU 1 € [l;N— 1],] € [I;M — 1].

Ha rpanunax yciioBus B C€TOYHBIX (PYHKIMSIX 3aMUITYTCS TaK:
1) neBas crenka: j=0,0<i< M,Ux; = O,Uyl.j = O,Fl.j =U/N;

2) mpaBasi CTCHKA: j:N,OSiSM,le.j =0,Uyl.j =O,E.j =U,N;
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3) motosok: BHe npoema: i =0,Ux; =0,Uy, =0, F; =0, B 1-om npoeme:
i=0,Ux, =U,,Uy; =0,F, =U,y, B0 2-0M mpoeme:
i=0,Ux, =U,,Uy; =0,F, =U,y.

4) moi: BrHe mpoema: i =M ,Ux, =0,Uy, =0,F, =U,N nmn
i=M,Ux; =0,Uy, =0,F, =U,N, B npoeme:
i=0,Ux; =U,,Uy,; =0,F; =U,y.
HavaneHble ycmoBust 1t ckopoctd BHytpu cetku Ux; =0,Uy, =0; mws
¢yHskumm Toka: F; =0 wm F, =(F, ;+F, )/ M.

HpI/ISHaK OKOHYaHWUs nmepecucra 3HAYECHUU q)YHKHI/II/I TOKa:
n n+l
F;‘j - F;'j = 5 .

Tekcr nporpammsel ajisi permieHus: AuddepeHuaibHOr0 ypaBHeHHs U Ha-
XOXKICHUS 3HaYeHUN (YHKIUU F MPU MOCTABIEHHBIX HaYaIbHBIX U FPAHUYHBIX

YCJIOBUSIX:
1=0;
RO=E +1;
while R0 > E
RO =0;
1=1+1;
fori=2:20
for j =2:52
Q = (hy*hy*(F(i+1, j) + F(i-1, j)) + hx*hx*(F(i, j+1) + F(i, j-1)))/(2*(hx*hx+hy*hy));
R =abs(Q - F(, j));
if R> R0
R0 =R;
end
F(G, j)=Q;
end
end
end

1=0;
RO=E +1;
while R0 > E
RO =0;
1=1+1;
fori=2:20
for j =54:104
Q = (hy*hy*(F(i+1, j) + F(i-1, j)) + hx*hx*(F(i, j+1) + F(i, j-1)))/(2*(hx*hx+hy*hy));
R =abs(Q - F(, j));
if R> R0
R0 =R;
end
F(G, j)=Q;
end
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end

end

B pesynbraTte pemieHuss HaXOAUTCS MOJE CKOPOCTEH TEIJIOHOCHUTENS U

CTPOATCA JIUHUHU TOKA — JIMHUU HanOoJee HHTEHCUBHOTO JIBUJKEHUS U PACIIpO-
CTpaHEHUs HarpeToro BO3ayxa.

20

T
18—\

.
WA\ | \\l

“I 151 1
| N{\“ 1\-

L=}

k=1 ] £l L+ w©
Y

Puc. 2. Jluaum TOKa Mpu CKOPOCTH BXOAHOTO MOTOKA 1 m/cC.

Takum 00pa3oM, MOXKHO TOJTYUYUTH TOJIE CKOPOCTEH U MOCTPOUTH JIMHUU

TOKa JUJIs1 JIFOOBIX HauyajdbHBIX M I'PAaHUYHBIX YCIOBUHM, YTO JacT BO3MOXXHOCTh
OIIpeNIeIUTh Hanbosiee PaBHOMEPHOE paclpe/ieieHue TEINIOHOCUTENSI B KaMep-
HOM CYIINJIKE.
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YK 519.86

BBIYUCJIEHUE KOPPEJISIIIMOHHOM PASMEPHOCTH
BPEMEHHOI'O PAJJA KOTUPOBOK BAJIIOT

Cnupuna A. H.

benopycckuii 2ocyoapcmeennbiii ynusepcumem ungopmamuxu
u paouosnekmponuxu, Munck, benopyccus,
e-mail: spirina_anna@list.ru

Beeoenue

B pabote npesiaraercs moaxo/ K aHaIu3y MoBeieHus ((MHAHCOBBIX Bpe-
MEHHBIX PSJ0B, B YACTHOCTH, KOTUPOBOK BaJIIOT, OCHOBAHHBIM Ha MPUMEHECHUU
Teopuu Xaoca. [laHHBIA MOIX0J MOTy4YaeT Bce OOJbIIEe pacpoCTpaHEeHue, oc-
HOBHAsI IPUYMHA KOTOPOTO — HECOCTOSITENbHOCTh TPAJAUIIMOHHOW MOJIEIN aHa-
JIu3a PhIHKOB (TUnoTe3sl 3PheKTUBHOrO phiHKa) [1, 2].

N3BecTHO, UTO MOBEACHUE CUCTEMBI MOXET OBbITh JIMOO CIIy4alHbIM, TU0O
KOPPEIUPOBaHHBIM, MO0 XaoTHYeCKUM [3]. XaOTHUECKOE MOBEICHUE XapaKTe-
pU3yeTCs TeM, YTO BBITJIAIUT KaK ClydailHOe, HO TaKOBBIM HE SIBJISETCS, OHO
CYIIIECTBEHHO 3aBUCHUT OT HaYaJIbHBIX YCIOBHH U, KaK MPaBUJIO, ACCOLIUUPOBAHO
CO CTPaHHBIM aTTPAKTOPOM.

Takoe moBeneHUE YaCTO BCTPEYAETCS HE TOJIBKO B mpupoje [4], HO U Ha
pbiHKax kanurtana [1-3]. DTo cBOHCTBO BaKHO JJIsi MPOTHO3UPOBAHUS TOBEIE-
HUS BPEMEHHOTO psAna. M3BecTHO, YTO €clii MOBEJAECHUE CUCTEMBI SIBISIETCS Xa0-
TUYECKUM, TO, IIPU ONPEACIICHHBIX YCIOBUIX, BO3MOKHO KPAaTKOCPOYHOE MpO-
THO3UPOBAHUE €€ TTOBEJCHUS.

OnuH U3 MOJIX0/I0B K OMPEEICHUIO CBOMCTB TAaKOTO MOBEACHUS - U3y4e-
HUE aTTpakTopa cucTtembl. B maHHON paboTe 3TOT MOAXO] MPUMEHSIETCS K HC-
CJIEIOBAHUIO PsiIa KOTUPOBOK BamoT. Llenb uccnenoBanus — ONpenenuTb, siB-
JISIETCS I PAJT XaOTUYECKUM, KaKOBa KOPPEJSIIUOHHASI Pa3MEPHOCTh U pa3Mep-
HOCTb BJIOKEHUS aTTPAKTOPA.

Buviuucnenue koppenayuonnoi pazmepuocmu peanbHovixX OAGHHbIX MEMOOOM
I'pacoepzepa u Ilpokauuu

Anroputm I'pacOeprepa u Ilpokayuyu BBIYUCICHHS KOPPEJSIIMOHHBIN
Pa3MEpPHOCTH OINKMCAH B Pa3IMUHBIX UCTOYHUKAX [3—5]. OH mpuMEHsIeTCs B CIIy-
yasix, KOrJa U3BECTHBI JIMIIb AKCIEPUMEHTAJIbHbIE TaHHbIC, 3HAHUE MaTeMaTH-
YecKo MoJienu He 00s3arenbHo. [Ipy Menonp30BaHUK TAHHOTO aJITOpUTMa He-
00X0IMMO OTIEPUPOBATH OOJBITUM OOBEMOM OJHOTHUIHBIX JaHHBIX, a TAKXKE
UMETh BO3MOXKHOCTh TPOCMATPUBATh JTU JAaHHBIE HA PA3IMYHBIX TpaduKax.
Cucrema MATLAB Obuta BeiOpana ajig peanuzanuu anroputma ['pacoeprepa u
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[Ipokauuu, T. K. oHa OOJagaeT BCEMHU HEOOXOIMMBIMU JIsl 3TOTO aJropuTMa
BO3MOKHOCTSIMU.

JIns aHanu3a BO3bMEM JHEBHbIE KOTUPOBKHU poiuapa CIIA k AmoHckon
riene 3a nepuoy ¢ 1971r mo 1979 BrmountenbHo (caiit denepanbHoit Peseps-
Hoit Cuctremsl CIIA [6]). Uckmrouas Hepabouue aHU, umeeTcs 2 241 KOTUPOB-
Ka, MUHUMaJIbHOE 3HaueHue —177,05 , makcumanbHoe — 358,44, I'paduk xo-
TUPOBOK IPEJICTABIICH HA PUCYHKE 1.

400 - . . .

350

300

260

200

150

a &00 1000 1500 2000 2500

Puc. 1 Ucxonnsie nannbie: nHeBHbIe KoTUupoBKUu USD/JPY.

Boruncinum KoppessiiiuoHHble CyMMBI 110 (hopMyJIam:

N
Cm(R):l/NmeZG(R—|sj —s,]),

J=m k<j
rac Sj_ BCKTOpP, IHOJYYCHHBIM IIYTECM IIOI'PYKCHHUA HCXOIHOIO psga B m-

MEpPHOE IIPOCTPAHCTBO; M — Pa3MEPHOCTh BIIOKEHUs, u3MeHsercsa oT 1 no 30;
R— paguyc, Oepytcs 1000 3nauenuidi B wuHTepBane ot 0.01 mo 180;
N =(N—-(m-1))N-(m—-1)—1)/2 — konu4ecTBO map TOYEK HA BOCCTa-

pairs
HOBJIEHHOM arTpakTope, N =2241 — KOJINYECTBO JAHHBIX BO BPEMEHHOM psi-
ny, 06— dynkuus XaBucaiga.

[Torpy>xeHrie BPEMEHHOIO psiia B MPOCTPAHCTBO OOJIbLIEH pa3MEPHOCTH
npuMmeHsiercst Onarogapst TeopeMe TakeHca, KOTOpas YTBEPXKAAET, UYTO ECIH
N — o0, ¥ ecau m JOCTaTOYHO BEJIMKO, TO MHOYKECTBO TOYEK, ITOIYYEHHBIX I10-
Clle MOTrpy>KEeHUs (BOCCTAHOBJIEHHBIA aTTPaKTOp), TOMOJIOTUYECKU SKBUBAJICHT-
HO aTTPaKkTOPy CUCTEMBI, IOPOJMBILIEH BPEMEHHOM psll, U UMEET Ty XKe Koppe-
JSALAOHHYIO Pa3MEPHOCTb.

Ecnu atTpakTop obnanaet GpakTalbHON CTPYKTYpOH, TO JJI JOCTATOUHO
MaJICHbKOM BEJIMYUHBI PaINyca R JOJDKHO BBIIIOIHATHCS COOTHOLIEHUE

C,(R)oc R™.
N3 stoii popmysl crienyer
Log(C, (R))ox D,Log(R).
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Ot0 3HauuT, 4ro rpadguk 3asucumoctu C, (R) or R, n300pakeHHbIN B

JBOMHOM jorapu(pMUYecKol IKaie, MOJKEeH ObITh MPAMOW JIMHUEH. YTON Ha-
KJIOHA 3TOM NPsSMOH JIMHUM U ABIseTCS BennduHou D,. Ecnu BenuunHa D, He
3aBUCHUT OT M1, TO OHA SIBJISIETCS €T0 KOPPEISLUMOHHON Pa3MEPHOCTHIO.

Ha puc. 2 npencrapiienbl rpad)uKi BEIYUCIEHHBIX KOPPEIALMOHHBIX CYMM
MCXOJIHOTO psiia OTHOCUTENBHO pajuyca Ha ABONHOM JorapuMUIecKoi 1kae.

Puc. 2. KoppensiuoHHbIE CYyMMBI.
Bepxuuii rpaduk cOOTBETCTBYET pa3sMEepHOCTH BIOXKEHHS 1, HIKHUE — pazmepHocTH 30.

W3 puc. 2 BUAHO, 4TO rpapuku HE SABIAIOTCA NPAMbIMH JUHUAMU. [Ipu-
YHMHA HECOOTBETCTBUS TEOPHUH B TOM, YTO MbI BBIYMCIIEHHS ITPOU3BOAWINCH JUIS
KOHEYHOr0 KOJIMYecTBa JaHHbIX. CamomnogoOue HapylaeTcs, KOrja pajauyc
CTPEMUTCA K HYJIIO, a TAKXKE KOTJIa OH COM3MEPHUM C pa3MepoM arTpakropa. Eme
OJIHAa MPUYMHA OTKJIIOHEHUS OT MPSAMOW JMHUHU NPHU NPUOIMKEHUU paauyca K
HYJIKO — HAJINYME B UCXOJIHBIX JAHHBIX IIyma [4].

Jlis onpenenenust D, HEOOXOAMMO HAaWTH MHTEPBAJ U3MEHEHUS paauyca,
B KOTOpOM rpaduKu JTUHEHHBI U UMEIOT OJMHAKOBBIM HakJIOH. C 3TOH LIENbIo
MOCTPOEHBI T'paUKU MTHOBEHHBIX HAKJIOHOB KOPPEISIMOHHBIX cymMMm. OHH
MpeACTaBIIECHbI HA pUC. 3.

[Ipu yBenuueHuu ¢parmeHTa 3TOro rpapuka BUIHO, YTO OTKJIOHEHMS OT
IPSIMBIX JIMHUW CTAHOBSITCS HE3HAYWUTEIBHBIMHU, HAYMHAs CO 3HAYECHMS Ha rpa-
¢duke 0.2 , T. €. ¢ BEMUYUHBI pagnyca

10 =1.585.

JlecTBUTENbHO, TPU YBETUYCHUU TPAPUKOB KOPPEIALUOHHBIX CyMM,
BUJTHO, YTO, HAUMHAS C TAKOW BEIMYMHBI pajuyca, KCUe3aroT KojebaHus rpadu-
KOB (CM. puc. 4).
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BOO
500 ¢
400
300
200 ¢
100

|:| L h I...I.I.J.L.HL Fa L

-100 1 1 1 1
| .

Puc. 3, a. MrHOBEHHbIE HaKJIOHBI KOPPEISILIMOHHBIX CYMM.

10" 10" 10"

Puc. 4. ®parmeHT rpaduka KOppEISLUOHHBIX CYyMM.

Haiinem yuyacTok, Ha KOTOPOM 3TH rpaduKu HE TOJIBKO JIMHEWHBI, HO U
UMEIOT TEHJICHIIMIO K COBMAaJCHUIO. JlJIs 9TOTO OMAThH K€ MOCTPOUM rpaduKu
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HAKJIOHOB, HO HE MTHOBEHHBIX (J1a0bI 30€KaTh HE3HAUUTENIBHBIX KOJICOaHUil), a
Ha yJacTKax oxBaThiBaromux 10 3HaueHuit paguyca (cM. puc. 5).

B0

40}

201

20 - - -
2 -1 0 1 2 3

Puc. 5, a. HaxksioHBI KOppeSIIMOHHBIX CyMM, OXBaThiBatoiiye 10 3HaueHui.

Puc. 5, 6. ®parmMeHT B yBeIMUYCHUH, HETIOCPEACTBEHHO MpUIIEralomuii kK 3HaueHuo 0.2.

N3 puc. 5, 6 BugHO, uTO, HauMHAsI ¢ BedUuuHbI 0.2 (4TO COOTBETCTBYET
panuycy 1.5849) u no Benuuunsl 0.48 (paauyc 3.02), ¢ Bo3pacTaHreM pa3Mep-
HOCTH BJIOKE€HMSI TpapyKy UMEIOT TeHJICHILIUIO K coBnageHuto. [locrpoum 3aBu-
CUMOCTh YTJIOB HAKJIOHA JIMHEWHBIX YYaCTKOB KOPPEJSLMOHHBIX CYMM OT pas-
MEpPHOCTH BIIOKEHUS [JIsl paauyca, HaXOJAIIErocss B YKAa3aHHBIX IIpeje-
nax (puc. 6).

10 | | | | ,
5 - -
***********************
e
A“'==¢¢==¢#==¢##:¢#==¢#==‘ '
D S Tt
0 3 10 15 = -

Puc. 6, a. 3aBUCMMOCTb HAKJIOHOB OT Pa3MEPHOCTH BJIOKECHHUSI.
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Puc. 6, 6. ®parMeHT B yBeIHUCHUHU.

3Be310YKaMU OTMEYEHbl MUHUMAJIbHBIA U MaKCHUMaJlbHbII HAKJIOHBI HC-
XOJHBIX TpaUKOB, OHHU XapaKTEPU3YIOT CTENEHb HECOOTBETCTBUS Ipaduka u
MPSIMOU JINHUM.

Ecnu xpuBast HakJIOHOB OJIM3Ka K IMAroHajlM, TO OHA COOTBETCTBYET CIIy-
yaifHOMy noBeJleHuto. Eciiu kpuBast JoCTUraeT MakcuMyma U CTaOUIu3upyercs,
TO OHA COOTBETCTBYET XaoTuueckoMmy moBeneHuto [3]. M3 pucynka 66 BHUIHO,
YTO KPUBAasl HAKJIIOHOB JIOCTUTAET CBOEr0 MAaKCUMyMa IIPU Pa3MEPHOCTH BIIOXKeE-
Hus 19, a3ToT Makcumym paseH 1.4298.

OTcroga MOXHO clienaTh CIEAYIOIIME BbIBOABI. VCXOIHBIN BpeMEHHOU
psa sBaseTcs xaoThueckuM. KoppensiuuoHnHas pa3MepHOCTb €ro aTTpakTopa co-
crapisier 1.4298, oHa gocturaercss mpu pasMEpHOCTH BioxkeHus 19. Makcu-
MajbHas pa3HULA MEXIy ommOKkaMu coctasisieT 3.7086. DTU BeTUUYHHBI MOJTY-
YEeHbI U1 paauyca, Haxoxasuierocs B uHtepBaie [1.5849 3.02], BenuunHa uH-
TepBasia coctaBiisgeT 0.79% OT BO3MOKHOTO U3MEHEHUS pPaanyca.

Cpagnenue pe3y1omamoes bl4ucienus KoppeaayuoHHOoU pa3mepHocmu 6 3a-
BUCUMOCIU OM PA3TUYHBIX CHOCO008 NPEO0OPADOMKU UCXOOHBIX OAHHBIX

[Tpu BBIYMCIIEHUN KOPPEISALMOHHONW Pa3MEpPHOCTH B Ka4eCTBE MCXOJHBIX
JTaHHBIX OOBIYHO OEpyT HE caMH KOTHPOBKH, a KOTUPOBKH, IpenoOpaboTaHHbIE
KakuM 1100 criocobom [2,3]. Mccnenyem BausiHue crmoco0oB nmpeaoOpaboTku Ha
YHICJICHHBIE XapaKTEPUCTUKU aTTPAKTOpa YKa3aHHOTO BBIIIE BPEMEHHOTO Psija.
B tabGnuue 1 npencraBieHbl pe3yabTaThl BEHIUUCICHUM KaK JUIsl HCXOIHOTO pPsija,
TaK U A7 PSAOB, MOTYYSHHBIX U3 UCXOTHOTO Pa3IMYHBIMU CIIOCOOaMH Tpeno0-
paboTKH.

N3 tabn. 1 BUmHO, 4TO NpenodpadoTKa TaHHBIX MOXKET OKa3bIBaTh BIIUSI-
HUE Ha BEJIUMYHUHY KOPPEIALUOHHON pa3MEpPHOCTH U Pa3MEPHOCTU BIIOKECHHUS.
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Tao0mmma 1.
XapaKTepUCTUKH JIaHHBIX B 3aBUCUMOCTH OT c110c00a mpeo0paboTKu.

JlaHHble Koppensa- | Pasmep- | Makc. pa3- | Bennuuna un- | MuTepBan
LIUOHHAs HOCTh HUIA MEX]TY TepBaja B % OTHO-
pa3mep- BJIOXE- | MHUH. U Makc. CUTEJIBHO

HOCTh HUS omndkamMu BCEX JaH-

HBIX.

KoTtupoBku 1.4298 19 3.7086 [1.5849 3.02] |0.79%
HerpenaupoBan- | 1.9999 17 3.8794 [0.8610 2.41%
HbIE KOTUPOBKH 3.1623]
Jlorapupmsr  ko- | 1.409 19 4.5001 [0.01 0.0056] | 0.63%
THUPOBOK
HerpennupoBan- | 1.9859 14 5.4072 [0.0025 1.55%
HbIE JIOTapU(MBI 0.0091]
KOTHPOBOK
HerpenaupoBan- | 1.995 15 4.1602 [0.0038 1.25%
HbIe Jorapudmbl 0.0091]
KOTHUPOBOK (2)

3aknrouenue

PaccmoTpenHsiif B paboTe BpeMEHHOM psii THEBHBIX KOTHUPOBOK JoJIapa
CHIA k anoHckoil iieHe 3a nepuoj ¢ 1971r. mo 1979r. sBisieTcss XaOTUUECKUM.
Ero xoppensiuionHas pa3MepHOCTh paBHa 1.4298, oHa gocTuraercs mpu pas-
MepHocTu BioxeHus: 19. IloBeneHne 3Toro psiga MOKHO NMPOTHO3UPOBATH, JUIS
MOJIYYEHHS TMOCJIEeAYIONIEro 3HauYeHus HeoOXOJUMO HMCHOoJb30BaTh 19 mpenbl-
OyIIUX 3HAYEHUN. DTO KOJIMYECTBO NMEPEMEHHBIX, 19, MOXKHO yMEHBIIUTH 110 2
(6mkaiiiiee 1enoe, 0obIee KOPPEIIIMOHHON Pa3MEPHOCTH ), UCIIOIB3YS pas-
JUYHBIE METO/bl (DOPMHUPOBAHUS MPOCTPAHCTBA MPU3HAKOB MEHBIIIECH pa3Mep-
HoCTH [7].

OnucanHas MeToMKa mpuMeHeHus anroputma ['pacoeprepa u [Ipokadun
MOXKET OBbITh MPUMEHEHA JJIsI HaX0XKJACHUS BPEMEHHBIX PSJIOB, XapaKTEPU3YIO-
HIUXCSl XaOTUUYECKUM MOBEJICHUEM.

[IpenBaputenbHas 0OpabOTKa JaHHBIX MOXET OKa3bIBaTh BIUSHHE HA Be-
JUYUHY KOPPEISAIIMOHHON pa3MEepPHOCTH U Pa3MEPHOCTH BJIOKEHHUS.

JIumepamypa

1. Ilemepc 3. Xaoc U MOPANOK Ha pbIHKax KanuTtaja. HoBbIM aHATUTHYECKUM
B3IUISIJ HA LIEHBI, IMKJIBI U U3MEHYMBOCTh pbiHKA: [lep. ¢ anrim— M.:Mup,
2000.

2. [Imumpuesa JI. A., Kynepun FO. A., Copoxa U. B. MeTOpl TEOPUH CIIOAKHBIX
CHUCTEeM B SKOHOMHMKE M ¢uHaHcax // Jlokn. Beepoccuiickoit Hayd.-METO/I.
KOH(p. «MeXIUCIUIUIMHAPDHOCT, B Hayke U oOpaszoBanum».— 2001.
(http://is2001.icape.ru).
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Trading on the edge: neural, genetic and fuzzy systems for chaotic financial
markets. Edited by Guido J. Deboeck.— Wiley Finance editions, 1994.
Llycmep I'. JlerepmunupoBaHHbIi xaoc.— M.:Mup, 1988.

. Hegger R., Kantz H., Schreiber Th. Practical implementation of nonlinear
time series methods: The TISEAN package // CHAOS.— 1999.— No 9.— P.
413-435.

http://www.federalreserve.gov/

. Eorcoe A., Ulymckuit C. HEWpOKOMIIBIOTUHT U €70 IPUMEHEHUE B SKOHOMHUKE

u o6msHece. Kypc nexkumii 11 cTy1eHTOB (PMHAHCOBO-3KOHOMHYECKOT'O KOJI-
nemxa MUDU. (http://soft.neurok.ru).
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YAK 681.511.22

OTBICKAHUE NEPUOJAYECKHUX PEILIEHUHA OTHOM
JTUCKPETHOUW CUCTEMBI C THCTEPE3NCOM

Cmenanos A. B.
Canxm-Ilemepbypackuii 2ocyoapcmeennviil ynusepcumem, Cankm-Ilemepbype,
e-mail: stepan-alex@yandex.ru

PaccMoTpuM crlienyronryto HETHMHEHHYIO CHCTEMY Pa3HOCTHBIX ypaBHE-

HUW:
X,,, =Mx, + p,cos[nk/ N1+ p,sin[nk/N]+qu,, (1)
[+ [p2] = .
I[a Pa3MEpPHOCTU AXH, MOAYJIN COOCTBEHHBIX UMCEN MATpUIbl M OTIMYHBI OT

equHuIlpl, N > 1 — HaTypallbHOE YKCIIO, YIIPABIISIONIEE BO3ACHCTBUE BBIUYUCIIS-
eTcs o popmyiie:

specy k> kg, p,,qekE”,

‘q H # (0, M — BellleCTBEHHAs MaTpH-

T
m,, v x, <1,

u, = ,
m,, vy x, 21,

yeklk”, ‘y” =0, [, <l,, m <m,.

JIuckpeTHble HEJIMHEHHBIE CHUCTEMbl BO3HMKAIOT BO MHOTHX 3ajJaudax
ynpasnenus [1, 2]. Cuctemsl Buga (1) MOXKHO paccMaTpuBaTh Kak pe3ysbTaT
JUCKPETU3ALMH HEIPEPBIBHBIX HEJIMHEHHBIX CUCTEM YIIPABJIECHUS C NEpUONYE-
CKMM BHEIIHUM Bo3zzeiicTBUeM [3]. Mcronb30BaHME MaTeMaTUYECKHUX IaKETOB
IIPU U3YYEHUHU TAKUX CHUCTEM OKa3bIBAET CYIIECTBEHHYIO ITOMOILb HCCIIe0BaTe-
JI10, TaK KaK MPUMEHEHNE KaueCTBEHHBIX METOJOB UCCIIEI0BAHMS YacTO 3aTPy -
HEHO, B CBSI3M C HEOOXOJMMOCTBIO MPOBOJUTH TPOMO3JKHE BBIKIAIKHU. Pac-
CMOTPHUM BOIIPOC O CYIIECTBOBAHUY MEPUOANUECKUX pelIeHUN cucTeMsl (1).

Pemenue cucremsl (1) Oynem cuutaTh «CKIEEHHBIM» U3 KYCKOB PEIICHHMA
JIMHENHBIX CUCTEM BUJIA

X, = Mx, + p cos[nk/N]+ p,sin[rnk/N]|+gm, m=m,,.
Touku mnepexiIrovYeHus YIPaBISIIOIIET0 BO3ACUCTBUS Jajee OyJeM Ha3bIBaTh
IPOCTO TOUKAMHU NepeknoueHus. O603HauuM

P=(E—-2cos[n/NIM +M?*)",
P, =Mp, —cos[rn/ N]p, +sin[n/ N]p,,
P, =Mp, —sin[n/ N]p, —cos[n/ N]p,.
[TocneaHsist cucTeMa UMEET PeIlleHUe BUA:
xlk,ky,x,,m] =M " (x, —wlk,,m]) + wlk,m], (2)
riae
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wlk,m]=—P[(cos[nk/N]M —cos[n(k—-1)/ N1E)p, +
+(sin[nk / NIM —sin[r(k—1)/ N1E)p,]-(M - E) 'qm =
=—P(p,cos[nk/ N1+ p,sin[nk/N])— (M — E) ' qm,
npudeM x[k,,k,,x,,m] = x,.

Teopema 1. [{ns Toro, uroOwl cucrema (1) mmena 2N-mepuoarYECcKOE
peleHre ¢ IByMsI TOUYKaMH MEPEKIIOYeHHs X,,, HEOOXOAMMO U JOCTATOYHO,

9qTOOBI JUIsI HEKOTOPbIX ABYX Lenibix uucenl 0<k, <2N, 1<K <2N Obum
BBITIOJIHEHBI YCIIOBUSI:

v'x, <1,

vix, >1,,

) &)
vixlk, kg, x,m <L, k=k,+1,k,+K -1,

Vixlk,k, + K, x,,m >0, k=k,+ K +1,k, +2N —1,

rae
x, =xk,,K]= (M* —EY' (M —E\M —E)_lq(m1 —m,)+wk,,m],
{xz =x,[ky, K1=(M* —=E)'(M" —E)YM - E) "' q(m, —m)) + Wk, + K,m,].
Hoxka3arenbcTBo. [lokaxkem, 4TO paBeHCTBA
x, = x[k, + K, ky,x,,m],
{xl =xlk, +2N,k, + K, x,,m,]
MMEIOT MECTO TOTJa M TOJBKO TOTJA, KOTJA X, BBIYMCIAIOTCA MO (GopMynam,

MPUBEICHHBIM B (hOPMYJIMPOBKE, TOrAa CPOpMYITUPOBAHHOE YTBEPXKICHUE OY-
JIeT O4eBUIHBIM. BBO/1sI 0003HaUeHUS

U E -M"F —M " wlk, + K,m) ]+ wlk, +2N,m,]

= , y = )
~M* E —M “wky,m ]+ wWk, +K,m,]

X

] =v. T. k. Mmony-
X,

NepenumeM IMmocCjaCIHIOK CUCTCMY B CICAYIOIICM BUIC! U(

JIM COOCTBEHHBIX YUCEN MaTpullbl M oTiu4dHbl 0T equHuIbl, To detU # 0. Cre-

JIOBaTEJIbHO,
x, = x[k, + K, k,,x,,m,], - X, _h,
x, =xlk, +2N,k, + K, x,,m,] X,

3ameuas, uto wlk, + 2N, m] = wlk,,m], umeem:
U [ (M = Y (M = EYM = E) q(m, =) + wlk, ;] )

(MzN -E) ' (M" -EXM _E)JQ(mz —my) + wlk, + K, m,]
Teopema nokasana.
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3ameuanue 1. B popmynupoBke TeopeMbl He YKa3aHO, KaK HAWTH 3Haye-
Hust k,, K. Jlna Ttoro, 4roObl mnpoBepuTh, umeer Ju cuctema (1) 2N-

NEPUONYECKOE PEIICHUS C JABYMSI TOUYKAMHU MEPEKIIIOUECHHs], JOCTATOYHO MPO-
BepUTh ycioBus (3) mepebopoMm BceBO3MOXHBIX map (k,,K), 0<k, <2N,

I<K <2N.
3ameuanne 2. Eciiu Moayiau cOOCTBEHHBIX 4MCeNl MaTpHllbl M MeHbIIe
€IMHULBI, U JJI1 HEKOTOPOro yKucia € > (0 BBIIOJHEHB! YCIOBUS:

vix, <l —¢,
v'x, > 1, +e,
vixlk, ky,x,m1<l,—¢, k=k,+1,k,+K -1,
Y Xk, ky+ K, x,,m]1> 1 +¢€, k=ky+K+1,k,+2N -1,

TO cucteMa (1) UMeeT aCUMIITOTUYECKH YCTOWUMBOE 2N-MIEpUOIMYECKOE pelie-
HUE C TOYKAMHU MEPEKIIOUYEHUS X, ,.

4

IHpumep. Ilycts
-0.7 0 1 0 -1 -8

o 097 1) s os) T o)

N=4,m=-1, m,=0.6,[=-02,,=0.1.
Torma nns xaxnpout w3 map k, =0,K =4, k,=7,K =4, BBIIIOJIHEHbI yCIOBU

(3), u cucrema (1) umeer nepuoanyeckoe peuieHue. I'paguku TUCKPETHBIX Tpa-
€KTOPUM ATUX PELICHUIN IPUBEIEHBI Ha pUC. 1.

4r
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B manke «example 1» B pazaene «Pazpaborku» naxomutrcs MATLAB-
MPUJIOKEHHUE, OCYIIECTBISIONIEE MOUCK 2N-TIEPUOANYECKUX PEIICHUN CUCTEMBI
(1) B cmyuae n =2 mnpoBepkoit ycioBus (3) mi1s BceBo3MOXkHbIX nap (k,,K),

0<k, <2N, 1<K <2N.

[lomydynMm nOCTaTOYHBIE YCIOBHUS CYIIECTBOBAaHUS 2N-NEPHOINYECKOTO
pemienust cuctemsl (1) B O4HOM YaCTHOM cllydae.
BBenem 0603HaueHus:

A =|p| |(@=2cos[n/N])E+M)Pp,
4, =|p,|| ||(1—2cos[rn/N])E+M)Pp,

R U]
(1=fpl) o+ £

b

b

5

o, ==y Pp,, a, ==y Pp,,
arctg(o, /o) +m, o, <0,

arctg(o, /a,), a, >0,

3n/2, a,=0, a, <0,
. /2, a,=0, a, >0,
ky=| N/n(@+m/2) |+1,

K, =2(4 + 4,),
(4 +1)* cos [k, / N — o],

A2 cos[n(k, + N ~1)/ N — (p]}'

Teopema 2. IlycTh MOIyIM COOCTBEHHBIX YMCENI MaTpUllbl M MEHbIIE
COWHMLBL, IIyCTh m, =—1, m, =1, yH =1. Ilycth 11 HEKOTOPBIX BEILIECTBEH-

K, =(2-2cos[rn/N])* max{

HBIX yHcen € >0, O > 2¢ BBINOJIHECHBI HEPABEHCTBRA!
||M —E|| <9, q” <9, [, e(-0+¢,—¢), [, e(e,0—¢),
T~ 2 T~ \2 2
(v ) +(y p,) >Kd+K,5,
torga cucrema (1) UMeeT acCMMITOTHYECKH YCTOWuMBOE 2N-TIEpUOIUYECKOE
pelIeHre ¢ TOYKaMU MePEKITI0YeHUs

{xl =2(M" + E)'(M — E)" g+ wiky,—1],

X, =—X,.
Hoka3aTeabcTBo. [lomoxu K = N B dhopMmyrax U3 NpeabIIymeid Teope-
MBI, IOJTly4YUM BBIpaXEHUs VIS X, ,, yKa3aHHbIe B hopmynupoBke. Jlanee,

xk,ky, x,~1]=(M" =2M" ™ + EYM" +E) ' (M - E) ' q -
—P(p, cos[nk/ N]+ p, sin[rk / N]).
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CnenoBaTenabHO,
v xlk, kg, x, 1] = ¢,[k]+ ¢, K],
0,[k]=a, cos[nk/N]+a,sin[nk/ N]=+jo; +a: cos[nk /N — o],
O,[k]=y" (M"Y -2M*  + EYM" + E)'(M - E)'q.
g pynkuun @,[k] cnpaBeniyBa oLeHKa: ‘d)z[k]‘ < 4,9.

Paccmotpum dyskuuto ¢,[k]. O6o3HauuM
B =2(1-cos[n/N)E, B, =(M —E)E—-2cos[n/NE+ M),

TOrAa
P=(R+PR)'=(E+R'P)Y'R'=R'+(E+R'P)' -E)R "=
=R'+(E-E-R'PXE+R'R)'R'=R"'-R'BP=F"-PR'P,
OL12 = (YTPp1)2 = (YT(E +P2)71 ]51)2 = (yTplilﬁl _YTP2P171PZ31)2 2
>(/"B' B 2|y R 'B| [v'BRPB|>
>(/'B'p) -28|B'p)| |(1—2cos[n/ NDE+M)E ™ Pp| =
=(2-2cos[n/ N]) (v 7,)* — 284)).
AHaJ0orn4Ho,
ol > (2-2cos[n/ NI (v p,)* - 284,),
J51
ol +03 = (2= 2cos[n/ N (Y B + (" B,)* = 28(A4, + 4,).
Hanee,

G B+ (' p) > KS+ K8, =
(}(Tﬁl)2 + (}/Tf?z)2 >20(4,+A4,)+ 8% (2 —2cos[n/ N])* x
X max {(l + A4,)* cos [k, / N — @], A4; cos*[n(k,+N—1)/N - (p]} , =
o + oy > (2-2cos[n/ ND)*((v' )" +(v' p,)" —28(4, + 4,)) >

> 8" max {(1+ 4,)’ cos *[mk, / N — ], 4; cos”[n(k, + N—1)/N-¢l},=

Joi +a; >—(1+ 4,)dcos ' [nk,/ N — o],
Joi +o; >—A8cos ' [n(k,+ N 1)/ N—-q], -
{ o, [k,]<—06— 4,9,
&, [k, + N —1]1<—4,9,
¢l ] <=8 =0, [k, ]
{q)l[ko + N =11 <—|b,[k, + N 1]

b

b
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¢1[k0] + ¢2[k0] < _83 —
O, [k, + N-1]+d,[k, + N-1] <0,
yTxl < =9,
=
yT)c[kO +N-Lk,,x,-1]<0,
v x, <=9,
v x, ==y x, >3,
v Xk, ky,x,,—1]1<0, ky +1<k <k,+N—1,
Vi x[k+ Nk, + N,x,, 1=~y x{k, ky,x,,—1]>0, k, +1<k<k,+ N -1,

vix <l —¢,
vix, > 1 +e,
vixlk,ky,x,~11<l,—¢, k=k,+1,k,+ K1,
v x[k,ky+ K,x,,1]>1 +¢, k=k,+K+1k,+2N —1.

CrnenoBarenbHO, ycioBue (4) BoioaHeHO. TeopeMa 1oka3aHa.
3ameuanne 1. YcioBus HM —EHSS, qHSS OyIyT BBITIOJIHEHBI, €CIIU

cucrema (1) nomydeHa B pe3yibTaTe AUCKPETU3ALUN C HEKOTOPBIM J1I0CTATOYHO
MaJibIM [IaroM HEKOTOPOW HEMPEPHIBHON CUCTEMBI YIIPaBICHUS.

3ameuanne 2. B teopeme 2 paccmaTpHBarOTCA YCIOBUSA, MPU BBINOJIHE-
HUU KOTOPBIX YIPABISIONIEE BO3/JCHCTBUE OKA3bIBAET CYIIECTBEHHO MEHBIIIEE
BJIMSIHUE HA XapakTep NepUOIMYECKOro penieHus cucreMsl (1), yem nepuoanye-
CKO€ BO3JIEUCTBUE, KOTOPOE HAXOAUTCA B IPABOM YaCTU ITOM CUCTEMBI. B cuiny
atoro cucrema (1) umeer 2N-nepuogUYECKOe PEIICHUE ¢ ABYMs TOUKaMHU Tepe-
KIIFOUEHHUSA, KOTOpoe (akTUYeCKHU TMpeAcCTaBiIsieT co0ol BO3MylIeHHOE 2N-
NEPUOANYECKOE PEMIEHUE TUHENHON CUCTEMBI

X, =Mx, + p,cos[nk/ N]+ p,sin[nk/N].
[Tpumep. Ilyctb

M= 0.9885 —0.0083 _(0.175 (0.1 _(0.0099) 1/ J2
00083 09sss ) or ) o1 ) T ooes) T Ly )
N=3, [ =-0.02, /,=0.01.

MOXHO TPOBEPUTH, YTO BBHIMOJTHEHBI BCE YCIOBUS TEOPEMBI 2 (BBIYHCICHUS
npoBoamwiuch B cperae MATLAB, cMm. nanky «example 2»), u cucrema (1) umeer

6-TIepUOINYECKOE pelieHue, rpaduK JUCKPETHOM TPACKTOPUHA KOTOPOTO TPUBE-
JICH Ha puc. 2.
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0.25 -

0.2

0.15

0.1

0.05

-0.05

-0.1

015

0.2

| | | 1
02 015 0.1 -0.05 o 0.05 0.1 0.15 0.2

-0.25

Puc. 2.

PaccmoTrpum Tenephb ciyuaid, Korjaa ymnpaBiisiollee BO3ACHCTBUE OKa3bl-
BAET CYUIECTBEHHOE BIIMSIHUE HA AMHAMUKY cuctemsl (1). PaccMoTpum cHavana
ABTOHOMHYIO CHCTEMY:

X, =Mx, +qu,. (5)
Ecmu det(M — E) # 0, To BekTOp-GOyHKIHS
X[k, ky,x,,m] = x[k —ky,x,,m]=M""(x, +(M - E) "' gm)—(M - E) "' qm
sBisieTcs pemenueM cucrtemsl (5), u x[0,x,,m] = x,. Hanoxxum Ha mapameTpsl

cucteMbl (5) NOMOJHUTENbHBIE OrpaHnyYeHus. byjaeM cunurtarh, 4to matpuna M
IpUBEJieHa K KOPAAHOBOH (opme, U MOIYJIU €€ COOCTBEHHBIX UHMCET MEHBIIE
eauHuLbl. [lycts

m=—1, m=1 1= 1,=1,1>0,

=t
M =diag(M,,M,), M, =diag(r,,,...0,), 0<A, <A, <..<A <1, m<n,

T

Y=1Y2000 Y0 05-,0), p=(p, Py P,y 0,...,0) (6)
v, <0, i=1m, y'¢ <0,
v (M-E)'q :—Zlyf—pr >C-1, C>1.
i=1 L7/
3aMeTHuM, 4TO YCIOBUS, aHAIOTHYHbIE (6), paccMaTpuBaiuch B padote [4].
Brenem o0o3HnaueHus:

x[k]=(M*+E)" (M" -EXM -E)"q,

702



Cexyus 2. Mooenuposanue OuHAMU4ECKUX cucmem

m k
DK=Y xlk)=3 %%
0,[k]="y"x[k,x,[T],~1].
Jlemma. [1ycTh BbINIONIHEHBI yCIIOBUS (6), TyCTh JJIs1 HEKOTOPOT'O BEILECT-
BeHHOTO 0 >0 cymectByeT T € N Takoe, 4To:
H[T1<~1-95, (7)
M (x,[T]-q) > 1 +3, (8)
Torjaa cucrema (5) UMeeT aCUMOTOTHYECKU yCTOMUMBOE 2 7-MepUOIUYECKOE pe-
IICHHUE C TOYKaMU Iepekitouenus +x [1'].
JlokazarenscTBO. JIErko mpoBepuUTh, 4TO
AT, %, [T],~1]=—x,[T], 2[T,~x,[T]1]=x,[T].
B cuiy ycnosuii (6) dyHkuus ¢,[k] MOHOTOHHO yOBIBaeT ¢ pocToM k, U Hepa-
BEHCTBO (7) BBITIOJIHEHO JJI1 HEKOTOPHIX 3HaueHui 1,0. CaenoBarenbHo,
vix [T1<1-8, y' (=x [T]) >—I+8.
Oynkuus ¢,[k] MOHOTOHHO BO3pacTaeT ¢ pOCTOM 3HaYEHHUS k:
AG,[k] =, [k +1]-,[k]=y"M" (M - E)(x,[T]-(M -E) 'q) =
m k

A
=Y MIM* B (M* - E)g—y'M'q=-2) =574, > 0.
i=1 i

B cuny ycnosus (8),
O[T = 1]1=y" [T ~1,x,[T],~1]=~y"M '(x,[T]-9) </ -3,
OTKyJa CleayeT:
vixlk,x [T],~1]1= o,[k]< ¢, [T -11<1-8, k=1,T-2.

Hanee,

yTx[k,—xa[T],l] =—0,[k]>-1+0, k=1,T -1
CnenoBarenbHo, cucteMa (5) HWMeeT acCHUMOTOTHYECKH ycTouumBoe 27-
MEPUOANYECKOE pelIeHHe, M MHOXECTBO €ro TOYEK HMMEET HEMmyCTYH O-
OKpPECTHOCTb, TIepecedeHne KOTOPOH ¢ TIOBEPXHOCTAMH MEPEKITIOUEHUS Y’ X = L,
nycTto. Jloka3zaTrenbCTBO 3aKOHYEHO.
Bepnemcs k cucteme (1). Ilycts BbinmosiHeHb! ycinoBus (6)—(8), T. €. cuc-

TeMa (5) UMeeT aCMMNTOTUYECKH YCTONYMBOE 27-TIepUOAUYECKOE PELICHUE C
JIBYMsI TOUKaMU TIEPEKIIIOUeHUs1, BbiOepeM N > T, yCTh BBIIIOJIHEHO YCIOBHE:

1- M|
1+|m|
Torjaa peumieHue cucrtembl (1), HaumHaromeecss B KO-OKPECTHOCTH YKAa3aHHOTO

2T-niepuoIMYEeCKOTr0 PEUICHUs CUCTEMBI (5), He MOKHIAET 3TOM OKPECTHOCTHU C
poctoM k. JleficTBUTENHHO, TIyCThH Hio -x,[T ]H < K39, obo3nauum Xk,k,,x,,—1]

HP]BIH+HP[92H < KS, K <1, 9)

pewmenue cucrtemsl (1), x[k,k,,x,[T],—1] — pemenue cucrems! (5). Torna
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xlk,k,, %y, —1] = x[k,k,,x [T],—-1]+ M (X, —x,[T]— M""‘°6w[k0] +owl k],
Swik]=—P(p, cos[rnk/ N1+ p, sin[nk /N]),
[y (&, Ky &y ] = 3Lk, ey 0, m])| = [y (M (%, —x,) = M* 8k, ]+ Su{k])| <

<[] 5, sl (1) (121 1B, ]) < K. £k, <T.
AHaNOru4Hble pacCykACHU MOKHO IIPOBECTH U1 X, = —x,[T].

EcTtecTBeHHBIM 00pa30M BO3HHMKAET BOIIPOC O CYIIECTBOBAHUM NEPHOIU-
yeckoro pemeHust cucremsbl (1) B yka3zaHHON okpecTHOCTH. Byaem uckath pe-
nieHue, nepuoja koroporo pased L = HOK(2N, 27).

B cuny cnenannoro mnpenmnonoxenus (9), L-nepruoguyeckoe pelieHue,
€CJIHM OHO CYILECTBYET, UMeeT v = L /T ToYek MepeKIodeHus x,,...,x,. [Ipenmo-

JI0KHMM, YTO B HEKOTOPBIA MOMEHT BpeMeHH k,, 0 <k, < L, Mbl Haxoqumcs Of-

HOit n3 Touek nepekmouenus x, = x,(k,), v x,(k,) <—I. Umeem:
x, =M (x, = wiky, =1]) + wik, + 7,1,
x, =M (x, —wlky,— 1) + M" (Wk, + T,-1]1- Wk, + T,1]) + wlk, + 2T,-1],

yuutsiBas, uto wik,—1]—wlk,1]=2(M — E)™'q, Mo>xeM BBIITHCATH CIIEAYIOIIYIO
bopmyIy JUIsl TOUEK NEePEKITIOUCHUS:
i—1
X =M —wlky, 1) +2M 7Y (=1 MY (M - E) g+ wlk, +iT,(-1)].
j=1
Jist i =v umeeM:
v—1
Xy =M (x) = wlky,=11)+2M ™ (=)' MY (M — E)"' g+ wlk,,11(10)
j=1
(Bocmosib3oBauCh  paBeHCTBOM: Wik, + L,(=1)"]=w{k,,1]). T.x. Qynkuus
wlky,m], m==I1, aBnserca L-nepuouuecKkoil o apryMeHTy k,, TO TEM caMbIM
11 TaHHOTO (PUKCUPOBAHHOIO k, MMEEM HENPEPHIBHOE OTOOPaKEHUE 3aMblKa-
HUust Ko-okpectHocTH Touku X, [7] B cebs. CienoBaTesbHO, B CHIIy TEOPEMBI

bpayspa o cymiecTBOBaHMHM HEMOABMKHOW TOYKH, OTOOpa)KEHHE, 3a/1aBaeMoe
dopmyoit (10), uMeeT HENOABMXKHYIO TOUKY, T. €. U1 JAHHOTO k, CyILECTBYET

nepuoNYecKoe perieHne cucteMbl (1), oqHOM U3 TOYeK MEPEeKITIOYSHUS KOTO-
poro OyJzieT Touka

v—1
x[k,]=(M" - E) [MLm{kO,—l] —wk,,11-2M" Z DY "MV (M - E)! qj.
j=1
Takum 06pazom, MoxeM cHOPMYITUPOBATH OKOHYATEIBHBIN PE3ybTaT:
Teopema 3. IlycTh BeITIONHEHBI YenoBus (6)—(9), Torna cucrema (1) ms
nmoboro k, >0 uMeeT aCUMITOTUYECKH yCTOMUMBOE L-IEpUOJUUECKOE pelle-

Hue ¢ L/T Toukamu nepexitouenusi, L = HOK(2N,2T).
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IHpumep. Ilycts

04 0 —0.02 0.1 2 ~1/\J65
M= s P = s Py = s q=| |, Y= :
0 05 0.01 0.03 1 _8/\/65

N=3,[=1, k,=0.
Bce ycnoBust Teopemsr 3 BeimosHEeHHI (M. «example 3»), u cuctema (1) umeer

6-TIepUOINYECKOe pelieHue, rpaduK JUCKPETHOM TPACKTOPUHA KOTOPOTO TPUBE-
JICH Ha puc. 3.

1ar

0.5

0.5

_15 | | | | | |
e - -

Puc. 3.
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YK 683:519

WIEHTUOUKALIUSA KPUTEPUAJBHOM
®YHKIUU HA BA3E CAMOOPIAHU3ALIUU MOJEJIEA
C UCITOJBb30BAHUEM CUMBOJIbBHOU MATEMATUKHA

B CPEJIE MATLAB

Tumuenxo A. A., Cnumiox B. E., Oxcamoimuasn JI. I1., Jlanckux E. I1.
Yepracckuii 2ocyoapcmeenHulll mexHoao2udeckuti ynusepcumem, Yepraccoi,
e-mail:svit@majar.com

Beeoenue

CoBpeMeHHbIE MHTErPALIMOHHBIE TEHJICHIIMHU, BKIIIOYAIOIINE I'yMMaHH3a-
IIUIO0 YEJIOBEUYECKOU JNESITeIbHOCTH, CTPEMIICHHE K TTOCTPOSHUIO OTKPBHITOro 00-
IIECTBA, II00AIM3AIMIO0 U B3aMMO3aBUCUMOCTh SKOHOMUK Pa3HbIX CTpaH CO3a-
JIU TPEJINOCHUIKY JJIS YBEIUYEHUS HAYaJdbHOM SHTPOIUU MPOILIECCOB MPOEKTH-
POBAHUSI CIOKHBIX TEXHUUYECKUX cucTeM. M3BECTHHI J1Ba MOAX0Ja K MPOEKTUPO-
BaHUIO, HAMOOJIEE PACIIPOCTPAHEHHBIC B MUPE: MEPBBINA Oa3upyeTcs Ha OOBEKT-
HO-OPUEHTUPOBAHHOW TapaaurMe [ 1], B KOTOpOi Ir1aBHOE BHUMAHUE YICIISIETCA
ONTUMU3AIMU TIPEJCTABICHUSI OOBEKTOB U JIEMEHTOB IIPOCKTUPOBAHUSI, CBI3EH
MEXJIy HUMHU C aHAJIM30M Pa3IMYHOr0 Poja OTHOIICHUMN; MPU HUCIOJb30BAHUU
BTOPOI0 MOJX0/a (Tapajiurma CUCTEMHOTO MMPOEKTUPOBAHUS) BO TJIaBy yrJiia Io-
CTaBJICHA ONTHMM3ALMS Ipoliecca MPOEKTUPOBaHUS [2], MOCPENCTBOM €ro Je-
KOMITO3UIIMH, OTpeAeTeHs] (POpMaIbHBIX 3JIEMEHTAPHBIX COCTABISIOIMIUX U
IIPOrpaMMHPOBAHUS ATANOB KU3HEHHOIO LKKJIA co3JaBaemMoil cucrtembl. Kon-
HENIUs CUCTEMHOTO MPOEKTUpOBaHUs OblIa pazpaborana B Kueckom MHCTH-
TyTe kubepHetuku. Hapsmy c BblllIeyKa3aHHBIMU acCleKTaMH OyJeM YYUTHIBAThH
yKa3aHHbIE B HEWl IPUHUMUIIBI [2]:

1. 3amaua MPOEKTUPOBAHUS CIIOKHBIX CUCTEM HM3HAYaJbHO HEIOONpE/eIieHa,
YTO CJIEAYyET U3 HEU3BECTHOCTH MHOTMX HAaYaJIbHBIX JIAHHBIX, OTPAHUYCHUN U
BO3MOKHBIX PEMIAIOIIUX TPOLIEAYP.

2. 3amayva MpOEKTUPOBAHUS JIOTUYECKH MPOTUBOpeUYMBa. B Hell Ha HayalbHBIX
ATarnax peueHus UCMoab3yeTcsl HHPopMaIus, KOTopas MOXKET OBbITh MOTyue-
Ha 0oJiee MO3AHUX dTanax.

3. M3-3a MHOTrOKpUTEPUAIBHOCTH 3aJa4d IMPOEKTUPOBAHUS CJIOKHBIX CHUCTEM
BO3HUKAET MpoOJieMa ONpeeieHUs] ONTUMAILHOTO KpuTepust 3HPeKTUBHO-
CTH MPEANOJIAra€MOr0 PEIICHHUS.

YMeHbIIEHNE HEONPEAEIICHHOCTH 3a1a4d CUCTEMHOrO MPOEKTUPOBAHUS
MOXKET OBITh JOCTHUTHYTO MyTEM MPOBEICHUS IKCIIEPUMEHTOB W MPUMEHEHHUS
METOJOB MPOTHO3UPOBaHUA. Jlormdeckas NpOTUBOPEUMBOCTh YCTPAHSETCS HC-
MOJIb30BAHUEM UTEPALMOHHBIX Mpoueayp. MHTerpaibHOE UCII0Ib30BAHUE TAKUX
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NPEAJIOKEHUM TO3BOJIUT PEIIUTh W MPOoOJeMy OMNpeAesieHUus ONTUMalIbHOTO
KpUTEpHUs ISl OLIEHKH pe3yJibTaTta. Ero YMCIEeHHBIM BBIPAKEHUEM CITYKUT KpH-
TepuasnbHas GyHkuus. MnenTudukaius Tako 3aBUICUMOCTH TTO3BOJIUT MOJIEIH-
pOBaTh pazMYHbIE BapUaHTBl MPOEKTHBIX CTPYKTYpP U pacCcUUThIBaTh 3hdek-
TUBHOCTb BO3MOKHBIX CIOCOOOB pacmpeliejieHUs] PecypcoB, a TaKkXKe oIpese-
JISITh CTETIEHb BIMSHUS OTACNIbHBIX (PaKTOPOB HA JOCTHXKEHUE TI100aIbHOMN 1enu
npoekTupoBanusa. Heo0XoaMMOCTh pelieHns: TakuX 3a7ad ONpeesieT akTyalb-
HOCTB IIPOBEJICHHOI'0 MCCIIEIOBAHUS.

Ilocmanoeka 3a0auu

['100anbHOM 1eNIbI0 NPOEKTUPOBAHUSA Z SBIISIETCS MOJTYYEHUE IIPOEKTa B
0a3uce CUCTEMHBIX CBOMCTB, CHCTEMHBIX PECYPCOB U CTPYKTYP >KU3HEHHOIO
mukina [1]. Ona nexommnosupyercs Ha NOAUEId HU3IIETO YPOBHA Z, Z,,..., Z, .

n
YpoBeHb JTOCTHMXKEHUS KAKIOW M3 HUX OMPEAENSIeTCS YaCTHBIMH KPHUTEpUATh-
HeIMU pyHKIMAMH O(Z,), ©(Z,),..., ®(Z,), KOTOpBIE, B CBOIO OUYEpPElb, SIBIIS-

I0TCSl QYHKIUSAMH BXOJIHBIX pakTopoB X, X,,..., X, , T. €.:

O(Z)=fi(X), Xyoow X)), i=lim. (1)
®yukiuu (1), a Takke UHTETPAIbHYIO KPUTEPUATBbHYIO (DYHKIIHIO
F(Z2)=F(p(Z,)),p(Z,),....0(Z,)) 2)

Yare BCEro MpeJICTaBISIIOT B BUAE aTUTUBHON MM MYJIbTUILTMKATUBHOU 3aBU-
cumoctH [3,4]. AnauTuBHAs 3aBUCUMOCTH SIBJIIETCA JIMHEMHOW U, KaK CIEACT-
BHE€, HE JAaeT MPEACTABICHUS O PEAIbHBIX B3aMMO3aBUCUMOCTSIX (DaKTOPOB IS
CJIOKHOU CHUCTEMBI. MYJIbTUIUIMKATUBHAS 3aBUCUMOCTb CBOJUTCA K aJAUTUBHOU
U JIONOJIHUTEIBHO TpeOyeT npuBeneHUs (PAKTOPOB K €AMHON IIKaIe U3MEPECHHUS
(mopmupoBanusi). [Ipeoioners Takue HEJOCTATKH MOKHO, UCIIOb3YSl B KA4eCT-
Be Mojenu (1) HeKoTOpol HEeNMHEHHOU 3aBucUMOCTH. Ecim ee crierudukanys
3apaHee HEW3BECTHA, TO, YUUTHIBAs BO3MOKHOCTb Pa3J0KEHUS HEMPEPBIBHOM
dbynkuuu B psaa Teinopa u nanpHeiero mpuBeAeHUs MOA00HBIX cllaraeMbIX (B
CHJIy HaJW4HMs MHOTHX INMEPEeMEHHBIX), moiayduM (1) xak mommHOoM Komamoropo-
Ba—['abopa:
k
O(Z)=a,+Y.a X+ a XX+ a, XXX, +.. 3)
i=1 i<j i<j<p
HeobxoauMo oCyIIecTBUTh CTPYKTYPHYIO U TapaMeTPpUUYECKYl0 HIeHTU(UKa-

1uto (3), 4TO, B CBOKO OYEPE/Ib, TO3BOJIUT PEIIUTH 33]1a4y ONTUMU3ALMN U HAUTH
ONTUMAaJbHbIC 3HAYCHHSI (PAKTOPOB U KpUTEpUATHLHONU QYHKIIUH.

Memoo pewienus, ocobennocmu e2o peanusayuu 6 MATLAB

[Mpouienypa pemenus 3amaun u3BectHa. OHAa peann30BaHa B METOJE
rpynmnoBoro yuyera aprymeHToB (MI'VA) [5], aBTOpoM KOTOpOro sBJISIETCS aKa-
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nemuk A. I'. IBaxueHko. MI'YA uMeeT MHOTOYHCIICHHBIE AJTOPUTMHYECKHE

peain3alii U B U3BECTHBIX MPOTrPaMMHO-aJTOPUTMUYECKUX cucTtemax. ['maB-

HBIM €r0 NMPEUMYILIECTBOM €CTh BO3MOXHOCTh NPUMEHEHUS I «KOPOTKHUX)

BBIOOPOK, KOTJIa APYTrHe METOIbI 10 OOBEKTUBHBIM MPUYHMHAM HE pabOTaloT.
Anroputm MI'Y A conep uUT TaKue 3TaIbl:

1. Onpenenenne 6a3oBoit pyHKuMH y, = f(x;,X;), KOIMIECTBO CIAraeMbIX KO-

TOPOM HE MPEBBIIIACT MOIIHOCTH MHOXECTBA CTATUCTUUECKUX JAHHBIX (daH-
HBIX YKCIIEPUMEHTOB).
2. Pacyer no MeToJy HaMMEHBIUIMX KBAJApPaTOB apaMeTPOB BCEX PYHKLUHN ), .

3. Ilo KpuTepuI0 BHEMIHETO JOMOJHEHHMS ONPEAEICHNE HAWIYYIINX MOJEIEN U
YAAJICHUE OCTAJIbHBIX.

4. UtepanmoHHoe yTOYHEHHE (YHKIMH C HCHOIB30BAaHUEM KOMIIO3UIIUU
z, = f(y;,y;) (warn 2-4) 10 Tex 1Op, MOKA CPEIHEE 3HAUCHUE KPUTEPHs

BHEIIHETO JOTOJHEHUS HE HAYHET YXYIIAThCS.
5. Be16op QyHKIIMU ¢ ONTHMAIBHBIM 3HAYECHUEM KPUTEPUS BHEIIHETO JOTOJ-

HEHUS U €€ BOCCTAHOBJICHHE (10 NEPEMEHHBIX X;, i =1,k ).

Peanuzanus Takoro anroputMa UMeeT MpsSMON M oOpaTHbIA xom. 1 kax-
IbIM W3 HUX XapaKTEpU3yEeTCA TPYAHOCTAMU IPAKTHYECKOTO OCYLIECTBIICHMS.
Tax, npu npssMoM xoJie HEOOXOAUMO YIOPSAI0UYMBAThH 110 BO3PACTaHUIO CpelIHEe-
KBa/IpaTUYECKYI0 OLIIMOKY Ha TOYKaxX KOHTPOJBHOW MOCIEAOBATEIBHOCTH JUIS
BCEX UTepauui. Takol 1ar alropuTMa, COOTBETCTBEHHO, TPEOYET BMECTE C IIe-
pPECTAaHOBKAMM 3HAUYEHUN OIIMOOK NEPECTaBIATh U UHAEKCHI (i, j) HE3aBUCHU-

MBIX NEPEMEHHBIX, IPUCYTCTBYIOIUX B MozenH (3), a Takke ee KoapduuueH-
Tel. HeoOXoauMocTh XpaHeHus: UHAEKCOB U KO3(pPUIMEHTOB MoJiele Ha Bcex
UTEPALMOHHBIX LIarax TpeOyeT MCIIOJIb30BaHUS TPEXMEPHBIX MacCUBOB. B cpe-
ne MATLAB sta npoiieaypa 3Ha4UTENIbHO YIPOLIEHA IO CPABHEHUIO C U3BECT-
HBIMH IPOI'PAMMHBIMU CPETAMH.

s oOpaTHOrO X072 0COOYI0 TPYIHOCTH IMPEACTABISET MOTYYCHHE pe-
3yJABTUPYIOIIEH MOJEIN KaK CYNEPIO3ULIUA MOJEIEH, OJYYEHHBIX HA KaXI0M
UTEpallMOHHOM Inare. VIMEHHO Torja W MCHOJB3YIOTCS (PYHKIIMH CHMBOJIBHOMN
matemMatuku MATLAB.

Ha puc. 1 uzo0paxkena cxema urepaunoHHoro mnpouecca. Oce OY coot-
BETCTBYET HOMepy urepauun, OX — MmopsakoBoMy HoMepy monenu, OZ —
UMeeT TpU KOOPIUHATHI a,, a,, d; (eciIu onopHast QyHKIUS UMEEeT BUL:

Vi =g +ax; +a,x,x;. (4)

CrpykTypHas cxema alropurma uo0OpaxeHa Ha puc. 2.
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& <&y

.......... — IlepBas

urepaunus

Puc. 1. Utepanimonnslil mpoiiecc.

Hauaio '

HauvannHbie 1aHHBIE

[IpupaBHHBaEM CpeqHIOIO OMNOKY MAaCUMAILHOMY YHCITY

I'enepanus Monenei, napaMeTpudeckast HIeHTHDHKAINS

PacueT ommOKy HA TOUKAX KOHTpOHBHOﬁ IOCICA0BATCIbHOCTHU

YHOPHI[O‘II/IBaHI/IG MOZ[GHeﬁ " YAAJIICHUC XYAIINX

3amoMuHaHUE WHAECKCOB U KOA(PPHUIIMEHTOB MOeNeit

q)OpMI/IPOBaHI/Ie HOBOI1 MaTpulibl UCXOOHBIX JAHHBIX C
HCIIOJIb30BAHUEM ITOJTYYCHHBIX MOJIEeIIeH

Cpenssist ommOKa yMEHBIIIIACH?

BrImomHUTE 00paTHBIN X0 METOAA ISl ONTHMAIEHOW MOJIEIH

BriBog onTUMAaNIBEHONM MOOETHA

Anamus. I[Iporanozuposanue

Konen

Puc. 2. CtpykrypHas cxema aJropurma.
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Pe3lebmam bl IKCnepumenma

Jlns mpoBepKH MPaBUIILHOCTU METO/A U €ro peain3aluu (CM. MPUIoXKe-
Hue) ObLT IPOBEJICH dKCIIEPUMEHT. B kauecTBe MCXOAHOM MH(POPMALIUU UCTIOb-
30BaHbl JaHHbIEe Ta0. 1. BbIxogHas XapakTeprucTruKa BIUUCISETCS 0 popMyIie:

Y=1+X X, + X7 +X; - X, X, X, X,.

[lepBbie NEBITH TOYEK OTHECEM K OOyYaromieil mocieaoBaTeIbHOCTH, TOCIe-
HIOIO — K KOHTpoJbHOU. CpenHss ommOKa Ha MEPBOM IlIare UTepalud paBHA
4,3452; na BropoM - 0, 155; Ha TpeTheM-
2,2454. Takum oOpa3om, ONTUMAJIbHAsT MOJEIb [0 KPUTEPUIO MUHUMYMa Cpe/l-
HEKBAJ[paTUYECKONW OIIMOKU HAa KOHTPOJIbHOM MOCJEA0BATEIHLHOCTH IMOJIyYeHa
Ha BTOpOW uTepauuu. [I0CKOIbKY MOJENN YHOPSAOYHUBAIOTCS MO YBEIUYEHUIO
OIIUOKH, TO TaKasi MOJEIIb ABJISIETCS MEPBOM.

Tabmuma 1
HMcxoaHple TaHHBIE
X1 X2 X3 X4 Y

1 9 1 7 -3
2 8 8 2 -171
3 7 3 3 -149
4 6 5 5 -525
5 2 4 4 -117
6 3 2 1 -12
9 4 7 8| -1866
8 5 8 7] -2086
7 1 2 6 -36
-202

Ha nmepBoMm miare mojrydeHa Takasi HaruTydinasi MOJIeb:
Y =67,164+48,344- X, -32,818- X, X;.
Ha Bropom mare:
Y =-634,4+33,426- X, +25,919X, X, +(-1,4654+0,11338- X, +
+0,087917- X, X,)-(270,97 + 26,966 - X ; -42,625- X, X ).
CpaBHUTb HCXOJHBIE 3HAYEHUS BBIXOJIHOM XapaKTEPUCTUKH, 3HAUYCHMS,
paccUuTaHHbIC HA TIEPBOM PSIy CEJICKIUA M Ha BTOPOM MOXHO TO Tpadukam,
M300paKEHHBIM Ha puc. 3.

O‘-IGBI/II[HO, 9TO MOJCJIb, IIOJYUYCHHAA HAa BTOPOM pPAAY CCICKIHWHM 3HAYH-
TCJIbHO JIYUHIC OIMMCBhIBACT HAYAJIbHBIC JTAHHBIC.
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—o— lcxoaHble TaHHEBIE —l— [IepBblil psij ceNEKINU

—/— BTOpOu psij ceneKuuun

Puc. 3. I'paduk 3HaUCHUI BHIXOJHOW XapaKTEPUCTUKH.
3aknwouenue

HMcnonap3oBaHue CUMBOJIBLHOM MaTEMAaTHUKM jis BBIUMCIICHHUS ONTHMallb-
HOM 3aBUCHMOCTH MEXIY BXOTHBIMH (PaKTOpPAMH M BBIXOJIHON XapaKTEPUCTH-
KO 3HAYMTEIBHO YIPOIIAET MPOrPaMMHO-AITOPUTMUUYECKYIO PEaTnu3alui0 Me-
TOJa CaMOOPTraHU3allui MOJIENICH U YBEIMYUBAET CKOPOCTh BbluucieHuil. Cre-
JIYIOIIUM 3TaroM JOJKHO CTaTh MCIOJb30BAHUE APYTMX BHEUIHUX KPUTEPUEB
ONpeAEICHNS] ONTUMAaTbHON MOJICIIH.

[Tony4yeHrne aHAIUTUYECKON 3aBUCHUMOCTU IO3BOJSET OCYLIECCTBISATH €€
ontuMuzaiuo cpeactsamu MATLAB. Heobxogumo 3ameTuTbh, 4TO (PYHKIIUS
MHOTHUX TIEPEMEHHBIX MOXKET HMMETh HECKOJIBKO JIOKAJIBHBIX ONTUMYMOB, a
npejJIaraeMble METOJIBI HE CTPaxyroT OT momnafaHus B HuX. [loaToMy ObuIO OBI
XKenaTenbHo peannu3oBath B cpeae MATLAB MeToasl 3BOIOIMOHHON ONTHUMU-
3alMU: TC€HETUYECKUE AITOPUTMBI, YBOJIONUOHHOE MOJIECIUPOBAHUE, TEHETHUYE-
CKO€ TPOrPaMMHUPOBAHHME W HSBOJIONHUOHHOE MPOTpaMMHpOBaHUE, TeM OoJee,
YTO B JIPYTUX NPOTPAMMHBIX MTAKETAaX OHU YK€ HAIIUIM CBOE MPUMEHEHUE.

Jumepamypa

1. I'paou byu. OOBEKTHO-OPUEHTUPOBAHHOE MPOEKTUPOBAHUE C NPUMEpPAMU
npuMenenus.— M.: Konkopz, 1992.— 519 c.

2. XKyk K. JI., Tumuenxo A. A., [onenxo T. . iccnenoBanue CTPYKTYp U MOJIe-
JMpOBaHUE JIOTUKO-IuHaMuueckux cucrteM.— K.: HaykoBa nymka, 1975.—
199 c.

3. Monuanog A. A. MonenupoBaHUE€ M MPOEKTUPOBAHUE CIOKHBIX CHCTEM.—
K.: Bema mxkoia, 1988.— 359 c.

4. Ilepecyoos ®. U., Tapacenxo @. I1. Beenenne B CUCTEMHBIN aHaim3.— M.:
Bricmasg mikona, 1989.— 354 c.

5. Heaxnenxo A. I'. JIonrocpo4yHOE€ MPOTHO3UPOBAHUE U YIIPABIECHUE CIIOKHBI-
mu cuctemamu.— K.: Texumka, 1975.— 312 c.
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Ilpunoscenue
Ipumep m-daiiia  peaauzanuu ajJIropuT™Ma CaMOOpraHHu3auH MojaeJiei
€ HCI0JIb30BAHUEM CHMBOJILHOH MaTeMATHKH

% @®yHKIUS, C MOMOLILI0 KOTOPOil YNOPSAOYHMBAKTCHA B BO3pacTaiolieM MNOpPsAKe
OIIHOKHU

% Ha KOHTPOJBbHBIX TOYKAX JJI51 BCeX ONMOPHBIX (PyHKIUIA, OAHOBPEMEHHO

% O0CyLIeCTBJSIIOTCS NMEePECTAHOBKHU COOTBETCTBYHIIUX HHIEKCOB.

function [s,index,no] = perest(g,noil,n)
for i=1:n
no(i)=i;
end
for i=1:n
for j=2:n
if g(j-1)>g()
c=g(j-1);
g(-1=g(@);
g(j)=c;
d=no(j-1);
no(j-1)=no(j);
no(j)=d;
d=noil(j-1,1);
noil(j-1,1)=noil(j,1);
noil(j,1)=d;
d=noil(j-1,2);
noil(j-1,2)=noil(j,2);
noil(j,2)=d;
end
end
=85
index=noil;
end

% Dynkuus, ocyumecrsiasomas oqud mar MI'YA no kpurepuo MUHUMYyMa
% cpeaHeKBaApaTHYECKOH OINOKHA HA KOHTPOJBHBIX TOYKAX

function [srednee_eps,bb,inde,qq1] = minsqv(pp,qq,y)

% pp — MaTpuua, o KOTOPO OCylIecTBJIsIeTC HACHTH(PUKALUSA ONIOPHBIX (QYHKIIUH
% Qq — KOHTPOJIbHAS TOYKA

% y — BeKTOp 3HAaYeHUH BHIXOAHBIX XapAKTEePUCTUK

% srednee_eps — cpeaHee 3Ha4YeHHE OIIUOKH JJIsl BCEX ONMOPHBIX (QPYHKIUH

% bb — maTtpuna ko3 puUIHEHTOB ONOPHBIX (PYHKIHIA

% qql — HOBasi MATPHUIIA, HCIIOJIb3yeMAasl HA CJIeAyIoIIeM mare s HAeHTH(PUKANH
% inde — MaTpuIa HH/IEKCOB NepeMeHHbIX

lo=1;
for i=1:4
for j=i+1:4
for k=1:9

z(k)=pp(k,i)*pp(k,j);
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xx(k,1)=1;
xx(k,2)=pp(ki);
xx(k,3)=z(k);
end
% k03¢ puuneHTHI perpeccun
a=inv(xx'*xx)*xx'*y;
% cpenHee KBaJpaTH4iecKoe OTKJIOHEHHE IS KAXKI0N Moaes Il
eps(lo)=(-202-(a(1)+a(2)*qq()+a(3)*qq(D)*qq(j))) " 2/202"2;
% k03¢ puumeHTHI yPABHEHHUS
for ii=1:3
aa(ii,lo)=a(ii);
noi(lo,1)=i;
noi(lo,2)=j;
end
lo=lo+1;
end
end
% ee — ynopsigoueHHbIil MaccUB OMINOOK, nl - UX HAYAIbHBIE HOMepa
[ee,inde,n1]=perest(eps,noi,lo-1)
% cpenHsisi oIHOKA
srednee_eps=sum(eps)/(lo-1)
% k03¢ puuHeHTbI YPAaBHEHHI perpeccun
for j=1:3
for i=1:4
bb(j,iy=aa(j,n1();
end
end
% ¢opMupoBaHue HOBOW MATPHIIbI
for j=1:4
for k=1:9
qq1(k,j)=bb(L,j)+bb(2,j)*pp(k.inde(j,1))+bb(3,j)*pp(k.inde(j, 1))*pp(k,inde(j,2));
end
end

% y4eOHas1 MOC/Ie10BATEIbHOCTD

p=[1 7 3 75
2 6 2 3;
3 5 4 2;
4 4 5 1;
5 3 6 4;
6 2 5 5;
7 1 4 3;
8 8 3 2;
9 7 12 2];
PP=Pp;

% KOHTPOJILHASI TOYKA

qq=[4; 6; 1; 2];

% BBIXOHASI XapaKTEePUCTHKA

y=[41; 12; -2; -11; -24; -17; -20; 44; -94];
ny=1;
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s1=1000000000000;
sr_eps=1000000;
while s1>sr_eps
sl=sr_eps
b1=0;
[sr_eps,bb,inde,qq1] = minsqv(pp,qq,y)
for i=1:4
perem_memory(i,1,ny)=inde(i,1);
perem_memory(i,2,ny)=inde(i,2);
end
perem_memory
for j=1:3
for i=1:4
koef(j,i,ny)=bb(j,i);
end
end
ny=ny+1
pp=qql;
% b1=bb;
end
% ypaBHeHHs B CHMBOJIbLHOM BHJI€
syms x1 x2 x3 x4
digits(5)
sym(koef(1,1,1),'d")
yl=sym(koef(1,1,1),'d")+sym(koef(2,1,1),'d")*x1+sym(koef(3,1,1),'d")*x1*x3
y2=sym(koef(1,2,1),'d")+sym(koef(2,2,1),'d"')*x1+sym(koef(3,2,1),'d")*x1%x2
y3=sym(koef(1,3,1),'d")+sym(koef(2,3,1),'d")*x1+sym(koef(3,3,1),'d")*x1*x4
y4=sym(koef(1,4,1),'d")+sym(koef(2,4,1),'d"')*x3+sym(koef(3,4,1),'d")*x3*x4

z1=sym(koef(1,1,2),'d")+sym(koef(2,1,2),'d")*y2+sym(koef(3,1,2),'d")*y2*y4
z2=sym(koef(1,2,2),'d")+sym(koef(2,2,2),'d")*y2+sym(koef(3,2,2),'d") *y2*y3
z3=sym(koef(1,3,2),'d")+sym(koef(2,3,2),'d")*y3+sym(koef(3,3,2),'d")*y3*y4
z4=sym(koef(1,4,2),'d")+sym(koef(2,4,2),'d")*yl1+sym(koef(3,4,2),'d")*y1*y3
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YK 681.51.033

ITAKET IPOI'PAMM CTPYKTYPHOM U _
IHAPAMETPUYECKOU WIEHTUPUKALIMU JIMHEUHbIX
OAHOMEPHbBIX JMHAMHUNYECKUX CUCTEM

Damyes B. A.,

Tynvckuii cocyoapcmeennsiii ynueepcumem, Tyna,
e-mail: info@tsu.tula.ru
Tonsmcexuu B. M.,

@I'VII Koncmpyxkmopckoe 610po npubopocmpoenus, Tyna,
e-mail: granat@home.tula.net

Kapeun A. B.

Tynvckuii cocyoapcmeennsiii yrusepcumem, Tyna,
e-mail: viant@schekino.tula.net

Beeoenue

Ha puc. 1 uzobpaxkeHa cTpykTypHas cxeMa OJHOMEPHON JMHAMHYECKOU
CUCTEMBbI THUIA «YEPHBIA SIIMK» B HENPEPbIBHOM BpeMeHH. JlaHHas cucrema
UMEET OJHY BBIXOJHYIO (YIIpaBJIsieMyl0) MEPEMEHHYIO U OJJHY BXOJIHYIO (yIpaB-
Jst01Iyr0) nepemeHHyro. Ha puc. 1 o0o3HadeHbl: n3MepsieMoe 3Ha4eHHUE BXOJI-
HOU MepeMeHHOU u(f), HEe U3MEepseMOe 3HAUEHUE BBIXOJHOUN NepeMeHHOou (1),

U3MepsieMoe 3HAUYCHHUE 3allyMJICHHOW BBIXOJHOM MepeMeHHON z(¢), u, JEUCT-
BYIOIIIMI Ha BBIXOJl CUCTEMbI, HE M3MepsieMblid mym e(f). PaccmoTpum panee
TOJIBKO JIUHEHWHBIC JUHAMHYCCKHE CUCTEMBI [3].

e(t)

Junamu— y( l‘)

yeckas
M(t) :>‘ cucTeMa

Puc. 1. CtpykTypHas cxema OTHOMEPHON TUHAMHYECKON CHCTEMBI.

WNnentuduxanust TMHEHHBIX OJTHOMEPHBIX JUHAMUYECKUX CHUCTEM Mpey-
CMaTpPUBAET YETHIPE OCHOBHBIX ATala: OMpeAeSiCHUE MOPSAIKa MOJEIH, OLEHHU-
BaHUE 3HAYEHUN HEU3BECTHBIX KOI(PPHUIIMEHTOB, CTATUCTHMUECKUN aHAIU3 pe-
3yJNBTAaTOB HICHTU(PUKALINN U TIEPEX0]] K TpeOyeMOMy BUYy MOJECIH.

Jlnia petieHust JaHHOHM 3a7adu aBTOpaMH pa3pabOTaH MakKeT MPUKIIATHBIX
nporpamm, pyHkuuonupyromux B cpene MS Window 9x/2000/NT/XP.
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1. Cmpykmypa nakema npozpamm

Mertompl, peanu3yroniue Bce dTanbl WISHTU(PUKAIIUA OJHOMEPHBIX JTUHA-
MUYECKUX CHUCTEM, pealn30BaHbl B BUjae OuOnuorex GpyHkiuii. bubiamoreku BbI-
MOJIHEHBI B BHUJIE IMHAMHUYECKH MojkiIoyaeMbix 6ubnuorek (.DLL). Ctpykrypa
nakeTa rporpamm mokaszaHa Ha puc. 2.

Matlab-3aBucumere

MatLab
(MEX-Gateway)

!

METOJIBI COTIPSIKEHHS
uHTEp HelicoB
(MEX-aiinsr)

____________________________

Matlab-ue3aBucrumeie

METOJIBI
UACHTU PUKAITH
CID.dll u MatrixM.dll

Puc. 2. Ctpykrypa nmakera nporpaMM UACHTH(PHUKAIHH.

[TakeT mporpaMm MOKHO pa3JeiaUTh Ha JIBE YaCTH: OJHA BKJIIOYAET B ceOs
OoubnuoTeku QyHKIUNA, HE TpeOyIOIIre HATUYUS YCTAHOBJICHHBIX U BBIMOJHSC-
MbIX ¢ainoB u3 auctpudytusa MATLAB, a npyras yactb nporpamm (axtuye-
CKH COCTOMUT U3 MHTEPHEUCHBIX MOJYJIEH, KOTOphI€ MO3BOJSIOT BHI3BIBATH U3
MATLAB metonst u3 MATLAB-He3aBUCUMBIX OMOIMOTEK MTEPBON YaCTH.

Takas cTpykTypa makera mporpaMm MO3BOJISIET C OJHOW CTOPOHBI MOJIY-
YUTHh OOJBIIYI0 THOKOCTh MpHU pa3paboTKe MOJYJel, KOTOpble HE 3aBUCAT OT
MATLAB, 4rto pacmupsier 06JacTh UX TPUMEHEHHS, a C JPYTrol CTOPOHBI —
MOJIYYUTh BO3MOKHOCTh BBI30Ba JaHHbIX MeTO0B U3 MATLAB, uTo OTKpbIBa-
€T MOJIb30BATEII0 JOCTYII K pa3HooOpa3HbiM pyHkimsm MATLAB.

B maker mporpamMm BxoasaT GyHKIuH [ 1-2]:

— ONpEACNICHUS] MOpsIKAa MOJEIH PAa3HOCTHOTO YpaBHEHUS (CTPYKTYp-

HOW WaeHTU(UKAIMN) MeToAaMH (DYHKIIMU MOTEPh W MaTPHIIBI MO-
meHToB [1,4,9,10];

— OIICHHUBaHUS 3HAYCHUN HEU3BECTHBIX KOA(PPHUIIMEHTOB MOJCIHU Pa3HO-
CTHOTO YpaBHEHHSI W3BECTHOI'O MOpsJiKa (MapamMeTpu4yecKod HIICHTU-
dbuKanuu) METOAOM HAaMMEHBIIUX KBAJPATOB U MX MOAUGDUKAIUSIMU:
METOJIOM MHCTPYMEHTAJIbHON MEepEMEHHOM, paCIIMPEHHBIMU MaTpHU-

716



Cexyus 2. Mooenuposanue OuHAMU4ECKUX cucmem

HBIMU METOJIaMH; KaK B PEKHME PeaJbHOI0 BPEMEHH, TaK U B PEKUME
OTJIO’KEHHOTO BpeMeHu [ 1-6, 9—10];

— OIICHKH aJIeKBaTHOCTHU MOCTPOCHHON MOJEIN U 3HAUUMOCTH OIICHOK €€
kod(punmenton [1-2];

— Tmpeobpa3oBaHUs MaTeMaTHuecKux mozeneit [1, 2, 7-8] (cm. puc. 3).

| dt X At \
E . i i pasH. E
' | YpaBH ' ypaBH.|
I X I
| HETIP. <€ 1uck. !
| MIIC = MIIC !
HETIp. JIACK.
Olld Olld

Puc. 3. B3aumuble npeoOpa3oBaHus MaTeMaTHYECKUX MOJIeNeit:
mid.ypaBH. — auddepeHnnansHoe ypaBHEHNE; pa3H. YpaBH. — Pa3HOCTHOE ypaBHEHUE,
Henp. MIIC — mMozens npocTpaHCTBa COCTOSIHUM B HENIPEPBIBHOM BpeMeHH; nuckp. MIIC —
MO/JI€JIb POCTPAHCTBA COCTOSIHUN B TUCKPETHOM BpeMeHH; Hemp. OI1® — HenpepbiBHas
orneparopHas nepenatousas ¢pyHkuus; auck. OIld — nuckperHas onepatopHas nepesaroy-
Has QyHKIUS.

2. Mamemamuueckue mooenu 1UHEHHbIX 00OHOMEPHBIX CIAYUOHAPHBIX
OUHAMUYUECKUX CUCIEM U MeMOO0bl U3 NOCMPOECHUA

B nmaHHOW TiIaBe JaH KpaTKui 0030p THUIIOB MAaTEMAaTHYECKHX MOJIEICH
JUHEHHBIX CTAIMOHAPHBIX OJHOMEPHBIX MTWHAMHYECKHX CHCTEM, MOCTPOCHHUE
KOTOPBIX PEaJIM30BaHO B MaKeTe mporpaMm. [IpuBeeHO ONMMCcaHue Ka)Xaoro Me-
TOJAa CTPYKTYPHOW M MapaMeTpudeckor uacHTHUUKamuu. CrKaTo H3I0KCHBI
CIocoOBbI B3aMMHOTO MPEe0Opa30BaHMS MaTEMAaTHYCCKUX MOJICICH M HEKOTOPHIC
METOJbI CTATUCTUYCCKOrO aHaIM3a Pe3yJbTaToB HMiacHTH(UKau. bomee moj-
pOOHO JTaHHBIM MaTepHall U3JI0KeH B padborax [1-4, 7-10].

2.1 Cmpykmypa mamemamuueckux mooeseii 00HOMEPHBIX CHAUUOHAPHBIX
OUHAMUYECKUX CUCHeM

2.1.1 lughpepenyuanvnoe ypagnenue

JuddepenunanbHoe ypaBHEHHE CTALIMOHAPHON JIMHEWMHOW OAHOMEpPHOM
JTUHAMUYECKON CUCTEMBI IIPU OTCYTCTBUU BHYTPEHHETO M BHEILHETO IIyMa UMe-
eT caenyromuit Bua [1-4]:
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a'y(r)=b"a(r), (1)
dy(t) d"y(t)

rie A" =(ay,ap,....a,);b" =(b,b,...b,);  §(O=| y(@), Ty

du(t) d "u(t)

d"t
Jenu; n — TOPSA0K MojenH; )(f) — 3HaYeHUE BBIXOJHOU MEePEeMEHHOM; u(t) —
3HAYCHUE BXOJHOW NIEPEMEHHOM.

[Tpu BO3melicTBMM BHEIIHETO IIyMa BbipaxkeHHue (1) ciemyer MOMONHUTH
CJIEAYIOIIUM BBIPAKECHUEM:

@' (6)=| u(t),

,Ay,Qy,. .., ,by,by,...,b, — KO3DULMEHTH MO-

n

z(t) = y(t) +&(2), 2)
rje z(f) — 3HaueHue 3alTyMJIEHHON BBIXOJIHON NMEPEMEHHON B MOMEHT BPEMEHHU
t; y(f) — 3Ha4YEHHE BBIXOJAHOM IEPEMEHHOM B MOMEHT BpPEMEHHU ! M3 MOJe-
mu (1); e(f)— 3HaueHHE BHENTHETO IIyMa B MOMEHT BPEMEHH £.

2.1.2. Paznocmmnoe ypagnenue

Pa3HocTHOE ypaBHEHHE CTAllMOHAPHOW JMHEMHOW OJTHOMEPHOMU THMHAMU-
YECKOW CUCTEMBI MPU OTCYTCTBHM BHYTPEHHETO W BHEIIHETO IIyMa UMEET BUJ
[1-4]:

a'y(k)=b"u(k), 3)
roe a' =(a0,a1,...,an);f)T =(b0,b1,...,bn); yT(k):(y(k),y(k—l),...,y(k—n));
i (k)= (u(k),u(k -1),...,u(k— n)) ,Qy,Qys. A, ,by,by,...,b, —  KOIPPULIEHTHI
MOJIeNIN; 1 — TOpsiAoK Moxaenu; y(k) — 3HaUYeHHE BBIXOJHOW IMEepEeMEHHOUN B
MOMEHT BpeMeHU kAt ; Af— WHTEepBald AUCKPETH3AlUU CHCTEMbl 10 BPEMEHH,
u(k) — 3HaueHue BXOJHON MEPEMEHHON B MOMEHT BpeMEHH kAf .

[Tpu BO3/EHCTBHM BHEIIHErO IIyMa BbIpaxkeHHE (3) ciieqyeT JOIMOJHHUTH
CJIEAYIOIIUM BBIPAXKEHUEM:

z(k) = y(k) +e(k), 4
rae z(k) — 3HavyeHue 3alIyMIICHHOM BBIXOJIHOM NMEpeMEeHHOW B MOMEHT Bpeme-
HU kAt ; y(k) — 3HaYeHUE BBIXOJHON MEPEeMEHHONW B MOMEHT BpeMeHU kAt u3
mozenu (3); (k) — 3HaueHHE BHEUTHETO IIIyMa B MOMEHT BpEMEHU KAf .

CocraBum mozaensb (3),(4) nns N nociaegoBaTeIbHbIX 3HAYEHUNA BXOJHOTO
CHUTHAJIA:
y=FO0+¢, (5)
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rie y’ =( y(n),y(n+1),..., y(N))— BEKTOp 3HAYEHUMN BBIXOAHOW INEPEMEHHOMU

utn) - w@  ym=1) - ¥0)
Lo |umrD) e u(l) ymy -y
cucrteMnl; F = . . . . — Marpuia
u(N) - u(N-n) y(N-=1) - y(N-n)
nabmonenns; 0 =(d,id -id,i—¢ii—c,), d =ayb,i =O,_n,cj =ag'a,,

Jj =1,n— BEKTOP MapaMETPOB MOJIEIH;E = (a(n),s(n+1),...,8(N )) — BEKTOD

3HAQYEHUN BHEUIHEro IIymMa (HOPMaJbHOI'O CIYyYalHOrO MpOIEcca C HYJIEBBIM
MaTeMaTUYECKUM OKHUJIaHHEM ).

2.1.3. Mooenvb npocmparncmea cOCmoOAHUIL 8 HENPEPLIGHOIL (hopme

Moenb MpoCcTpaHCTBa COCTOSHUM B HETIPEPBHIBHOU (opMe JIJIsl TUHEHHOM
OJHOMEPHOW JTWHAMUYECKOW CHUCTEMBI IIPU OTCYTCTBUM BHYTPEHHEIO U BHEUI-
Hero 1myma umeet Buj [1-4]:

dx(t)

= TX(1) + gu(®).
(6)
y(@) =h'R(0) +ku(?),
rae X(f)— BEKTOp 3HAYEHUU NMEPEMEHHBIX COCTOSHUS MOJIETM B MOMEHT Bpeme-
HU f, pa3MepHOCThI0 nx1; T— Marpuia JUHAMUKH, Pa3MEPHOCTBIO NXH; g —
BEKTOp YIPABJICHUSI, pa3MEPHOCTBIO nx1; u(f) — 3HaYeHHE BXOJHON NEpeMeH-
HOW B MOMEHT BpeMEHHU ¢; )(f) — 3HaYeHUE BBIXOJHOW MEPEMEHHONW B MOMEHT
BpeMeHH ¢; h — BekTop HaOI0IeHUs], pa3MEepPHOCThIO nx1; kK — koadduiueHt
BXO/1a.

2.1.4. Mooenb npocmpancmea cocmosanuil 8 OUCKpemHou (popme

Mogens nmpocTpaHCTBa COCTOSSHUM B JUCKPETHOM (opMme IS JTUHEHHOU
OJIHOMEPHOW JUHAMHYECKON CUCTEMBI MPH OTCYTCTBUM BHYTPEHHETO W BHEII-
Hero 1myma umeet Buj [1-4]:

%(k +1) = AX(k) +bu(k),
y(k)=e'x(k)+du(k),

rae X(k+1)— BekTOp 3HAYEHUW TMEPEMEHHBIX COCTOSIHHS MOJIETH B MOMEHT

(7)

BpeMeHu (k +1)A¢, pa3MepHOCTBIO 1 X 1; n — TOPSIIOK MOJIENH; A — MaTpuila

JTUHAMUKH, Pa3MEPHOCTHIO 7 X 71; b — BEKTOp yIpaBiIeHUS, Pa3MEPHOCTHIO 7% 1;
u(k) — 3HaYeHUE BXOJIHOW NEPEMEHHON B MOMEHT BpeMeHU kAt ; y(k) — 3Haue-
HUE BBIXOJIHOM NMEPEMEHHON B MOMEHT BpeMeHU kAt ; ¢ — BEKTOp HAOIIIOICHMUS,
pasMepHOCThIO nX1; d — ko3¢ dunmreHt Bxoaa.
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2.1.5. Henpepuvienasa nepedoamounan hynKyus

Mopnens HenpepbIBHON onepaTopHOM mMepeaaToyHor (GyHKUMM IS JU-
HEWHOU OJHOMEPHOMN NMHAMUYECKOW CUCTEMBI IIPU HYJIEBBIX HAa4YaJbHBIX YCIIO-
BUsIX umeeT Buj [1]:

v(s) kg +ks+..+ks" K's
u(s) FAis+...+is"  F's

(8)

rae s — omeparop auddepentuposanus Jlamnaca; y(s) = L{y(f)} — Henpepsis-
HOe TmpeoOpazoBanue Jlammaca BBIXOAHOM TepeMeHHOU y(f);u(s)= L{u(t)} —
HEeTpepbIBHOE MpeoOpa3oBanue Jlamiaca BXOAHOHN nepeMeHHOH u(f); n — Topsi-

nok moxenu; k' =(k0,k1,...,kn),f'T =(770,171,...,17n)— BEKTOpa KO3 hUIIMEHTOB

MOJICNH; §' = (I,S,...,s”) )

2.1.6. /luckpemnasa nepedamoynan ynKyus

Monens TUCKpETHOI omnepaTopHON nepeaaTouyHoil (yHKUMH A7 JTUHEH-
HOM OJTHOMEPHOM AMHAMHUYECKON CHCTEMBI MPHU HYJIEBBIX HAYAIBHBIX YCIOBHSIX
MMEET BUJ:
y(z) ky+kz'+.+kz" Kz

n

w(z)=

rae z— omeparop Z-npeobpasosanus; y(z)=Z{y(f)}— Z-nupeobpasopanue

= , 9
u(z) rtrz'+.+rz" r'z ®)
BBIXOJIHOU mepemeHHoun y(¢);u(z) =2 {u(t)} — Z-nipeoOpazoBaHre BXOJHOM Iie-
pemerHON u(f); n— mopsok Momenn; K' =(ky,k,,....k, ), v =(r,0,..00 ) —

iy

BEKTOpa KO3 PUIIHEHTOB MOJICIN;Z ' = (1,271,. . .,Z*”) .

2.2. Onpeodenenue nopaoka pazHoCmHO20 YPAGHEHUS

2.2.1 Cmpykmypuasa uoenmuguxkayusn no ynkyuu nomepbo

PaccMOTpyM MeETOJ| CTPYKTYpHOM HACHTH(PUKALMHU, UCHOJIb3YIOIIUI B
KauecTBe Kputepus GyHKUMIO noreps v us [1, 2, 4]:

) = | & (et | )

rJIe 1 — TOPSA0K pa3sHOCTHOrO ypaBHeHus (3)—(4); N — QuckpeTHoe BpeMs Ha-

OJroICHUS; é(n) = )Af(n) -y(n) — HEBSI3KU MOJICIIH;

v (n)= (}(0), WA, ..., }(NAt)) . y" (n) = (»(0), ¥(AD),..., ¥(NAL))— cooTser-
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CTBEHHO 3HAUCHMS MpeJCcKa3aHHBbIX Mo mMojaenu (3)—(4) 3HaueHuil BbIXOJla CHC-
TE€MbI M 3KCIIEPUMEHTAJIbHBIE 3HAYEHHUS BbIX0J1a CUCTEMBI.

®yukuus notepp (11) YMCIEHHO XapaKTepus3yeT BEIUYHMHY OTKJIOHEHHUS
MPEACKA3aHHOIO MO MOJEIN 3HAYEHMS BBIXOJIA CHCTEMBI OT €ro 3KCIIEpUMEH-
TajabHOrO 3HaueHus. [lpu yBenuueHUM MOpsiAKa CUCTEMbl 3HaY€HUE (DYHKIUU
noTeph Oyaer yowiBaTh (puc. 4), HO, MPU BO3ACHCTBUM BHEIIHETO IIIyMa, HUKO-
I/1a He JOCTUTHET HYJIA (SIBIICHUE «cBepXxcornacus» [4]).

3a OLIECHKY MCTHHHOI'O IOpSAJIKa CUCTEMBI IIPUHUMAETCS TaKOE€ 3HAUCHUE
HOpsJKa, MPU YBEIIMYEHUH KOTOPOro (PYHKIIMS MOTEpPh yObIBAE€T HE3HAYUTEIb-
HO.

OyHKIMS NOTEPh U1 CTAUMOHAPHOM JINHEMHOM OJJHOMEPHOM AUHAMHYE-
CKOHM CHCTEMBI, Ha IPUMEPE MOJIENI PA3HOCTHOTO ypaBHeHus (3) npu n=3, npu-
BeJIeHA Ha puc. 4.

7.362e-004

2.137e-004

Puc. 4. ®yHkuus noreps.
2.2.2. Cmpykmypnas uoenmuukayus no mampuye MOMEHMOo8

Marpuiia MOMEHTOB (KOppesiuii) umeer ciaeayronuii Bua [1,2,4]:
Q(u,,m) = F(m)" F(n), (12)
rae Q(u, y,iAa)— MaTpulla MOMEHTOB JIJIs n-1o nopsiKa CI/ICTGMBI;F(;I)— Mart-
punia HabmoaeHuH (5), U1 OpsIIKa CUCTEMBI 71, paBHOI“OI; .
B ciyuae, cBob6ogHOM OT mrymoB matpuiia Q(u, y,iAa) BBIPOXKJIAETCS TIPU
n>n. Ecau BXOHO CHIHAI MOCTOSHHO BO30Yy X aaromuii, To Q(u, y,zAz) uMeer
paHr paBHbIN r=2n+1. OgHAKO UCMOIB30BaHUE PAHTA ISl ONPEIEIICHUS MOPAI-

Ka 4acTo 3aTpyJAHEHO HAJIMYUEM B CHUCTEME IIyMOB, Torjaa matpuna Q(u,y,n)

HC BBIPOKIACTCA IPHU NOCTHIKCHHUU MCTHUHHOI'O IMOpAAKa CUCTCMBI, U €€ CTPOKHU
HE CTAHOBSTCS JIMHEHMHO 3aBUCHUMbBIMH.
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B kauecTBe TecTa onpeneneHus MOpsaKa UCIOJIb3YETCS OTHOCUTEIbHBIN

omnpenenuTesnb MaTpuisl Q(u, y,n):

rel det Q(u, y, n) = St QUL Y1) (13)

R
rae R — HanOOoNBIIHIA 10 MOAYIIO AJIEMEHT MaTpulibl Q(u, y,n).

2.3. Onpeodenenue oyeHok KoIppuuuenmos pazHocmmuoz0 ypasHeHus
2.3.1. Memoo naumenvuiux K6aopamoes

PaccmoTpum monens pasHocTHoro ypaBHeHus (5). Bremem ciemyronuii
KBaJPaTUYHBIM KPUTEPHU:

| T

Haiinem Takue oueHKHM 3HAYEHUI mapameTpoB Mojaenu (5), KOTopble MU-
HUMU3HUPYIOT 3HaueHue kpurepus (14) mo MeTony HaMMEHBIIMX KBaJpaTOB
(MHK) [1-4]:

0= argminy = [FTF]_1 F'y (15)

r X
C KOBapUALIMOHHOW MaTpULEH

cov(®)=[F'F| o, (16)

rjie 6. — AUCMepcHst HOPMAIbHOTO clyyaiiHoro npouecca &(k) us (5).

2.3.2. Obo0uwennwlit Memoo HAUMEHLUUX KEAOPAM 08

O06006meHHbIi MeTo HauMeHbIX kBaaparoB (OMHK) ucnonsiyer s
YCTPAHEHHsI CMEIIEHHOCTU OIIEHOK NapaMeTpOB Pa3HOCTHOrO ypaBHEHHs (5)
omnepanuio ¢punbrpanuu [1,2,4].

[TpuBenem anroputm nonyuenuss OMHK-oneHok mapameTrpoB pa3HOCT-
HoTro ypaBHenus (5) (anroput™ A)[1,2].

Hcxonuble naHHble anroputMa A: Af— HHTEpBaJ JUCKPETH3ALMU CHUC-
TeMbl 1O BpeMeHu; N — [UCKpPETHOE BpeMs HaOJIOJCHHUS CHUCTEMBI;

u(k),y(k),k =0, N— peanuzaiuu BXOJHOTO U BBIXOJIHOI'O CUTHAJOB; ¥ — IIO-

psiiok GUIbTpA; 7 — MOPSIOK Pa3HOCTHOTO ypaBHEHUs (5); n1— Manas BeJIU4u-
Ha, Max[ter — npeenbHOE YUCIIO UTEPALIAH.
Aaropurm A.

A.l.3amatb At <1, N, u(k), y(k),k = O,_N , 7, n, 0 , Maxlter.
A.2. Ucnonwzys  u(k),y(k),k = 0N, MIPOU3BOJIMM OILICHKY BEKTOpa Ima-

pameTrpoB mojienu 0 1o (15), kotopast sIBASIETCS CMEIIEHHOM.
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A.3. TlomydaeM BEKTOp OIICHOK HEBS30K € M3 COOTHOIICHUSIE =y — FO.

A.4. TTonyuyaeM oreHKy napameTpoB ¢GuiibTpa d Mo BBIPAKEHUIO:

d=-[E"E]"'E"§, (17)
rac
gn) (-1 .. en-r+l)
3 = (&1 +1),8(1+2),...6(N) ) E = eln+1) 8(:”) e En=r2) |

eN=1) eN-2) ... &N-r)
A.5. Ucnonszys (17), dunstpyem u(k),y(k),k = 0,N B COOTBETCTBUH C
BBIPOKCHUSIMH
g (k) =u(k)+ dw(k 1) +...+du(k —r),
VoK)= y(k) +diy(k =1)+...+d,y(k ),
u(l)=y(1)=0,1<0,k=0,N.
A.6. IIponsBoauM OIIEHKY MapaMeTpoB Mojenu (5):
0o = Fy (4. Y0 )Fy (6. ¥6) | FT(Ug.¥4)Yo-
rae F;(u,,y,) — Matpuna Habmonenus F mogenu (5), MOCTpOeHHAs 10 OT-

(DMIBTPOBAHHBIM 3HAYEHHSM BXOIHOH ug, :(ucD (0),ug, (1),...,uge (N )) Y BBIXOJ-

HOI Vg =(1(0), 7 (1),.... ¥4 (N)) HepeMeHHBIX.

AT . u<ug,y <—y®,é<—éq>.

A.8. BeruucisieMm 3HaueHue kputepus v u3 (14).

A.9. TloBTopsiem miaru 3—8, moka HaOJIIOJaeTCs yJIyUllIEeHUEe OIICHOK, T. €.
MOKa YMEHBIIAETCS 3HAUCHUE V, U BBINOJIHSAETCS YCIOBUEV > I WJIU MOKa HE TO-
BTOpuM maru 3—8 Maxlter pas.

A.10. TTonyuunm 0 — OMHK-oneHKy mapaMeTpoB pa3HOCTHOTO ypaB-
HeHus (5).
A.11. Koner.

2.3.3. Pekyppenmmnulii Memoo HAUMEHbULUX KEAOPaAmoe

PexyppeHTHblii MeTO HauMeHbINX KBajapatoB (pMHK) ananoruyen no
cBoicTBaM noiydaeMbix oueHok MHK, ogHako, oH MOXeT ObITh MCIOJIb30BaH
JUTSl UICHTU(DUKAIIMN JTMHEWHBIX TUHAMHYECKUX CHCTEM B peallbHOM MacuiTabe
BpeMeHH. [IpuBenem Beipaxkenus s moaenu (5) [1-4]:

BBegem BekTOp mociieqHUX HAOIIOACHUM B MOMEHT BpeMeHU KAt — HUXK-
Hsis cTpoka matpuilbl F u3 (5):
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£ =(u(k),...,u(k—n),y(k—l),...,y(k—n)), (18)

MHK-o1neHku Ha k-M 11are mpoueaypbl OLICHUBAHUS HaXOASATCS IO BBI-
PaXKECHUIO:

A~ A~ -1 A~
O =0 — P f, [ 1+, | (£ 00— y(k),
: d (19)
P =P —P_f, [1 +1, Pk—lfki| £ Py

OTMGTI/IM, 4YTO HAYAJIbHBIC 3HAYCHUA MAaTPHIIbI FNo N HaYaJIbHBIC OLICHKU

napaMeTpoB Oy, MOXHO MOTydaTh MO Pe3yJIbTaTaM MEPBHIX IV OTBITOB:
-1

P, = [F;OFNO] ,

. (20)
Ov, = PNOF;OYNO ,

rae Ny23n+1Fy uy, — Marpuua u BEKTOp, IOIy4acMbIC COOTBETCTBEHHO

u3 mMatpuiibl F u Bekropa y Beipakenus (5) nmpu N<N,.
2.3.4. Memoo uncmpymenmaibHoll nepemeHHoul

Paccmorpum Meron uHcTpymMeHTanbHoW nepemenHor (MUII). Beenem
KBaJpaTUYHBIN KpuTEepui v, aHanoruuneii (14) [1,2,4]:

— [y-¥6| zz'[y-Fé]. @1)
N—-n
rae Z — Tak Ha3blBaeMas MaTpHlla MHCTPYMEHTAJIbHON MEepEMEHHOH, ya0BIe-
TBOPSIOLLAS OIPEACIICHHBIM YCIIOBUSIM [1,2,4], Hanpumep,
u(n) ... u(0) x(n=1) ... x(0)
7= : : : : , X(k) — BBIXOJl HEKOTOPO-

u(N) ... u(N-n) x(N-1) ... x(N-n)
ro ¢ukcupoBanHoro ¢punsTpa [4]. Takum PunbTpom, HapUMEp, MOXKET SIBISATh-

cst MozieTh (5), B KOTOPOW B Ka4eCTBE BEKTOPOB MapaMeTpoB a U b BeICTymaroT
ux MHK-ouenku, nonydeHnsie 1o BeipaxkeHuto (15) ¢ yuetom (5), Ha BxoJ 1o-
naeTcst BXogHoW curHan u(k), a ¢ BbIXOJa CHUMAETCA 3HAYEHUE HHCTPYyMEH-
TaJbHOU NepeMeHHOM x(k).

CooTBeTCTBYIOIIEE BBIPAKEHUE JIJISl OLEHOK MapameTpoB mojenu (5) 3a-
NUIIEM B BUJIE:

0=[2'F| Zy. (22)
2.3.5. PekyppenmHnulii Memoo UHCMPYMEHMANbHOU NEePEeEMEHHOU

PekyppeHTHBI METOJ MHCTpYMEHTaNbHOU nepemenHoil (pMMUII) anano-
TMYEeH 10 CBOMCTBaM moiiydaeMbix onieHok MUII, ogHako oH MoOeT ObITh UC-
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MOJIB30BaH ISl MACHTU(DUKAIINYA JUHAMUYECKON CHCTEMBI B peajbHOM MacIITa-
0€ BpeMEeHH.

BBe/ieM BEKTOP-CTPOKY Z, — IIOCIIEHIO CTPOKY Matpuiibl Z u3 (21).
Torna Beipaxenue (22) npumet Buf [1,2,4]:

~ ~ -1
Oc =01+ Pz, (1+£/ Pz, ) 2(K),

-1
P =P_-P_z (1 + fkTPk—lzk) f Py, (23)

T A
8k) = (k) — £ B,
OTMGTI/IM, YTO HAYaJIbHBIC 3HAYCHHA MATPHUIIbLI PNo N HA4YaJIbHBIC OLICHKH IIapa-

METPOB Oy, MOXKHO ITOJy4aTh 10 PE3yJIbTaTaM IEPBBIX N(): 3n+2) ONBITOB:
0

P, =(ZLF, )_1,

. (24)
Ov, = PNOZJT\,OyN0 ,
rae y]T\,0 = ( y(n),..., y(NO)) — BEKTOp 3HA4YCHUM BBIXOJHOIO CHUTHAJIA;
u(n) ... u(0) y(n-1) ... y(0)
Fy, = : f : — MaTpuIa IEepPBBIX
u(Ny) ... u(Ny—n) y(N,-1) ... y(N,—n)
u(n) ... u(0) x(n—-1) ... x(0)
Habmonenuii; Z, = : : : : — Mart-

u(Ny) ... u(Ny—n) x(N,—-1) ... x(N,—n)

pHUIla UHCTPYMEHTAIBHON TepeMeHHOU; X(k) — BBIXOJ HEKOTOPOTro (hHUKCHPO-
BaHHOTO QmibTpa [4]. Takum GUIBETPOM, HAIPUMEP, MOXKET SIBISITHCS MOJIENb
(5), B KOTOpOii B KayecTBE BEKTOPOB MapaMeTpoB a u b BeicTymaror nx MHK-
OLICHKH, TIOJyYeHHBIE 1O BhIpakeHuto (15); Ha BXOJ MOJaeTcss BXOJHOW CUTHAM
u(k), a ¢ BBIX0/1a CHUMAETCS 3HaY€HUE HMHCTPYMEHTAIBHOUM niepeMeHHoun x(k).

2.3.6. Pexkyppenmmubwlii pacuiupeHHnvliit MampuiHvlit MEMOO

PexyppeHTHbIil pacmiMpeHHbld MaTpuuHbli mMeton (pPMM) — npyras
momudukanuss MHK, B koTopoii juisi moimydeHus: HECMEIIEHHBIX OIIEHOK IpH-
MEHsIETCSl onepauus pacuupenus moaenu [1,2.4].

Pacmpum Moienb HEBSI30K CIIEAYIOMUM 00pa3oMm:

g(k)=c"E(k —s)—d"e(k —r) + £(k), (25)
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rae ¢ =(c¢p....c,),d" =(d,.,....d,) — KO>DOUUHEHTH MOJETH WIyMa; S, F —
AT ~ ~ N
nopsAIKu Mojienu; € (k—r)= (s(k —1),...,e(k— r)), e(k) — ommOKu ypaBHEHHUS

(ueBsi3kn) monenu (5); &7 (k—s) = (i(k -1),...,&(k— S)) , E(k) — «Oenbrit Irym».
[ToactaBus (25) B (5) u nepeiiis K OlIEHKaM, HOJIyYUM:

8(k) = y(k)-h}0, Ek)=c(k)-ViA, (26)

rme h, = (u(k),. ulk—n),y(k-1),...,y(k— n)) — cTpoka wmatpuibl F wu3

vt =Gk =), Bk —s), 60k~ 1), 8(k — ) s h =(6T5—&T).

Ha ocHoBanuu (26) COOTBETCTBYIOIINE PEKYPPEHTHBIE COOTHOIIEHUS, 3a-
nuiieM aHanorudso (19), cnegyrommm o6pa3om:
I~ 2 ~ ~ ~ -1 [~ %
61 =011 — P f [1+17P_ ] (f,f 60 — y(k)),
| (27)
P =P —P_f, [1 + fkT Pk—lfk] fkT Py

AT AT.ATY gT T. T
rae 0, =(0 ;A |.f, :(hk;vk).
OTt™meTnM, YTO VISl [OJyYCHHS HaYalIbHbIX 3HaueHuH MaTpuusl Py n Oy,

— MHK-

OIIEHKH MapaMeTpoB Mozenu (5) o (15), a 3aTeM neperTH K HCKOMBIM BEIUYH-
HaM:

A

ClleflyeT MO pe3yibTaTaM MEepBbIX Ny ONBITOB MONYyUUTh O, UP,

aul

2 A — T ~ D
b, :(e;ql,oT) Py = P*;‘“ 0 (28)
I

rae 0,0 — HyJeBble BEKTOpP M MaTpulla COOTBETCTBYIOIIEN pazmepHocTh, I —
eIMHNYHAS MaTPUIIa COOTBETCTBYIOIIEH pa3MEPHOCTH. & N, = €y, 0.

2.3.7. PeKyppenmHnulii MEmooO UHCMPYMEHMANbHOU NEePEMEHH O,
KOMOUHUPOBAHHBLIL C pACUUDPEHHBIM MAMPUYHBIM MEMOOOM

[Ipoctoit MUII He mpemycmarpuBaeT BO3MOXKHOCTb OLICHUBAHMS I1apa-
METPOB IIyMa, YTO yXyAIIaeT (YHKIMOHUPOBAHUE METO/Ia MPU YCIOBUU JECHCT-
BUS Ha OOBEKT BBIXOJAHOW aJAMTHUBHOUN nmoMexu. OTHUM U3 CIOCOOOB yCTpaHe-
HUSL 3TOro HejocTarka sBisgercss Moaudukanus MUIl — meron uHCTpymeEH-
TaJIbHOUM MEepEMEHHON, KOMOMHUPOBAHHBIN C PACIIMPEHHBIM MATPUYHBIM METO-
JIOM.

[To anamorun ¢ MUII u PMM, BBeneM BEKTOp MHCTPYMEHTAIIBHOU MEpe-
MEHHOM:

z, =(u(N),...,u(N —n),x(N = 1),...,x(N - n),
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%(N—l),...,é(N—s),é(N—1),...,2,(N—r)), (29)

rae x(k) — BpIxon HeKoTOporo (ukcupoBanHoro ¢unbTpa [1, 2, 4], cm. (24).
PexyppentHsie cooTHomIeHus (27) NpUMYT BUI:

2 2 1A
Oc =00 + P 7, (1+1/P 7, ) (k).

. o\l
P =P_—-P_z, (1 + fl;rPk—lzk) fi P, (30)

£(k) = y(k) — 1 O,

Hauanbnble sHaueHust Matpuil Py 1 Oy, moiydaem o BeipaxeHuro (28).

2.3. Cmamucmuueckuii anaiu3 pe3yibmamos uoeHmupuxkayuu

CraTtucTuyeckuid aHaIu3 pe3yJbTaTOB UACHTU(PUKALUNA OJHOMEPHBIX JIH-
HEWHBIX CTAllMOHAPHBIX JUHAMUYECKUX CUCTEM BKIIIOYAET MOJyUYEeHHUE 3HAUCHHI
KpuTepueB KauecTBa [ 1—4]| u npoBepKy rMNoTe3 3HAUMMOCTH MOJTYYEHHBIX OIle-
HOK KOA(DPUIIMEHTOB U aJeKBaTHOCTU MOCTPOCHHOW MOJIEIH IKCIIEPUMEHTATb-
HBIM JaHHBIM.

2.3.1. Ilposepka adekeammnocmu

[TpoBepka rumnoTe3bl aJeKBaTHOCTH BEIOPAHHON MOJIEIN OCYIIECTBIIAETCS
no kpurepuro Guiepa (F-kpurepui):

S

— an
F;‘)aC‘[ - S > (31)

y
rae Fpacq — pacyeTHoe 3HayeHue Kkpurepus duinepa 111 BHIXOJAHON IEPEMEH-

. | , 2
HOM CHCTEMBI; S, :N—Z( V(@) = Yyon (z)) — Jucriepcus aJeKBaTHOCTH;
—m

N — 4YHCIIO TUCKPETHBIX 3HAYEHHM BBIXOJIOB MOJEINH; M — YHCIO 3HAYMMBIX

napamMeTpoB Mojienu; (i) — peanbHOE 3HAYeHUE BBIXOJAa OOBEKTa B MOMEHT

BPEMEHU IAL ; Vyon(I) — 3HAUCHUE BBIXOJAa 00BbEKTa B MOMEHT BpeMeHH iAf , pac-
1 & N )2

CYMTAHHOE IO MOJENH; S, :N—Z( y(i) - y) — OIICHKA JHUCIEPCUU 3Haue-

- i=1

N
HUW peasibHOr0  BBIXOAHOTO CHrHaHa;y:—Z y(i)— BBIOOpPOYHOE CpeHee
i=1
BBIXOJIHOT'O CUTHAJIA.
Mogenb cunTaeTcsi aJeKBaTHON IKCIEPUMEHTAIBHBIM JaHHBIM, €CJIH BbI-
MOJIHSETCA HEPABEHCTBO:
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F . <F_. ,tae Fi5, — TabnuyHoe 3HaueHune kputepust duinepa npu BbI-

pacu Tabu ?
OpaHHOM ypOBHE 3HAYUMOCTH M [JBYX CTEHEHSAX CBOOOXBI: YHUCIUTEISA
v, =N —m ¥ 3HaMeHarensv, = N —1.

2.3.2. IIposepxa 3nauumocmu Korghpuyuenmos

[TpoBepka 3HaUMMOCTH KOA(DPUITMEHTOB (HE paBEHCTBA UX HYIIO) OCYIIe-
CTBJISIETCS TIO CTaTUCTHYECKOMY Kputeputo CThIOJIEHTA (f-KpUTEPHIO):

a
Jpace = 5 (32)

rac l‘jpacq — PaCUCTHOC 3HAYCHUC KPUTCPUA CTLI-O,Z[CHT& AJIA OLICHKHU ITapaMCTpa

BBIOpaHHOW MoOJenu a;,j =1,m,m — 4YuciIo OlEHUBAEMbIX KO3((PUIIMEHTOB
MOJENH; S, — OLCHKA AMCIIEPCUU IapaMeTpa a;, ONpenaesseMas, HallpuMep, 110
J

MaTpuile aucnepcuu-koapuanuu (16).
['Mnore3y 0 3HaYUMOCTH OLIEHKH CJIEIyET OTBEPTHYTh, €CJIU BBITIOJIHSIETCS
yCIIOBHE:

t <t

J pacu Tabmn
rac fTa6ﬂ — TaOJINYHOE 3HAUECHUE KpUTCpua CTBIOI[CHTa Inpu BBI6paHHOM YPOBHC
3HAYMMOCTH U YMCJE CTCHCHEU CBO6OI[BIV =N — m., m — YHUCJIIO OLCHUBACMBIX

K03 (PUIIMEHTOB MOJEIH.

A

He3nauuMocTh OIleHKU a; O3Ha4dacT, 4ToO COOTBGTCTBYIOH_II/Iﬁ KOB(b(bI/IIII/I-

€HT MOET OBbITh UCKIIFOYEH U3 PACCMATPHBAEMOM MOJENH, TaK KaK FMIOTE3a O
TOM, 4TO a; =( HE OTBEepracrcsi.

2.4. Bzaumnwie npeoobpazoeanus mooeneil

2.4.1. Ilpeobpazosanue paznocmnozo ypasHeHus
8 OUCKPEMHYI0 M0Oelb RPOCMPAHCIEA COCMOAHUIL

Bua npeoGpazoBaHusi pa3HOCTHOTO YpaBHEHUS, 3aIaHHOTO MOJIeIbio (3),
B JUCKPETHYIO MOJI€JIb MPOCTPAHCTBA COCTOSHUN (7) OCYIIECTBISAETCS IO BHI-
paxenusm [1-3]:

—aa;’ 1 0 - 0 b, —a,a;'b,
~a,a;' 0 1 - 0 b, —a,a,'b,
A=| 1 i i T i|b= s ,¢" =(a,',0),d =4,'b,, (33)
~a,,a 0 0 - 1 b, 1 —a,.a, b,
-aa' 0 0 - 0 b, —a,a,'b,

rae 0 — HyJneBas BEKTOP-CTPOKa, pa3MepHOCThIO 1x(n-1).
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OTmeTuM, 9TO TaHHOE MTPeoOpa30BaHUE BBHIMTOIHUMO TOJIBKO IPU HEHYIIC-
BOM 3Ha4YeHUU KoddunreHTa ay, Mmoaenu (3).

2.4.2. Ilpeoopa3zoeanue ougpepenyuanvhozo ypasHenus 6 HenpepvleHyo Mo-
0ejlb NPOCMPAHCMEA COCMOAHUIL

[IpeoOpazoBanue nudpepeHIraIbHOTO YpaBHEHUS, 3aJaHHOTO MOJIEIBIO
(1), B HEPEPBIBHYIO MOJAEIb MPOCTPAHCTBA COCTOSIHUM (6) OCYIIECTBISAETCS MO
BbIpakeHusM [1-3]:

-a,,a, Y10 - 0 b,,—a,a, lbn
-a,,a, 0 1 - 0 b, ,—a,,a,'b,
T=| i ilg= : W' =(a,',0).k=a,'b,,(34)
—aa' 0 0 - 1 b —aa,'b,
—aa,' 0 0 - 0 b, —aya,'b,

rae 0 — HyJsieBast BEKTOP-CTPOKa, pa3MepHOCThIO 1x(n-1).
OTmeTuM, 4TO JaHHOE MPeoOpa30BaHKE BBHIMOIHUMO TOJBKO IPU HEHYJIe-
BOM 3Ha4eHUU Kod3PduUleHTa a, MOJEIH.

2.4.3. Ilpeobpazosanue Ouckpemuou mooeau RPOCMPAHCMEA COCHMOAHUIL 6
Pa3sHocmHoe ypasHenue

[Ipeobpa3oBaHue MUCKPETHON MOJICIHM MPOCTPaHCTBA cOoCTOsSHUU (7) B
pa3HOCTHOE ypaBHEHUE (3) OCyIeCTBIsETCS MO BeIpaxkeHusMm [ 1-3, 8]:

a 'y(k)=b"u(k), (35)
rie a = ub = COBIAJAI0OT COOTBET-
(~'A"P) ¢ Pb—(c'A"P Q) O
CTBEHHO C BeKTopaMH 4 u b  pasHocrHoro  ypaBHeHms  (5),
y(k) ¢
. y(k+n)) _ u(k +n) _ y(k+1) c'A
y(k)=( _ j,U(k){ _ : y(k) = : P=
y(k) T uk) 3 : :
y(k+n-1) cTA™!
d 0 e 0
) d 0| -
Q= : : .t (k) = (uk),u(k +1),...,u(k +n-1)),T-
¢c'A"b ¢'A"b - d

MaTPUYHBIN ONepaTop, KOTOPbIM BBEIEM CIEAYIOIUM 00pa3oMm [8].
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[lycth, M — maTpuIia pa3MepHOCTbIO [Xn, TA€ [ — YUCIO CTPOK, n —
YHCJI0 CTOJOIIOB, TOT/IA:

vM={m, ,j=Lni=11},AM=M J={s, ,, j=1n,i=11},

m,=m ,j=lni=LLk=m—-i-1.

OtMeTuMm nanee, yTo npeodpazoBanue (35) BO3MOXKHO TOJIBKO MPU HEBbI-
poxksieHHol MaTpuie P. 9T1o o3HauaeT, 4To JaHHOE MpeoOpa30BaHUE BO3MOKHO,
€CJIM M TOJIBKO €CJIM JIMHEHas OJHOMEpHas AMHamMu4deckas cucrema (7) mojaHo-
cThio Habmogaema [3].

2.4.4. Ilpeoopazoeanue HenpepvléHOll MOOENU RPOCHMPAHCHEA COCMOAHUIL 6
ougpgepenyuanvnoe ypasnenue

[TpeoOpazoBanre HEMPEPHIBHON MOJEIN MPOCTPAHCTBA cOCTOSIHUN (6) B
nuddepennmanbHoe ypaBHeHue (1) ocymecTBiseTcs 1mo Beipaxenusm [1-3,8]:

a"y(r)=b"u(), (36)
roe a . = (—hTT”P‘l,l);f)*T = ([Pg] 08 —hTT”P‘lQ,k) COBIANAIOT COOTBETCT-

BCHHO C BektopaMmu a u b mguddepenmumansHoro ypaBHenus (1),

(1)
_ _ dv(t h'
y() (1) an o
YO =| a"y@) (UK = gru) YO =| . P=l s
d"t d"t ’
d""y(t) h'T"!
d" 't
k 0 0
th k - 0 . du(t) d"_lu(t)
= cu () =| u(?), .
Q 5 DS (u() dt d"'t
hTTn—Zg hTTn—3g . k

[TpeoOpazoBanue (36) BO3MOKHO TOJIKO MPU HEBBIPOKJIECHHON MaTpHIIe
P. D10 03Hauvaer, 4TO IaHHOE MPEeoOpa30BaHUE BO3MOKHO, €CIIU U TOJIBKO €CIH
JUHEHAs OJHOMEpHAsl TUHAMUYecKas cucrteMa (6) MOJHOCTHIO HaOItoIaeMa

[3].

2.4.5. Ilpeobpazosanue nenpepvléHoil MOOeIU RPOCMPAHCHEA COCHIOAHUIL 8
OUCKDEMHYI0 MOOeb NPOCMPAHCMEA COCHOAHUIL

[IpeoOpazoBaHue HENMPEPHLIBHON MOJEIU MPOCTPAHCTBA COCTOSIHUM (6) B
JUCKPETHYIO MOJIETb MPOCTPAHCTBA COCTOSHUM (7) OCYIIECTBUM B COOTBETCT-
BUM C [3]:
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) kA 4k ) k Ak
A=e™ =S LA p Ay LA o=k (37)
=3 S (k+ 1)

2.4.6. Ilpeobpazoeanue ouckpemuoi mooeau npocmpancmea COCMmoAHUIN 8
HenpepovleHYI0 MOOEIb NPOCMPAHCHIEA COCHOAHUIL

[IpeoOpazoBaHue MUCKPETHON MOJEIM MPOCTPAaHCTBA cOCTOsTHUU (7) B
HETMPEPHIBHYIO MOJIENb MPOCTPAHCTBA COCTOSIHUM (6) OCYIIIECTBUM B COOTBETCT-
BUM C [3]:

1 1 & (A-1)
T=—InA=—) ()" —1
A Ath_;‘( ) ko
h'=c",k=d, (38)
1S (A=)
=— > () —Tbp
5 Atkzz(;( ) k+1

\
rae | — enuHuyHas MaTpuiia pa3sMEpPHOCTH 1XA.

HenoctaTtkom BeipaxeHnus (38) siBisieTcs €ro MejIeHHas CXOJAUMOCTb, 10
cpaBHEHMIO C (37), MO3TOMY MPEANOYTUTEIBHEE UCIIOIb30BaTh PEKYPPEHTHYIO
dopmyny HeroTona

-X;
X, =X -T+Ae ™, (39)
rae X,,,, X, — 3HaueHue In A Ha (i+1)-oM U i-OM mIare COOTBETCTBEHHO; I —
k
X, _\ [_Xz‘]
eIMHUYHASA MaTpHIa pa3sMEpPHOCTH nxn; e = ZT,
k=0 :

X, =0;X, = A —1,0 — nyneBas MaTpuLa Pa3MEPHOCTH 1X7.

2.4.7. Ilpeobpazoeanue paznocmno2o ypasHeHus 6 OUCKPEmHyio
nepeoamoynyio ynkyuro

[Tpu BBINIONHEHUH psAa yCIOBHi [1], B TOM 4Mciie IpH HYJIEBBIX HAYajlb-
HBIX YCJIOBHSX, IUCKpETHas nepeaaroynast pyHkuus (9) mpuMmer BUI:

-1 -n
by+bz +...+bz

w(z) = T

a,+az +..+az
K02 (PUIIHEHTHI KOTOPOU YKUCICHHO PAaBHBI COOTBETCTBYIOIINM KO3 dUIIMEHTaM
Mojenu (3).
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2.4.8. IIpeobpaszosanue ougpepenyuanvnozo ypasnenus
6 HEenPEPLIGHYI0 NEPEOaAmOYHYI0 (YYHKYUIO

[Tpu BBINIONTHEHUH psifia yCiaoBHi [1], B TOM YKciie IpHU HYJIEBBIX Hayajlb-
HBIX YCIIOBUSX, HEMPEphIBHAs NepeaaroyHast GyHKuus (8) mpuMeT BHU]L

W(s) = by+bs+...+bs

n 9
a,+as+...+as
K03 (PHUIMEHTHI KOTOPOU YHCICHHO PAaBHBI COOTBETCTBYIOIIMM KO3 (QHUIIMEHTaM
u3 (1).

3. Hoenmughukayus 1uHeiinblX HECMAUUOHAPHBIX OUHAMUYECKUX CUCHIEM

CymHOCTh IEPBOTO PACCMOTPEHHOTO B paboTe MOJAX0/a 3aKIII0YaeTCs B
TOM, YTO BbIOMpaeTcs BpeMeHHOH uHTepBan AT, Ha KOTOPOM MPUHUMAETCS
MPEANOI0KEHNE O TOM, YTO HACHTH(PHUIIUPYEMbI OOBEKT HE HM3MEHSET CBOH
JTUHAMHUYECKHE CBOMCTBA, U OCYIIECTBISICTCA CTPYKTYpHAs U MapameTpruecKas
uaeHTuuKanus o0bekTa mo cranmuoHapHo monenu (5). [lomydeHHbie OreHKH
MPUHUMAIOTCS B KA4eCTBE OICHOK IMOpsJKa HECTAlMOHAPHOTO Pa3HOCTHOIO
ypaBHEHHUSI, COOTBETCTBYIOIINX JJAHHOMY BPEMEHHOMY UHTEPBATY.

3aTeM OCYIIECTBISCTCS MEPEXOJ K CIEAyIOleMy BPEMEHHOMY WHTEpBa-
Jy, ¥ BBIYUCIISAIOTCS OLIEHKU TOPSIKA CTAIMOHAPHOM HA IaHHOM MHTEpBaJie MO-
nenu. [Iporiecc mOBTOPSIIOT HAa BCEM BpeMEHH HAOIOIeHUSI 00bEKTa.

Jpyroii moaxo/ pean3yoT peKyppEeHTHbIE METOIbl UACHTU(UKAIIIH, KO-
TOpbIE TIO3BOJISIIOT HAXOJUTh B PEAJbHOM BpPEMEHU OIICHKU KOd()(PHUIIMEHTOB
CTallMOHAPHOM MOJIETU B KOHLIE BpEMEHHOTr0 nHTepBaina. [Ipu HaamexaieM BbI-
Oope MUPHUHBI BPEMEHHOT'0 OKHA TaKUE OIICHKH OyayT OJM3KU K 3HaYCHUSIM KO-
3¢ (HUIIMEHTOB HECTAIIMOHAPHOW MOJIETN B KOHIIE JAHHOTO BPEMEHHOI'O UHTEP-
BaJa.

4. Mackupoeanue KoIghpuyuenmos mooeneii OUHAMUYECKUX CUCHIEM

Ecnu u3BecTHO, 4TO BCe KOMIIOHEHTHI MCCIETyeMON CUCTEMBI (DYHKIIHO-
HUPYIOT B HENPEPHIBHOM BPEMEHH, TO KOA(DPUIMEHT by pa3HOCTHOTO ypaBHE-
Hus (3) crneayer npuHATH paBHBIM HyIO [3]. Takoe pelieHue MoBIEYET 3a CO-
00l M3MEHEHHs B aIrOpUTMaX M METOAaX, PAaCCMOTPEHHBIX BbIle. OnwuineM
KpaTKO TaKUe U3MEHEHUS:

a) YMEHBIIUTCS HAa €AUHUILY Pa3MEPHOCTh BEKTOPOB OIICHUBAEMBIX Tapa-
METPOB MOJIEJH, BKIIOUABIIUX KOIDPUIIMEHT by MaHHBIN KO3 dULIUEHT OyaeT
UCKJTIOUCH U3 HUX;

0) usmenutcs pasmepHocts Matpuil F uz (14)—(16), (20)—(22), (24) u Z
u3 (21), (22), (24) u BexTopoB zx (22) u fy (18), (23): kpaitHuii 1eBbIA cTONOEI
(a;emeHT) OyJeT yaalieH;
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B) u3MeHuTcs pasMmepHocth Marpuil P uz (14)—(16), (20)—(22), (24):
CTOJIOCI] U CTPOKA, COOTBETCTBYIOIIME HCKIIOYaeMOMYy Ko3(uiueHty OyayT
yAAJICHBI,

I') YMEHBIIUTCS HAa €JUHUILY YUCJIO OMBITOB, HEOOXOAUMBIX JUIsl Hayaia
MPOLIEAYP PEKYPPEHTHOTO OLIEHUBAHUS [TAPAMETPOB PA3HOCTHOTO YPABHEHHS.

O6001IMB TaHHbIE U3MEHEHHUSI, BBE/IEM IMOHSATHE MAaCKUPOBAHUS KaK IMpo-
HEeAyphl UCKITIOYSHHUS U3 MOJIENA MPOU3BOJIBHBIX HE3HAYMMBIX KOA(D(PHUIIMEHTOB
JI0 HayaJla ¥ B Tpoliecce MpoUeaypbl UISHTU(DUKAIIMU. DTO TMO3BOJIUT yUUTHI-
BaTh AlPUOPHYIO HE3HAYUMOCTH psifa KO3PPUIIMEHTOB MOJICIIH.

Onwurmiem, Kakue U3MEHEHUS MMPOU30MAYT MPH UCKIIOYECHUH U3 Mozenu (5)
IPOU3BOJIBHOTO KOd(urmeHTa:

a) YMEHBIIUTCS HA €AUHULYy Pa3MEPHOCTh BEKTOPOB OLICHMBAEMBIX Mapa-
METpoB 0 Mojaenu (5), BKIIOYABIIMX HCKIOYaeMblid KO3((OUIIMEHT — AaHHBIN
Kod(ppunueHT OyeT UCKITIOYEH U3 HUX;

0) uzmenutcsi pasmepHocts Marpuil F u3 (14)—(16), (20)—-(22), 24) u Z
u3 (21), (22), (24) u BexTopoB 7 (22) u fi (18), (23): cronder (A7eMEHT), COOT-
BETCTBYIOIIMU UCKIIIOUaeMOMy KO3 dUIIMEeHTY OyIeT y1ajeH;

B) u3MeHuTcs pasMmepHocTh Marpunl P uz (14)—(16), (20)—(22), (24):
CTOJIOCI] U CTPOKA, COOTBETCTBYIOIIME HCKIIIOYaeMOMYy Kod(@uimeHty OyayT
yAaJICHBbI,

I') YMEHBIIUTCS HA €JUHUILY YUCIIO OMBITOB, HEOOXOMUMBIX ISl Hayaida
IPOLENYp PEKYPPEHTHOIO OLIEHUWBAHMS IapaMETPOB Pa3HOCTHOIO YypaBHE-
Hus (3).

AHAJIOTUYHYIO NMPOUEAYPY HYKHO BBITIOJTHUTH I MACKUPOBAaHUS KO3(D-
dburnmenToB pacmmpeHHbx Mmogenei (3), (17) u (3), (25).

Jlnst pasHOCTHOrO ypaBHeHus (3) BBeAeM MaTpHIly-MacKy mask pasmep-
HOCTHU 2xn. IlepBbIii ee cTOIOEI] COIEPKUT 3HAUCHHS MMOPSJIKOB JICBOM g U TIpa-
BOH p YacTeil pa3HOCTHOTO ypaBHEHHUA (3) (B 4aCTHOM cilydae OHU MOTYT OBITh
paBHbBL: g=p=n). 3HaUYE€HHUE KaXJO0r0 IPYyroro sjeMeHTa MaTpulbl mask, paBHoe
HYJIIO TOKa3bIBAET, YTO COOTBETCTBYIOUINI KOA(P(PUIUEHT Pa3HOCTHOTO ypaBHe-
Hud (3) OyAeT UCKIIIOYEH M3 MOJEINH 0 Havalla U B MPOLEecce NpoLeaypbl UaACH-
TU(UKauy. 3HaYeHHE TOTO K€ dJIeMEeHTa MaTpullsl mask, paBHoe 1 mokasbiBa-
eT, 4TO OyAyT HaXOJUTHCS OLIEHKH COOTBETCTBYIOIIETO KO3(PQHUIIMEHTa pa3HO-
CTHOT'O YPaBHEHHS.

B Ta6n. 1 nokazana cTpykTypa MaTpHIlbl Macku mask, T0moTHEHHON Jist
OMMCaHUsI MAaCKUPOBAHUS PACIIMPEHHBIX MOJEINIEH, UCIONIb3YEMBIX B psJie pac-
CMOTPEHHBIX METOJI0B TapaAMETPUUECKON UACHTU(PUKALINH.
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Tao0mmma 1.
Martpura-mMacka K03 HUIIMEeHTOB MOAEIIH.
Ob6nactb
Wunekc IOy CTH-
JJIEMEHTa | MBbIX ZHaqe— Onncanue
HUM
(1.1) nenoe, g— Hopﬁz[OKvHeBoﬁ YacTH pa3HOCTHOTO ypaBHEHH (3) (3HaMeHaTems
0<p<g | nepenarouynoi GpyHKIUH).
Macka k03¢ (GUIIMEHTOB JIEBOM YacTH Pa3HOCTHOTO ypaBHEHUS: €CIIU
K03 PHIIMEHT NaHHOW MacK paBeH |, TO COOTBETCTBYIOIIMNA €My KO-
b (UIMEHT NeBOM YacTH pPa3HOCTHOTO YpaBHEHHsI OIICHHBACHCH,
uHaue (paBeH 0) — cooTBETCTBYIOUIMIA KOI()(UIIMEHT HE OLICHHBACT-
(2,1)- TOJIBKO | Csl M PU3HAETCS allpUOpU PaBHBIM HyJI0. DieMeHT (2,1) cooTBeTct-
(gt2,1) i 0 ByeT k0d(hduuueHty o, moxaemu (3), anemenr (3,1) — xoadpdunmen-
Ty o, ¥ T. 1. 10 Kodhduuuenraca,, Koadduumenr o, Bcerna npunu-
MaeTcs anpuopd paBHBIM 1, HE 3aBUCHUMO OT 3HAYEHUS 3JEMEHTa
(2,1).
(1.2) enoe, pP— HopsmoxvnpaBoﬁ YacTH Pa3HOCTHOTO ypaBHEHUS (3) (YucIUTENs
0<p<g | nepenaro4ynoi GyHKIUN CUCTEMBI).
Macka k03¢ (UIIMeHTOB MPaBOi YacTH Pa3HOCTHOTO YPAaBHEHUS: €CIH
K03 PHIIMEHT TaHHOW MacKu paBeH |, TO COOTBETCTBYIOUIMNA €My KO-
¢ (UIMEHT MpaBoil YacTH PA3HOCTHOTO YpaBHEHHUS OICHUBACHCH,
(2,2)- TOJBKO | nHave (paBeH (0) — COOTBETCTBYIOMIHMA KOXPPHUITUSHT HE OICHUBACT-
(pt+2.2) uin 0 Csl M IPU3HAETCS allpUOPU PAaBHBIM HYJIO0. DJIEMEHT (2,2) COOTBETCT-
ByeT ko duuuenty , mozenu (3), anement (3,2) — xoddpdurmen-
Ty B, ¥ T. 11. 10 KOO PuLmenTaf .
¥ — TOPAJIOK 3HAMEHATeNsl NepeJaToyHOW (QYHKIMHU MOJENH IIyma
(1,3) nenoe,r =0
cM. (17) u3 [1]
Macka ko3 puiueHToB 3HAaMeHaTeNs NepeaaTouyHol (HyHKITMN MOJIe-
JM IyMa: eclid KO3 HUIMEHT JaHHOM MacKu paBeH 1, TO COOTBETCT-
ByIOUIMM eMy KoOd(D(QUIMEHT MoJenu NIyMa HCIONb3yeTcs MpH
¢unpTpanuu Bo BHyTpeHHeM mukie OMHK, unaue (pasen 0) — co-
(2,3)- TOIBKO 1 OTBETCTBYIOIIUN KOI(PPUIIMEHT HE HUCIHOJIb3yeTcs (TMpHU3HaeTcs ar-
(r+2,3) uim 0 pHOpU paBHBIM HYJIO). DneMeHT (2,3) cooTBeTCTBYET KO3 (UIMEH-
Ty d, Mopenu (17), anemeHT (3,3) — K03 PHULUUEHTY d, U T. II. 10 KO-
spdunuentad, . Koapduuuenrd, pcerna NpUHUMAETCS alpUOPH
paBHBIM |, HE 3aBUCHMO OT 3HA4YCHHS dIeMeHTa (2,3).
(1.4) 0H<GJ;O<C; 7s— TIOPSAZOK 3HAMEHATeNs NepedaToyHON (PyHKIHMHM MOJIENd IIyma
<s<r, (25)
Macka ko3 puIueHTOB 3HAaMeHaTeNs NepeaaTouyHol (QYHKIIMH MOJIe-
JM 1IyMa: eclid KO3 HUIMEHT JaHHOM MacKH paBeH 1, TO COOTBETCT-
BYIOIIUNA eMy KOA(h(DHUIIMEHT MOJeNH IIyMa OlICHUBAETCs, nHaue (pa-
(2,4)- TomBKo 1 BeH () — COOTBETCTBYIOUIMH KOA((UIIMEHT HE OLIEHUBACTCSA U IMPH-
(s+2,4) i 0 3HAETCS alpUOPH PaBHBIM HYJO. DieMeHT (2,4) COOTBETCTBYET KO-

apdunuenty d, mogenu (25), anemenr (3,4) — ko3ppunuenty d, u

T. 1. 10 kodddumuentad, . Koapduuuenrd,Bcerna npuHUMaeTcs

anpuOpH paBHBIM 1, HE 3aBUCUMO OT 3HAYEHUS dIeMeHTa (2,4).
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Ob6nactb
Nunekc OIlyCTH-
A Aoty Onucanue
JIEMEHTA | MBIX 3Haye-
HUM
LeJoe, .

(1,5) 0<s<r S — TOPSIIOK YUCIINTENS TIepeIaTOuYHON (PYHKIUU MOAETH 11yMa (25)
Macka KO3 (PHUIHUEHTOB YHUCIUTENS MEPEeAaTOuHON (YHKIHMU MOIEIH|
nryma: eciiy Ko3((UIHUEeHT TaHHONH MacKu paBeH 1, TO COOTBETCTBYIO-
muid eMy KO3(QUIMEHT MOJeNH IIyMa OLIEHUBAaeTcs, MHave (paBeH|

(2,5)- TOIBKO 1 0) — cooTBeTcTBYIOMMNA KOAPHUIIMEHT HE OIICHUBACTCS M IPU3HACTCS

(s+2,5) uim 0 anpuoOpH paBHBIM HYJIO. DieMeHT (2,5) COOTBETCTBYET KOA(PHUIIMEH-
Ty ¢, Mozenu (25), anemeHT (3,5) — KO3pPUIUEHTY ¢, U T. II. 10 KO-
ypdunuenrac, .

[Ipumeyanue: 3HaYCHUE HE yKa3aHHBIX B Ta0Jd.l 3J€MEHTOB MaTpPUIbI-MAaCKU MUTHOPUPYETCS
(MOXeT OBITB JIFOOBIM).

5. Onucanue gpynkyuit nakema npozpamm
5.1. Onpeoenenue nopsaoka pasHocmHo20 ypasHeHus

B nakere mporpamm peanu3oBaHbl 1B€ (QYHKUMU JJIs ONpPENEICHUs IO-
psiaka pazHocTHOTO ypaBHeHus (3): StructMetodsV1 — mo ¢yHKIMM motepsb
(11) u StructMetodsMoments — mo matpurie MmomeHTOB (12)—(13).

Taxxe peanuzoBana Qynkius Structldentify, koTopas oueHuBaeT mops-
JIOK Pa3HOCTHOTO YpaBHEHHUS 110 MHTEPBaIaM CTallMOHAPHOCTH HECTAIMOHAPHOMN
JUHAMUYEeCKOM cucteMbl [1,2] W HMcmonb3yeT sl 3TOro OAHY M3 (PYHKIMI
StructMetodsV1 win StructMetodsMoments.

5.1.1. StructMetodsV'1

BapI/IaHTBI BbI3OBA:
[V1, returnflag, order] = StructMetodsV1(U, Y, MaxG, showFlag, outType)
[V1, returnflag] = StructMetodsV1(U, Y, MaxG, showFlag)
[V1, returnflag] = StructMetodsV1(U, Y, MaxG)
[V1] = StructMetodsV1(U, Y, MaxG)

Onucanue:

Ocy1iecTBiseT CTPYKTYpHYIO HeHTU(PHKaIKIO 110 QyHKIUU noteps (11)
JUISl pa3HOCTHOTO ypaBHEHUs (3).

Hcxonnbie naHHbIE:

U — BeKTOp 3Ha4€HUN BXOJHOTO CUTHANA U , pa3MEPHOCTHIO 1 XN:

' =w(0),u(AT),....u((N-DAT)),

rae N — 4ucino U3MepeHui.

Y — BEKTOp 3HAaUCHUM BBIXOJHOTO CUTHANA J , PA3MEPHOCTHIO 1XxN:

¥ =((0),»(AT),....y((N =DAT)).
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MaxG — ckaJisip — MaKCHMAJIbHBIM PacCMaTpUBAEMBIN MOPSIOK CUCTE-
MBI.

showFlag — ckamsp, ecnu showFlag#0, 1o oTOOpakaer pe3ynbrar
uneHTudukanuu B Buae rpaduka, ecau showFlag=0 (unu npu BeI30BE MO YMOJI-
YaHUIO0 — BapuaHThl 3 U 4) — He oToOpakaeT U HE BHIBOAMUT COOOIICHUI Ha K-
paH.

outType — ckansgp — TuIl BBIBOAUMBIX 3HaueHuil: ecnu outType=0 unu
HE yKa3aH, TO BBIBOJSATCS 3HAa4eHUs (PyHKUMU HOTepb, ecnu outType=1, To BbI-
BOJATCSA JECATUUHBIE Jorapu(mbl GyHKIIUHN MOTEPb.

BrixonHbeie naHHBIC:

V1 — ecnu outType He ykazaH npu BbizoBe uinu outType=0, To V1=I71T —

BEKTOP-CTPOKA 3HaUeHUN (PyHKIUU noTeph (11) ans pa3nuyHbIX NOPSIKOB CUC-
TEeMBbI, pa3MepHOCThI0 MaxG x 1:

7l =(M.AQ),.... V (MaxG)).
[Tpu BapuanTe Bb130Ba 1 npu outType=1: VI=log,, 171T :

[Tpu BapuanTe BhI30oBa 1 order € 3HaueHHE BHIOPAHHON OICHKH IOPSJIKA
CHUCTEMBL.

returnflag — ¢uar ycmemHoro 3aBepiieHus: B CIy4ae YCHENTHOTO 3a-
BepIICHUS paBeH |, mHaue — (QYHKIUS BBIBOAWT cooOmeHne o0 ommoOke u
returnflag <O0.

Peanuzanus: MEX-gaiin: StructMetodsV1.dll;  6ubmuorexu CID.dIl,
MatrixM.dll 1 MATLABLnk.dII.

[Ipumep BbI30Ba 13 MATLAB:
U=[0.340;0.344;0.350;0.351;0.351;0.354;0.362;0.363;0.368;0.366] ;
Y=[0.432;0.410;0.371;0.357;0.345;0.383;0.424;0.399;0.354;0.325];
[V1, fl] = StructMetodsV1(U,Y,3)

V1 =0.00066002 0.00026373 2.7964¢-005
fl=1

5.1.2 StructMetodsMoments

BapuanTs! Be130Ba:
[rdQ, returnflag, order| = StructMetodsMoments(U, Y, MaxG, showFlag, outType)
[rdQ, returnflag] = StructMetodsMoments(U, Y, MaxG, showFlag)
[rdQ, returnflag] = StructMetodsMoments(U, Y, MaxG)
[rdQ] = StructMetodsMoments(U, Y, MaxG)

Onucanue:

OcymiecTBiseT CTPYKTYPHYIO HACHTH(PUKAIMIO IO MaTPHUIIE MOMEHTOB
(12)—(13) nnsa pazHocTHOrO ypaBHeHus (3).

HcxoaHble TaHHBIE:

U — BekTOp 3Ha4eHUH BXOJHOTO CUTHAJA YU , PA3MEPHOCTHIO 1 XNV,

Y — BEKTOp 3HAUYEHUI BHIXOJIHOTO CUTHAJIA ) , pa3MEPHOCTHIO 1xN.
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MaxG — ckaJisip — MaKCHMAJIbHBIM PacCMaTpUBAEMBIN MOPSIOK CUCTE-
MBI.

showFlag — ckamsp, ecnu showFlag#0, 1o oTOOpakaer pe3ynbrar
uneHTudukanuu B Buae rpaduka, ecau showFlag=0 (unu npu BeI30BE MO YMOJI-
YaHUIO0 — BapuaHThl 3 U 4) — He oToOpakaeT U HE BHIBOAMUT COOOIICHUI Ha K-
paH.

outType — ckansgp — TuIl BBIBOAUMBIX 3HaueHuil: ecnu outType=0 unu
HE yKa3aH, TO BBIBOJSATCS 3HAa4eHUs (PyHKUMU HOTepb, ecnu outType=1, To BbI-
BOJATCSA JECATUUHBIE Jorapu(mbl GyHKIIUHN MOTEPb.

BrixonHbeie naHHBIC:

rdQ — eciu outType He ykazaH npu Bbi3oBe wiau outType=0, To

rdQ=d ; — BEKTOP-CTPOKA OTHOCUTENBHBIX onpenenuteneit (13) cucremsl, pas-

MepHocThIo MaxG x 1:
J; =(rel det O(ii, y,1),rel det O(ii, y,2),...,rel det O(ii, y,MaxG)),

[Tpu BapuanTe Bb3oBa 1 pu outType=1: rdQ =‘log10 d qT ‘ :

[Ipu Bapuante BbI30Ba 1 order € 3Ha4YeHHE BHIOPAHHOM OLICHKU MOPSIKA
CUCTEMBI.

returnflag — ¢uar ycmnemHoro 3aBepiiieHHs: B Cly4ae YCIHENIHOro 3a-
BepIIeHs paBeH |, nHaue — (PyHKIMS BBHIBOAMUT COOOIIEHHE 00 OIMOKe U re-
turnflag<0.

Peamuzamus: MEX-¢aitn:  StructMetodsMoments.dll; OonbmmoTeKu
CID.dll, Matrix.dll u MATLABLnk.dIL.

[Ipumep Bb130Ba 13 MATLAB:
U=[0.340;0.344;0.350;0.351;0.351;0.354;0.362;0.363;0.368;0.366] ;
Y=[0.432;0.410;0.371;0.357;0.345;0.383;0.424;0.399;0.354;0.325];
[reldetQ, fl] = StructMetodsMoments(U,Y,4)
reldetQ = 0.0085789 1.2796e-009 9.4988e-018 -3.2156e-047
fil=1

5.1.3. Structldentify

BapuaHTsl BpI30Ba:

[vals, Orders, returnflag]=Structldentify (U, Y, MaxG, logFlag, wTime, shift, MetNum)
[vals, Orders]=Structldentify (U, Y, MaxG, logFlag, wTime, shift, MetNum)

Omnucanue:

OcymiecTBaseT CTPYKTYPHYH WACHTH(GUKAIMIO OJHUM U3 METO0B
StructMetodsMoments unu StructMetodsV1 mo BpeMeHHBIM OKHaM JJIs CTa-
MOHAPHOTO PA3HOCTHOTO ypaBHEHUS (3).

HcxoaHble TaHHBIE:

U — BEKTOp 3HAYEHMI BXOJHOI'O CUTHAJA U , Pa3MEPHOCThIO 1X/V.

Y — BeKTOp 3HaYCHUH BBHIXOJHOTO CUTHAJIA ¥ , PA3MEPHOCTHIO 1XN.
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MaxG — ckaJisip — MaKCHMAJIbHBIM PacCMaTpUBAEMBIN MOPSIOK CUCTE-
MBI.

logFlag — ckansap. Ecnu logFlag =0, To B KauecTBe pe3yJbTaTOB HJEH-
TU(DUKAIMU BBIBOJSATCSA 3HAUCHHUS OMNpENETUTENIe MaTpHUIlbl MOMEHTOB (WJIU
dbyHkuuu noreps), a ecnu logFlag =1— BeIBOASATCS 3HAYEHUS IECATUYHBIX JIOTa-
pudMOB onpeieTuTeNeH MaTPUIIbl MOMEHTOB (MJIM 3HAaYEHUH (QYyHKIUU MTOTEPD ).

wTime — mupuHa BpeMEHHOT0 OKHa B TakTax (1 TakT = At c¢),

shift — BenuunHa mpuUpaleHus TPU CIBUTE TPAHUIl BPEMEHHOTO OKHA, B
TaKTax,

MetNum — KoJi UCHOJIb3yeMOr0 METO/a CTPYKTYPHOU HMIACHTHU(PHUKAIUH,
BO3MO>KHBIC 3HAUCHUS:

1 — o pyukuuu noreps (cM. StructMetodsV1);

2 — mo MaTtpuile MOMEeHTOB (cM. StructMetodsMoments).

BrixoaHbie 1aHHBIC:

vals — maTpuIia HaCTpOMKH 3HaYeHUW (QYHKLIHUU NOTEph (OnpeaenuTenei
MaTpPUIbl MOMEHTOB) WJIH UX JIOTapU(PMBI.

Orders — BEKTOp HACTPOMKHM BHIOPAHHBIX HA KAKJIOM OKHE 3HAYEHHI MO-
PAIKOB MOJIEIIH.

returnflag — Quar ycnemHoro 3aBepilieHHs: B Cly4ae YCHENIHOro 3a-
BepIIeHUs paBeH |, nHaue — (PyHKIMS BBHIBOAMUT COOOIIEHHE 00 OIMOKe U re-
turnflag<0.

Peammmzanms: MEX-daitn:  Structldentify.dll; ounoanorexn CID.dII,
Matrix.dll u MATLABLnk.dIl.

[Tpumep BbI30Ba N3 MATLAB:
U=[ -0.548;0.610;0.266;-0.536;0.450;-0.702;...]; Yomatrix: 10000x1
Y=[ 0;-0.1529;0.0526;0.1029;-0.0709;0.0641;...]; Yomatrix: 10000x1
% StructMetodsV1:
[vals, Orders, fl |= Structldentify (U, Y, 4, 1, 400, 40, 1);
fl=1
% StructMetodsMoments:
[vals, Orders, fl |= Structldentify (U, Y, 4, 1, 400, 40, 2);
fl=1

5.2. Onpeoenenue ouenok KoI(ppuyuenmoes paznocmuozo ypasHeHus

B nakete nmporpaMm peain30BaHbl ceMb (PYyHKLIUN JUIs1 ONpeAesieHus o1e-
HOK Kod(duimenToB paznoctHoro ypaBHenus: MetodLSQ — MHK (15)—(16),
MetodGLSQ — OMHK (anroputm A), MetodLSQOnline — pMHK (19)—(20),
MetodlV — MUII (21)—(22), MetodIVOnline — pMMUII (23)—(24), MetodEM-
MOnline — pPMM (26)—(28) u Metod[VEMMOnline — koMOWHUPOBaHHBIHI
pPMM u pMUII (30) .

Taxxe peanuzoBana ¢ynkius Paramldentify, kotopas oneHuBaeTr xKo3¢-
(GUIMEHTH MOJIENI Pa3HOCTHOTO YPAaBHEHMS MO WHTEpBAJIaM CTAIIMOHAPHOCTH
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HECTAIlMOHAPHOW AUHAMUYECKON CHUCTEMBI [1,2] U UCMONB3yET I 3TOTO OJHY
U3 BBINICTIEPEUUCIICHHBIX (DYHKITUH.

5.2.1. MetodLSQ

BapuanTs! Be130Ba:

[alfa, beta, e, estC, Cov, returnflag] = MetodLSQ(U, Y, mask, showFlag)
[alfa, beta, e, estC, Cov, returnflag] = Metod LSQ(U, Y, mask)
[alfa, beta, e, estC, Cov] = MetodLSQ(U, Y, mask)

Omnucanue:

OcymiecTBiseT nmapaMeTpUIECKyl0 UIACHTU(PUKAIINIO pa3sHOCTHOTO ypaB-
HeHus (3) METoAO0M HauMEHbIINX KBaIpaToB (15—-16).

HaxoauT oreHku TOJIBKO TeX KOd(PGUIIMEHTOB MOJEIH, IS KOTOPBIX
3HAYCHUE COOTBETCTBYIOIINX 3JIEMEHTOB MaTpHUIlbl mask paBHo 1, npyrue mapa-
METPBbI CHCTEMBI IPUHUMAIOTCS PaBHBIMU () C HYJIEBOW IUCIIEPCUEH.

HMcxonHbie JaHHBIE:

U — BEeKTOp 3HaYCHHUI BXOJHOIO CUTHAJA U, Pa3MEPHOCTBIO 1XN.

Y — BEKTOp 3HAUEHUI BBIXOJHOTO CUTHANAY , PA3MEPHOCTHIO 1X/V.

mask — MOpsJIKM pa3HOCTHOT'O YpaBHEHUS U MaTpHUIla-MacKa ImapaMeTpoB
(mepBbIe ABE CTPOKH MATPHUIIBI U3 Ta0. 1), B T.4.:

g= mask.(1,2) — mopsaok 3HaMeHaTeNs MepeaTOuHON (YHKIIMA CUCTE-
MBI,

p= mask.(1,2) — nopsaok yucauTens nepeaaToyHol (YHKIUH CHUCTe-
Mb,0< p<g.

showFlag — ckansp, ecnu showFlag# 0, To oToOpakaeT B OTIEIbHBIX
OKHaX pe3yJIbTaThl HACHTU(PUKALINU, UHAYE (WM MPU BBI30BE MO YMOIYAHUIO —
BapUaHTHI 2 U 3) — HE 0TOOpa)kaeT U HE BBIBOJUT COOOIIEHUHN Ha DKpaH.

BrixonHbeie naHHBIC:

alfa— BekTOop o — OIIEHOK mapameTpoB Mozenu (3), pa3MEepHOCTHIO
Ix(g+1),
beta — BekTop P — oIleHOK mapameTpoB Mozaenu (3), pa3MepHOCTHIO

1x(g+1), ecnmu p<g, TO B KOHEI[ JOOABJICHBI HYJIH,

€ — BEKTOp HEBSI30K e u3 (5), paCHIMpeHHbIH 10 pa3MepHOcTH 1XN 1o-
OaBJeHHMEM B HA4YaJIO BEKTOpa € u3 (5) HyJeH,

estC — BEKTOp MOJy4EHHBIX OLIEHOK O koddduinmentoB monxenu (5),
noyiydeHHslid 1o (15) u3 [1], pasmMepHOCTh MOXKET OBITH MEHbIIE, YeM g+p+1, B
3aBUCHUMOCTH OT Macku mask.

Cov — wmartpuia nucrepcuu-kKoBapuaiuu oreHok cov(0) (16), B koto-

PYIO BKJIFOUEHBI OLEHKU JUCTIEPCUU M KOBApUAIIUHU TOJIBKO T€X KO3(PPHUIIHEHTOB,
KOTOpPBIE COCTABIAOT BEKTOP estC.
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returnflag — Quar ycnemHoro 3aBepileHHs: B Cly4ae YCHEUIHOro 3a-
BEpIICHUS paBeH 1, mHaYe — (YHKIUSA BBIBOAWT cooOmeHne o0 ommOke u
returnflag <O0.

Peammzanus: MEX-daiin:  MetodLSQ.dll; oubimorexkun CID.dll,
Matrix.dll u MATLABLnk.dIl.

[Tpumep Bb130Ba 13 MATLAB:
U=[0.340;0.344;0.350;0.351;0.351;0.354;0.362;0.363;0.368;0.366];
Y=[0.432;0.410;0.371;0.357;0.345;0.383;0.424;0.399;0.354;0.325];
mask=[111;101];
[alfa,beta,e,estC,Cov,fl|=Metod LSQ(U,Y,mask,0)
alfa =

1.0000
-0.6782
beta =
0
0.3170
e=
0
0.0092
-0.0161
-0.0056
-0.0084
0.0378
0.0520
-0.0033
-0.0317
-0.0317
estC =
0.3170
0.6782
Cov =
0.0769 -0.0700
-0.0700 0.0642
fl=1

5.2.2. MetodGLSQ

BapuaHTsl BeI30Ba:
[alfa, beta, e, estC, Cov, resPars, returnflag, SetsPar] = MetodGLSQ(U, Y, mask, Max-
Iter, eps, showFlag)
[alfa, beta, e, estC, Cov, resPars, returnflag | = MetodGLSQ(U, Y, mask, MaxlIter, eps)
[alfa, beta, e, estC, Cov, resPars | = MetodGLSQ(U, Y, mask, Maxlter, eps)

Onucanue:

OcymiecTBiseT mapaMeTPUIECKyl0 UIACHTU(PUKAIINIO pa3HOCTHOTO ypaB-
HeHust (3) 0000IIEHHBIM METOJIOM HAaUMEHBIITNX KBaIPaToB (110 aIrOpuT™My A).
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HaxoauT OIEHKH TOJNBKO TeX KO3()MHUIUMEHTOB MOJIENHU, IS KOTOPHIX
3HaUEHUE COOTBETCTBYIOMIUX >JIEMEHTOB MaTpHIbl mask paBHo 1, npyrue napa-
METPBI CUCTEMBI TIPMHUMAKOTCS PaBHBIMU 0 C HYJIEBOH JUCIEPCUEN.

HHKH OMHK-OHCHI/IBaHHﬂ 3aKaH4YMNBACTCA, KOI'Ja 3HAUYCHHC KaXI0I'0
0, —0i

9JICMCHTA BCKTOpa CTAaHOBHUTCS MCHBIIC CPS HIIM BBIIIOJHACTCA YCIIO-

Bue i >Maxlter.
HcxonHble TaHHbBIE:
U — BEKTOp 3HA4€HUIN BXOAHOTO CUTHAJA U, pa3MEPHOCTHIO 1XV.
Y — BEKTOp 3HAYEHHUI BBIXOJHOI'O CUTHAJA Y, PA3MEPHOCTHIO 1X/V.

mask — MopsIKi pa3HOCTHOTO YpaBHEHUS U MaTpHUlla-MacKka mapaMeTpoB
(mepBbI€ TPU CTPOKU MaTpHULbl U3 Talm. 1), B T.4.:

g= mask.(1,2) — nopsaok 3HameHaTeNs nepeJaTouHol (YHKIMHU CUCTE-
MBI,

p=mask.(1,2) — nopsaaok ynuciauTens nepeaaToyYHon (PyHKIIMU CUCTEMBI,
r= mask.(1,3) — mops0K 3HaMeHaTelsl epeaTOYHON (HYHKIIUU MOJICTH
myma cM. (3.10) u3 [1],0< p<g,r>0.

MaxIter — Ham6oJbIIIEe YKCIO BBIOJIHEHUS BHYTPEHHETO IUKIA (DUITHT-
pauuu-oueHuBanusa: i > Maxlter, rne i — TeKylee KOJIMYECTBO HMTEPALUN B
IIUKJIe — BTOPOE YCJIOBHE 3aBepUICHU OlleHuBaHusA-GubTpanun. MaxlIter > 2.

eps — TOpOroBas BEJIMYMHA KPUTEPUsl 3aBEPLICHUS BBIYMCICHHM

A

0; — éi—l

<eps.

showFlag — ckamsp, eciun showFlag#0, To orobpaxaer B OTAENbHBIX
OKHaX pe3yJIbTaThl UACHTH(PHUKAIINHN, HHaYe (MIU TIPU BBI30BE M0 YMOTYAHHUIO —
BapUaHTHI 2 U 3) — HE 0TOOpa)KaeT U HE BBIBOJAMUT COOOLIEHUH Ha SKpaH.

BrixoaHble JaHHBIC:

alfa— BexkTOp O — OILIEHOK mMmapamMeTpoB Mojenu (3), pa3MEepHOCTHIO
Ix(g+1),

beta — BekTOp P — oOIEHOK MmapamMeTpoB Moaenu (3), pa3MepHOCTHIO
1x(g+1),ecnu p<g, TO B KOHEI[ J0OABICHBI HYJIH,

€ — BEKTOp HEBSI30K e M3 (5), pacIIMpeHHbIA 10 pa3MepHOcTH 1XN 10-
OaBJICHHEM B Ha4aJjlo BEKTOpa e u3 (5) HyJeH,

estC — BEKTOp NOJIy4eHHBIX OLIEHOK O koadduiuuentoB monenu (95),
TIOJTyYEHHBIN 10 aNTOPUTMY A, pa3MEPHOCTh MOXKET OBITh MEHbIIE, YeM g+p+1,
B 3aBHCHMOCTH OT Macku mask.

Cov — Marpuiia iucnepcuu-KoBapruauu oueHok cov() (16), B koTopyro
BKJIFOUEHBI OLICHKU JUCIEPCUU U KOBApUAIIMH TOJIBKO TeX KO3(P(UIIMEHTOB, KO-
TOpbIE COCTABIAIOT BEKTOP estC.

resPars — marpuna BeixogHsix napamerpoB nouenypsl OMHK onenuBa-
HUSL:
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resPars.(1,1)€1 — B ciy4ae YCIHEIIHOTO 3aBEpIICHHS IO YCIOBHIO
0, — 01| <eps,
resPars.(1,1)€0 — ecnu 3aBepiieHHe MPOLEAYPHI OICHUBAHHS TIPO-

M3011JI0 T10 YCIIOBUIO [ > Maxlter,
resPars.(2,1)€i — 4YKCII0 IPOU3BEICHHBIX UTCPAIIUH B IIUKIIC.

resPars.(1,2)-resPars.(x,2) — »JIeMEHTBl TOCJIEIHEH  BEKTOP-CTPOKHU
T

A

0; —0,.1| , x=pa3MepHOCTb BEKTOpa 6.

returnflag — ¢uar ycnemmHoro 3aBepIieHHs: B CiIy4ae YCIEIIHOTO 3a-
BeplieHUs paBeH 1, nHaue — (QyHKIMS BBIBOJUT COOOIIeHHE 00 omuOKe u re-
turnflag<0.

Peammmzanms: MEX-daiin:  MetodGLSQ.dll; oubmorekn CID.dIl,
Matrix.dll u MATLABLnk.dIl.

[Tpumep BbI30Ba N3 MATLAB:
U=[0.340;0.344;0.350;0.351;0.351;0.354;0.362;0.363;0.368;0.366] ;
Y=[0.432;0.410;0.371;0.357;0.345;0.383;0.424;0.399;0.354;0.325];
mask=[111;101;1011];
[alfa,beta,e,estC,Cov,EndPars,fll=MetodGLSQ(U,Y,mask,100,1e-6,0)
alfa =

1.0000

-2.2930
beta =

0

-1.3729

e=
0

-0.0070

0.0857

-0.0435

0.0063

0.0552

0.0495

-0.0374

-0.0577

-0.0211
estC =

-1.3729

2.2930
Cov =

0.2561 -0.2345

-0.2345 0.2153
EndPars =

1.0000 67.0000

-8.4771e-007 7.8944e-007
fl=1
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5.2.3. MetodLSQOnline

Bapuantsl Be130Ba:
[alfa, beta, e, estC, P, Cov, returnflag, SetPars|=MetodLSQOnline(U, Y, mask, show-
Flag, initC, initP)
[alfa, beta, e, estC, P, Cov, returnflag] = MetodLSQOnline (U, Y, mask, showFlag, initC,
initP
[alfa,) beta, e, estC, P, Cov] = MetodLSQOnline (U, Y, mask, showFlag)
[alfa, beta, e, estC, P, Cov] = MetodLSQOnline (U, Y, mask)

Onucanue:

OcymiecTBiseT nmapaMeTPUIECKy0 HUIACHTH(PHUKAINIO pa3sHOCTHOTO ypaB-
HeHus (3) peKyppeHTHBIM METOJIOM HauMeHbIIUX KBaaparos (18)—(20).

Haxomut oreHku TOMBKO TeX KOA(D(HUIIMEHTOB MOJETH, I KOTOPBIX
3HaYEHNE COOTBETCTBYIONIUX AJIEMEHTOB MaTpHIlbl mask paBHo 1, mpyrue mapa-
METPBbI CHCTEMBI IPUHUMAIOTCS PaBHBIMU () C HYJIEBOW AUCTIEPCUEH.

HMcxoaHble TaHHBIE:

U — BEKTOp 3HAYEHMI BXOJHOI'O CUTHAJA U, Pa3MEPHOCTHIO 1XN.

Y — BEKTOp 3HAUYEHUI BHIXOJIHOTO CUTHAJIA Yy, pa3MEPHOCTHIO 1XxN.

mask — MOpsJIKM pa3HOCTHOT'O YpaBHEHUS U MaTpUIla-MacKa ImapaMeTpoB
(mepBBIC IBE CTPOKK MATpHIIbI U3 Tabi. 1), B T. 4.:

g= mask.(1,2) — mopsiok 3HaMeHaTeNsl epeaaToOuHol (PYHKIIUKM CUCTe-
MBI,

p=mask.(1,2) — nopsAa0oK YMUCIUTENS IEPEAATOYHON (PYHKITUU CUCTEMBI,

0<p<g.

Ecmu initC — nmycTas Matpuna (Win He yKa3aHa B TapaMeTpax BbI30BA —

BapHuaHThl 3 u 4), TO Ouan TI0 dopmyne (19), unaue O = nitC;

Ecnu initP — mycras marpunia (Mau He yKa3aHa B ITapaMeTpax BhI30BA —
BapuaHTsl 2-4), o P 1o ¢popmyne (19), unaue P, = initP.

showFlag — ckansp, ecnu showFlag# 0, To oToOpakaeT B OTIEIbHBIX
OKHaX pe3yJIbTaThl UACHTH(PUKAIINHN, HHaYe (MU TIPU BBI30BE M0 YMOTYAHHIO —
BapHaHTHI 2 U 3) — HE 0TOOpaKaeT M HE BBIBOJIUT COOOIIEHUI HA SKpaH.

BrixoHbIe JaHHBIE:

alfa— BekTOop O — OIIEHOK mapameTpoB Mozenu (3), pa3MEepHOCTHIO
1x(g+1),
beta — BekTop P — oleHOK mapameTpoB Mozenu (3), pa3MepHOCTHIO

1x(g+1),ecnu p<g, TO B KOHEL J0OABIEHBI HYJIH,
€ — BEKTOp HEBS30K € u3 (5), paclIMpeHHBI A0 pa3MepHOCTH 1XN mo-
OaBJICHHEM B Ha4aJjlo BEKTopa e u3 (5) HyJeH,

estC — BEKTOp NOJIyYEHHBIX OLIEHOK 0 koapurenToB monenu (5),
MOJIYYCHHBIN 110 aITOPUTMY A, Pa3MEPHOCTh MOXKET OBITh MEHBIIIE, YeM g+p+1,
B 3aBUCUMOCTH OT Macku mask.

P — marpuna P, (19),

743



Tpyouwt 11 nayunotl konghepenyuu «Ilpoexmuposarue uHICeHePHbIX U HAYYHBIX npunodceruti 6 cpeoe MATLABy
T

Cov — ManI/IHaCOV(éN) =P, %, rze pa3MepHocTh e paBHa N/2 (N/2

TIOCTICTHUX 3HAYCHHUI HEBS30K),

SetPars — MaTpuiia HACTPOWKH MapamMeTpOB — JJIEMEHTOB BEKTOpa
0:,i=0,N .

returnflag — Quar ycnemHoro 3aBepileHHs: B Clly4ae YCHENIHOro 3a-
BeplieHusl paBeH 1, wHaye — (YHKIUSA BBIBOJMUT COOOIICHUE 00 OmuOKe |
returnflag <O0.

Peammzanus: MEX-daiin: MetodLSQOnline.dll; 6u6auorexu CID.dII,
Matrix.dll u MATLABLnk.dIl.

[Tpumep BbI30Ba 13 MATLAB:

U=[ -0.548;0.610;0.266;-0.536;0.450;-0.702;...]; Yomatrix: 10000x1
Y=[ 0;-0.1529;0.0526;0.1029;-0.0709;0.0641;...]; Yomatrix: 10000x1
mask=[111;101];
[alfa,beta,e,estC,P,Cov,fl|= Metod LSQOnline(U,Y,mask);
alfa =

1.0000

-0.7102
beta= 0

0.2797
e =1[0;050;-0.0117;-0.0003;-0.0063;-0.0096;...]; Yomatrix:10000x1
estC =

0.2797

0.7102
P =3.0292¢-004 -1.2795e-006

-1.2795e-006 1.9025e-003
Cov =

2.0106e-008 -8.4927e-011

-8.4927e-011 1.2628e-007
fl=1

5.2.4. MetodlV

Bapuantsl Be130Ba:

[alfa, beta, e, estC, returnflag] = MetodIV(U, Y, mask, MaxlIter, eps, showFlag)
[alfa, beta, e, estC, returnflag] = MetodIV(U, Y, mask, initType, initF, showFlag)
[alfa, beta, e, estC, returnflag] = MetodIV(U, Y, mask, initType, initF)

[alfa, beta, e, estC] = MetodIV(U, Y, mask, Maxlter, eps)

Onmucanue:

OcymiecTBiseT MapaMeTPUIECKyr0 MACHTU(UKAIINIO PA3HOCTHOTO ypaB-
HeHus (3) METO0M MHCTPYMEHTAILHOM nepeMeHHo (21)-(22).

HaxoauT oleHKH TOJIbKO TeX KO3(PQUIIMEHTOB MOJEIHU, ISl KOTOPBIX
3HAYE€HHE COOTBETCTBYIOUIUX 3JIEMEHTOB MaTpullbl mask paBHo 1, npyrue napa-
METPbI CHCTEMBI IPUHUMAIOTCS PaBHBIMU () C HYJIEBOW AUCTIEPCUECH.

Jna 3amaHusd 3HAYEHUNM HWHCTPYMEHTAJIBbHOW IIEPEMEHHOW HCIIOIb3YET
OLICHKHU ITapaMeTPOB MOJEIIN UJIU €€ HETTOCPEACTBEHHBIE 3HAUYCHUS.
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HcxoaHble TaHHBIE:
U — BEKTOp 3HAYEHMI BXOJHOI'O CUTHAJA U, Pa3MEPHOCTHIO 1XN.
Y — BEKTOp 3HAYEHMI BBIXOJHOI'O CUTHAJA Yy, PAa3MEPHOCTHIO 1XN.

mask — TOpSIIKK pa3HOCTHOT'O YPaBHEHUS U MaTpHUIla-MacKa ImapaMeTpoB
(mepBble ABE CTPOKM MATpPUIBI W3 Tabn. | WIM TPU CTPOKH BBHI3OBE
MetodGLSQ), B T. 4.:

g= mask.(1,2) — mopsaok 3HaMeHaTeNsl epeaaTouHol (PYHKIIUKM CUCTe-

MBI,

p=mask.(1,2) — nopsAa0K YUCIUTENS IEPEAATOYHON (PYHKITUU CUCTEMBI,

r= mask.(1,3) — mopsA10k 3HaMeHaTeNs nepeaTOuHON (PYHKITUHA MOJIEIH
mryma (17) (Bcst Tpetbst cTpoka Tonbko npu BeizoBe OMHK, cm. MetodGLSQ,
€CJIU MIPU BbI30BE yKa3zaHbl ckaysipel MaxlIter u eps), 0< p<g,r>0.

Eciam initType-ckansap u initF-maTtpuna(BekTop) He yka3aHbl, a yKa3aHbl
ckaisipel MaxlIter u eps, TO Moxy4yaeT OLIEHKU MapaMeTpoB (UIbTpa MpeaBapu-
TeabHbIM BBI30BOM MeTtoja OMHK (MetodGLSQ) co crpykTypoit Mmojaenu, Ka-
Kas nponucana B 1-3 ctpokax mask.

Nuaye ecnu ykazad initType=1, To initF — Marpuiia mapameTpoB JTUHEH-
HOTO JIMHAMHUYECKOTO (DUIBTPa, BHIXOJI KOTOPOTO HCIOIB3YETCsl B KAYECTBE MH-
CTPYMEHTAJIBLHOM MEPEMEHHOMN, CTPYKTYpa KOTOPOil MpuBeieHa B Ta0. 2.

Ta0mnuua 2.
Marpuiia onucaHusi pa3HOCTHOTO YPaBHEHHUSI.
Ob6nacts 10-
HNunexc A
Ty CTUMBIX Onucanue
JJIEMEHTA .
3HaYEHUN
g — TIOPAJZIOK JIEBOM YacTU Pa3HOCTHOrO ypaBHeHHs (3) (3HaMeHa-
(L) g>0,gez |ToM nepenatouyHoil ¢pyHkimmn). PaccmMarpuBaeTcss U3MEHEHHAs MO-
’ 7 nenb (3): TOpsIKK JIEBOI YacTh g M MIPaBOi p MOTYT OBITH pa3iny-
HBL.
3HavyeHusT KOX(PPHUIHUEHTOB JEBOM YaCTH Pa3HOCTHOTO ypPaBHEHHS.
((%:;)l‘) R OnemeHnt (2,1) paBeH kodpduuuenty o, wmoaenu (3), 3IeMeHT
£ (3,1) — xoaddpunmenty o, u T. 1. 10 KOdPDHULKEHTA L , .
(1.2) 0<p<g:p.g€Z | p— MOPANOK MPaBOW YaCTU PA3HOCTHOrO ypaBHeHUs mojaenu (3)
’ (uucnuTens nepenaTtouHor QYHKITMH CUCTEMBI)
3HavyeHus1 kK03()PUIMEHTOB MPaBOil YacTH Pa3HOCTHOTO ypaBHEHHSI.
(2,2)- R Onement (2,2) pasen koddduuuenty, monemu (3), 3IEMEHT
(p+2,2)
(3,2) — koo purmenty B, u T. 11. 10 KodppumeHTaf .

Ecmu initType=1, To initF — BekTop 3HaUYeHUII WHCTPYMEHTAJIBHOW Tie-
PEMEHHOM, pa3MepHOCThIO 1XN.

showFlag — ckamsp, ecnu showFlag#0, To orobpaxaer B OTAENbHBIX
OKHaX pe3yJIbTaThl UACHTH(PHUKAIIUHN, MHAYE (MU TPU BBHI30BE MO0 YMOTYAHHUIO —
BapHaHThI 3 U 4) — HE 0TOOpa)KaeT U HE BBIBOJUT COOOIIEHUI HA SKpaH.

BbIX0/HbIE JaHHbIE:
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alfa— BekTOp O — OlLIEHOK TapameTpoB Mozenu (3), pa3MEepHOCTHIO

Ix(g+1),
beta — BekTop P — oIeHOK mapameTpoB Moxaenu (3), pa3MepHOCTHIO

1x(g+1), ecnmu p<g, TO B KOHEI[ J0OABJICHBI HYJIH,
€ — BEKTOp HEBS30K € u3 (5), paclIMpeHHbId A0 pa3MepHOCTH 1xXN mo-
OaBJICHHEM B Ha4aJio BEKTOpa e u3 (5) HyJeH,

estC — BEKTOp MOJYYEHHBIX OLEHOK 0 ko3 uueHToB monenu (95),
NOJIYYeHHBIN 10 (22), pa3MEpHOCTh MOXKET ObITh MEHbIIIE, ueM g+p+1, B 3aBU-
CUMOCTH OT Macku mask.

returnflag — Quar ycnemHoro 3aBepilieHHs: B cly4ae YCHENIHOro 3a-
BeplieHusl paBeH 1, wHaye — (YHKIUSA BBIBOJMUT COOOIICHHE 00 OmuOKe u
returnflag <O0.

Peanuzanusi: MEX-daitn: MetodIV.dll; 6ubmuorexku CID.dIl, Matrix.dll
u MATLABLnk.dll.

[Tpumep BbI30Ba 13 MATLAB:
U=[ -0.548;0.610;0.266;-0.536;0.450;-0.702;...]; Yomatrix: 10000x1
Y=[ 0;-0.1529;0.0526;0.1029;-0.0709;0.0641;...]; Yomatrix: 10000x1
mask=[111;101;111];
[alfa, beta, e, estC, fl]= MetodIV (U, Y, mask, 40, 1e-6)
alfa =
1.0000
-0.7102
beta= 0
0.2797
e =10;0.0004;-0.0095;-0.0088;0.0059;...] % matrix: 10000x1
estC =
0.2797
0.7102
fl=1

5.2.5. MetodIVOnline

BapuanTs! Be130Ba:
[alfa, beta, e, estC, Cov, P, returnflag, SetPars] = MetodIVOnline (U, Y, mask, show-
Flag, initType, initF, initC, initP)
[alfa, beta, e, estC, Cov, P, returnflag] = MetodIVOnline (U, Y, mask, showFlag, init-
Type, initF, initC, initP)
[alfa, beta, e, estC, Cov, P, returnflag] = MetodIVOnline (U, Y, mask, showFlag, Max-
Iter, eps, initC, initP)
[alfa, beta, e, estC, Cov, P, returnflag] = MetodIVOnline (U, Y, mask, showFlag, init-

Type, initF)

[alfa, beta, e, estC, Cov, P, returnflag] = MetodIVOnline (U, Y, mask, showFlag, Max-

Iter, eps)

[alfa, beta, e, estC, Cov, P] = MetodIVOnline (U, Y, mask, showFlag, Maxlter, eps)
Onucanue:

746



Cexyus 2. Mooenuposanue OuHAMU4ECKUX cucmem

Ocy1iecTBiseT MapaMeTPUUECKy0 MACHTU(UKAIIMIO PA3HOCTHOTO ypaB-
HeHus (3) peKyppEeHTHBIM METOJIOM MHCTPYMEHTaIbHOM nepeMeHHou (23)—(24).

HaxoauT OneHKH TONBKO TeX KO3(P(GUUHUEHTOB MOJIENH, JJISi KOTOPBIX
3HaUYE€HHUE COOTBETCTBYIOIIMX 3JIEMEHTOB MaTpHIlbl mask paBHo 1, npyrue mapa-
METpPbI CUCTEMBI TPUHUMAIOTCA paBHBIMU O C HyJIEBOW TUCIIEPCUEH.

HcxonHble TaHHBIE:

U — BEKTOp 3HaYEHHI BXOJHOI'O CUTHAJA U, Pa3MEPHOCTHIO 1XN.

Y — BEKTOp 3HaU€HUM BBIXOJHOTO CUTHAJIA Y, PA3MEPHOCTBIO 1xN.

mask — MopsiIKM pa3HOCTHOTO YPaBHEHUS U MaTpulla-Macka napaMeTpoB
(mepBble ABE CTPOKM MAaTpULbl U3 Tabi. | WM TPU CTPOKU YKa3aHbl CKaJsphbI
Maxlter u eps), B T.4.:

g= mask.(1,2) — mopsg0k 3HaMeHaTeNs MepeaaTouHoN QyHKIIUN CUCTe-
MBI,

p=mask.(1,2) — mopa10K 4uCIUTENS IEpeIaTOUYHON (QYHKIIUU CHCTEMBI,

r=mask.(1,3) — mopsiok 3HaMeHaTeNs nepefaToyHol (YHKIIMKU MOJIenn
myma (17) (Bcst Tpetbst cTpoka Toibko npu BeizoBe OMHK, cm. MetodGLSQ,
€CJIM IIPH BbI30BE yKa3aHbl ckaysipsl Maxlter u eps),0< p< g,r>0.

Jns 3amaHus 3HAYEHUNM HWHCTPYMEHTAJIbHOW IIEPEMEHHOU MCIIOJIb3YET
OLIEHKH [TapaMeTpPOB MOJIEJIU:

Ecnu initType-ckansap u initF-maTpuna (BekTop) He yka3aHbl, a yKa3aHbI
ckassipel MaxlIter u eps, TO MoJydaeT OLIEHKH MapaMeTpoB (QHIbTpa MpeaBapu-
TenbHBIM BBI30BOM MeTosa OMHK (MetodGLSQ) co cTpykTypoit Momenu, Ka-
Kas nponucana B 1-3 crpokax mask.

WNuaye ecnm ykasad initType=1, To initF—marpuia napameTpoB JUHEHHO-
ro JUHAMHYECKOTO (PHIIBTPA, BBIXOJ KOTOPOTO MCIOIB3yeTCS B KAUECTBE MHCT-
PYMEHTAJIBHON MTEPEMEHHOM, CTPYKTYpPY KOTOpPO# cM. B Ta0II. 2.

Ecmm initType=1, To initF — BekTOp 3Ha4YeHU MHCTPYMEHTAJILHON Iie-
PEMEHHOM, pa3MEpPHOCTHIO 1XN.

HavanbHbie o1ieHKH TpOIeaypbl TapaMeTPUYECKOT0 OLIEHUBAHU:

Ecnu initC u initP — He yka3zanbl B mapameTpax BbI30Ba (BapHaHTHI 4-6),

TO Ouwew 1 P, 10 popmyite (24), mHAUE O)0r = initC; P = initP.
Ecnm ykazana matpuia SetPars, To cocTaBiisieT MaTpuily HACTPOMKH Tia-

PaMeTpOB — 3IIEMEHTOB BeKTOpa Oy M BHIBOJMT ee B SetPars, mHage — He co-
CTaBJISICT U HE BHIBOJIUT.

showFlag — ckansip, ecnmu showFlag# 0, To oToOpakaer B OTAEIbHBIX
OKHaxX pe3yJbTaThl HACHTU(PUKAIIUY, WHAYE — HE OTOOpa’KaeT W HE BBHIBOIUT
COOOIEHUI Ha 3KpaH.

BbixoaHbIe JaHHDBIE:

alfa— BexkTOp o — oOIeHOK mapamMeTpoB Mojenu (3), pa3MEepHOCTHIO

Ix(g+1),
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beta — BekTop P — oIreHOK mapameTpoB Moxaenu (3), pa3MEepHOCTHIO

1x(g+1),ecnu p<g, TO B KOHeIll J0OaBIICHBI HYJIH,
€ — BEKTOpP HEBSI30K € u3 (5), paclIMpeHHbIM A0 pa3MepHOCTH 1xXN mo-
OaBJICHHEM B Ha4aJio BEKTOpa e u3 (5) HyJeH,

estC — BEKTOp MOJIyYEHHBIX OIIEHOK 0 kod(ppunmrentoB moxaenu (5),
MIOJTyYeHHBIN 10 (23), pa3MepHOCTh MOXKET OBITh MEHBINE, YeM g+p+1, B 3aBU-
CUMOCTH OT Macku mask.

P — marpuna P, (23),

- e'e

Cov — marpunacov(0y) =P, N2 r7ie pa3MepHocTh € paBHa N/2 (N/2
TIOCTICTHUX 3HAYCHHUI HEBS30K),

SetPars — MaTpuiia HACTPOWKH IMapamMeTpOB — JJIEMEHTOB BEKTOpa
éi,i =0,N.

returnflag — Quar ycnemHoro 3aBepileHHs: B Clly4ae YCHENIHOro 3a-
BEpIICHUS paBeH 1, mHaYe — (YHKIUSA BBIBOAWT cooOmeHne o0 ommOKe u
returnflag <O0.

Peanuzanmusi: MEX-daiin: MetodIVOnline.dll; 6ubmuotexu CID.dIl,
Matrix.dll u MATLABLnk.dIl.

[Tpumep BbI30Ba 13 MATLAB:
U=[ -0.548;0.610;0.266;-0.536;0.450;-0.702;...]; Yomatrix: 10000x1
Y=[ 0;-0.1529;0.0526;0.1029;-0.0709;0.0641;...]; Yomatrix: 10000x1
mask=[111;101;111];
[alfa, beta, e, estC, Cov, P, fl] = MetodIVOnline (U, Y, mask, 0, 40, 1e-6)
alfa =
1.0000
-0.7102
beta = 0
0.2797
e =1050;0;-0.0117;-0.0002; -0.0063;-0.0097;...]; Yomatrix: 10000x1
estC =
0.2797
0.7102
Cov =1.0e-006 *
0.0403 -0.0002
-0.1002 0.3575
P =0.00030343 -1.8108e-006
-0.00075452 0.0026924
fi=1

5.2.6. MetodEMMOnline

BapuaHTsl BpI30Ba:
[alfa, beta, e, estC, Cov,P,returnflag, SetPars] = MetodEMMOnline (U,Y, mask, show-
Flag, initC, initP, initKsi, initEps)
[alfa, beta, e, estC, Cov,P,returnflag] = MetodEMMOnline (U,Y, mask, showFlag, initC,
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initP, initKsi, initEps)

[alfa, beta, e, estC, Cov,P,returnflag,SetPars] = MetodEMMOnline (U,Y, mask, show-
Flag)

[alfa, beta, e, estC, Cov,P,returnflag] = MetodEMMOnline (U,Y, mask, showFlag)

[alfa, beta, e, estC, Cov,P|=MetodEMMOnline (U,Y, mask)

Onucanue:

Ocy1iecTBieT NapaMeTpUUECKyt0 HJIEHTU(PUKALMIO PAa3HOCTHOIO ypaB-
HeHUs (3) peKyppEeHTHBIM PACIIMPEHHBIM MAaTPUUYHBIM METOIOM (25)—(28).

Haxoaut oneHku TONBKO TeX KO3((UIMEHTOB MOJENHU, I KOTOPBIX
3HAYEHUE COOTBETCTBYIOIIMX 3JIEMEHTOB Marpuibsl mask pasHo 1, npyrue na-
paMeTpbl CUCTEMBI IPUHUMAIOTCA paBHBIMU 0 ¢ HyJIEBOW JUCIIEPCHEN.

HcxonHble TaHHBIE:

U — BeKTOp 3Ha4€HUIH BXOJHOTO CUTHAJA U, pa3MEPHOCTHIO 1 XNV.

Y — BEKTOp 3HAUEHUI BBIXOJHOTO CUTHAJA Y , PA3MEPHOCTHIO 1xN.

mask — MopsIKK pa3HOCTHOTO YpaBHEHUS U MaTpHUlla-MacKa mapaMeTpoB
(mepBble ABE CTPOKH U 4—5 CTPOKHU MaTpUllbl U3 Tad. 1), B T. 4.:

g= mask.(1,2) — nmopsigok 3HaMeHaTeNsl IepeaaTouHon (PYHKIIUKM CUCTe-
MBI,

p=mask.(1,2) — nopsa0K YUCIUTENS TIePEIATOYHON (PYHKIIMH CUCTEMBI,

re=mask.(1,4) — mops0K 3HAMEeHaTeNsI IePeIaTOYHON GYHKIIUUA MOJIEIH
myma (25),

s=mask.(1,5) — mopsaox YucnuTenas NepenaToyHol (QPYHKIIMU MOJETU
myma (25), 0 p<g,0<s<r,.

[TpuHMMaeT creyromye HadadbHbIe TapaMeTphl MPOIeayphl pEKyppPEHT-
HOT'O OLICHUBAHUSL:

Ecom ne ykazanel matpuisl initC, initP, initKsi, initEps, To PNO u éNO
onpenensoTes 1o (28).

Ecmu initC, initP, initKsi, initEps ykazanel npu BbI30Be, TO: éNO =initC,
P, =mitP, N, =max{g,r}+1, nonemeHrsl BekTopa v, u3 (26)-(27):

Erew = (E(0),...,E(N,,,, —1))' = initKsi,
€, = (£0),...,&(N,,, —1))' = initEps.
Ecnmn ykazana matpuna SetPars, To cocTaBiisieT MaTpuily HACTPOMKH Ta-

paMeTpPOB — 3JIEMEHTOB BekTopa O; U BbIBomWT ee B SetPars, nHade — He co-
CTaBJISIET U HE BHIBOJIUT.

showFlag — ckansp, eciu showFlag# (0, To oToOpakaeT B OTIEIbHBIX
OKHAaX pe3yJbTaThl HACHTU(PUKAIIUU, WHAYE — HE OTOOpa’kaeT W HE BBHIBOIAUT
COOOIIIEHUH Ha dKpaH.

BrixonHble JaHHBIC:

alfa— BexkTOp o — oOIeHOK mapamMeTpoB Mojenu (3), pa3MEepHOCTHIO

Ix(g+1),
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beta — BekTop P — oIreHOK mapameTpoB Moxaenu (3), pa3MEepHOCTHIO
1x(g+1),ecau p<g, TO B KOHEIl J0OABICHBI HYJIU,
€ — BEKTOp HEBS30K e u3 (5), paclIMpeHHbIN 10 pa3MepHocTH [xN mo-
OaBJICHHEM B Ha4aJio BEKTOpa e u3 (5) HyJeH,

estC — BeKTOp MOJIyYCHHBIX OICHOK 0; koaddunmentoB monenu (5),
NOJIy4eHHBIN 10 (27), pa3MEpHOCTh MOKET ObITh MEHbIIE, yeM g+p+1, B 3aBU-

CUMOCTH OT MacKHu mask.
T

Cov — ManI/ILIaCOV(éN) =P, %, r7e pa3MepHOCTh € paBHa N/2 (N/2

HOCJIEAHUX 3HAYEHUN HEBSA30K),
P — marpuna P, (27),
SetPars — Marpuna HAcTpOMKH NapamMeTpOB — 3JIEMEHTOB BEKTOPA

0:,,i=0,N.

returnflag — ¢uar ycmemHoro 3aBepiieHus: B CIydae YCIHENTHOTO 3a-
BepIICHUS paBeH |, mHaue — (QYHKIUS BBIBOAUT cooOmeHne o0 ommoOke u
returnflag <O0.

Peanuzanus: MEX-daitn: MetodEMMOnline.dll; 6ubnuotexu CID.dIl,
Matrix.dll 1 MATLABLnk.dII.

[Tpumep Bb130Ba 13 MATLAB:
U=[ -0.548;0.610;0.266;-0.536;0.450;-0.702;...]; Yomatrix: 10000x1
Y=[ 0;-0.1529;0.0526;0.1029;-0.0709;0.0641;...]; Y%omatrix: 10000x1
mask=[111:;101;000;111;101];
[alfa, beta, e, estC, Cov, P, fl] = MetodEMMOnline (U,Y,mask,1)
alfa = 1.0000
-0.7107
beta= 0
0.2794

e=10;0;;0;0.1029;-0.0727;0.0402;-0.0884;...]; Yomatrix: 10000x1
estC =

0.2794

0.7107

0.5191

0.1159
Cov =1.0e-004 *

0.0004 -0.0000 -0.0003 -0.0001

-0.0000 0.0025 0.0006 -0.0016

-0.0003 0.0006 0.5202 0.1154

-0.0001 -0.0016 0.1154 0.5865
P=0.0003 -0.0000 -0.0003 -0.0001

-0.0000 0.0019 0.0004 -0.0012

-0.0003 0.0004 0.3916 0.0869

-0.0001 -0.0012 0.0869 0.4415
fil=1
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5.2.7. MetodIVEMMOnline

Bapuantsl Be130Ba:
[alfa, beta, e, estC, Cov, P, returnflag, SetPars] = MetodIlVEMMOnline (U, Y, mask,
showFlag, initType, initF, initC, initP,initKsi, initEps)
[alfa, beta, e, estC, Cov, P, returnflag] = MetodI[VEMMOnline (U, Y, mask, showFlag,
initType, initF, initC, initP, initKsi, initEps)
[alfa, beta, e, estC, Cov, P, returnflag] = MetodIVEMMOnline (U, Y, mask, showFlag,
Maxlter, eps, initC, initP, initKsi, initEps)
[alfa, beta, e, estC, Cov, P, returnflag, SetPars] = MetodIlVEMMOnline (U, Y, mask,
showFlag, Maxlter, eps, initC, initP, initKsi, initEps)
[alfa, beta, e, estC, Cov, P, returnflag] = MetodI[VEMMOnline (U, Y, mask, showFlag,
initType, initF)
[alfa, beta, e, estC, Cov, P, returnflag] = Metod[VEMMOnline (U, Y, mask, showFlag,
Maxlter, eps)

Onucanue:

Ocy1iecTBieT NapaMeTPUUECKyt0 HJIEHTU(PUKALMIO PA3HOCTHOIO ypaB-
HeHUs (3) peKyppeHTHBIM METOJOM WHCTPYMEHTAJIbHOM MepeMeHHON, KOMOu-
HUPOBAHHBIM C PEKYPPEHTHBIM PaCIIMPEHHBIM MATPUIHBIM MEeTOAOM (29)—(30).

HaxomuT oueHku TONBKO TeX KO3()PHUIMEHTOB MOIETH, ISl KOTOPBIX
3HaY€HUE COOTBETCTBYIOLIMX AJIEMEHTOB MaTpHIlbl mask paBHo 1, npyrue mapa-
METPbI CUCTEMBI TPUHUMAIOTCSA paBHBIMU 0 C HYJIEBOW TUCIIEPCHUEN.

Jna 3amaHusd 3HAYEHUNM HWHCTPYMEHTAJIBbHOW IIEPEMEHHOW HCIIOIb3YET
OLICHKHU ITapaMETPOB MOJEIIN UJIU €€ HETIOCPEACTBEHHBIE 3HAUCHMUS.

HcxonHble NaHHBIE:

U — BeKTOp 3Ha4€HUN BXOJHOTO CUTHAJA U, pa3MEPHOCTHIO 1XN.

Y — BEKTOp 3HaU€HUM BBIXOJHOTO CUTHAJIA Y, PA3MEPHOCTHIO 1xN.

mask — MopsJIKM pa3HOCTHOTO YpaBHEHUS U MaTpUIla-MacKa ImapaMeTpoB
(Bce CTpOKM MaTpHIlbl U3 Tabi. 1), B T. 4.:

g= mask.(1,2) — mopsanok 3HamMeHaTeNs mepeaToOuHOoN (YHKIIMA CUCTE-
MBI,

p=mask.(1,2) — mopan0oKk 4ucAUTENS IepeaaTOUYHONU (PYHKIIUU CHCTEMBI,

r= mask.(1,3) — mopsaok 3HaMeHATENsI IEPeTaTOYHON (PYHKITUN MOJICIH
myma (17) (Bcst Tpetbst ctpoka Toabko npu BeizoBe OMHK, cm. MetodGLSQ,
€CJIM TPU BBI30BE yKa3aHbl ckaysipsl MaxlIter u eps), > 0.

re=mask.(1,4) — nopsiiok 3HamMeHartesns nepeaaTouHon GyHKIIMU MOJIETU
mryma (25),

s=mask.(1,5) — mopsAoK YHCIUTENs TepeAaTOYHOr (PYHKIUH MOJEIH
myma (25), 0< p<g,0<s<r,.

Jnsa 3amaHus 3HAYEHUM WHCTPYMEHTAJIBHOM IIEPEMEHHOW HCIIOJIb3YET
OLICHKHU [TapaMeTPOB MOJEIIH:

Ecnu initType-ckansip u initF-maTtpuna(BekTop) HE yKa3aHbl, a yKa3aHbl
ckansipel MaxlIter u eps, TO Moxy4yaeT OLIEHKU MapaMmeTpoB (UIbTpa MpeaBapu-
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TenbHbIM BBI30BOM MeToja OMHK (MetodGLSQ) co crpyktypoit mojaenu, Ka-
Kas nponucana B 1-3 ctpokax mask.

WNuaye ecnu ykasad initType=1, To initF—matpuia napameTpoB JUHEHHO-
ro JMHAMUYECKOTO (DUIBTPA, BHIXOJI KOTOPOIO UCIIOJIb3YEeTCs B KAUYECTBE UHCT-
PYMEHTAJIBHON MEPEMEHHOM, CTPYKTYpY KOTOPOH cM. B Ta0II. 2.

Eciam initType=1, To initF — BekTOp 3HaUYeHUI MHCTPYMEHTAJILHOMN Tie-
PEMEHHOM, pa3MepHOCTBIO 1XN.

[TpuHUMaeT clienyronue HadyaabHbIe MapaMeTphl MPOIEAYPhl PEKYypPPEHT-
HOT'O OLICHUBAHUS:

Ecin He ykasanbl MaTpuusl initC, initP, initKsi, initEps, To Py u 61\:0 on-
penensitoTcs 1o (28).

Ecam initC, initP, initKsi, initEps yka3zaHsl 1pu BBI3OBE, TO: 6N0 =nitC,
P, = initP, N . =max{g,r} +1, u onementsl BexkTopa v, us (26)-(27), (29):

Eron = (8(0),...,E(N,,, —1))' = initKsi,
€, = (£0),...,&(N,,, —1))' = initEps.
Ecnmn ykazana matpuia SetPars, To cocTaBiisieT MaTpuily HAaCTPOMKH Tia-

PaMETPOB — 3JIEMEHTOB BeKTOopa 0; U BhIBomuT ee B SetPars, mHaue — He co-
CTaBJISICT ¥ HE BHIBOJIUT.

showFlag — ckamsp, eciun showFlag#0, To orobpaxaer B OTAENbHBIX
OKHAaxX pe3yJbTaThl HACHTU(PHUKAIINNA, WHAYE — HE OTOOpa’kaeT W HE BBIBOIUT
COOOIIIEHNUI Ha dKpaH.

BrixoaHble JaHHBIC:

alfa— BekTOp O — OILIEHOK TapameTpoB Mojenu (3), pazMepHOCTHIO
1x(g+1),

beta — BekTop P — oleHOK mMmapameTpoB Mojaenu (3), pa3MepHOCTHIO
1x(g+1),ecnu p<g, TO B KOHEL AJ00ABJIEHBI HYJIH,

€ — BEKTOpP HEBS30K € u3 (5), paclIMpeHHBI A0 pa3MepHOCTH 1XN mo-
OaBJeHHMEM B HA4aJIO BEKTOpa € u3 (5) HyJeH,

estC — BeKTOp MOJIy4eHHBIX OIeHOK 0; koaddunmuentoB monenu (5),
nosiyueHHbId 1o (30), pa3sMepHOCTh MOXKET ObITh MEHbIIIE, ueM g+p+1, B 3aBU-

CHMOCTH OT MackH mask.
T

Cov — matpumacov(Qy) = P, i, r7ie pa3MepHOCTh e paBHa N/2 (N/2

N/2
MOCJIEHUX 3HAYECHUI HEBSA30K),
P — marpuna P, (30),
SetPars — Marpuiia HacTpOWKH MapamMeTpoB — 3JIEMEHTOB BEKTOpa
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returnflag — Quar ycnemHoro 3aBepileHHs: B Cly4ae YCHEUIHOro 3a-
BEpIICHUS paBeH 1, mHaYe — (YHKIUSA BBIBOAWT cooOmeHne o0 ommOke u
returnflag <O0.

Peammzanus: MEX-gaitn:  Metod[VEMMOnline.dll; ONOJIIMOTEKH
CID.dll, Matrix.dll u MATLABLnk.dll.

[Tpumep Bb130Ba 13 MATLAB:
U=[ -0.548;0.610;0.266;-0.536;0.450;-0.702;...]; Yomatrix: 10000x1
Y=[ 0;-0.1529;0.0526;0.1029;-0.0709;0.0641;...]; Yomatrix: 10000x1
mask=[111;101;111;111;101];
[alfa, beta, e, estC, Cov, P, fl] = Metod[VEMMOnline(U,Y,mask,0, 40, 1e-6)
alfa =
1.0000
-0.7117
beta= 0
0.2794
e =1[0;0;0;0.1029; -0.0799;0.0475;-0.0635;...]; Yomatrix: 10000x1
estC =
0.2794
0.7117
0.5144
0.1108
Cov = 1.0e-004 *
0.0004 -0.0000 -0.0003 -0.0001
-0.0010 0.0036 0.0014 0.0007
-0.0009 0.0021 0.5155 0.1118
0.0001 -0.0009 0.1111 0.5757
P=0.0003 -0.0000 -0.0002 -0.0001
-0.0008 0.0027 0.0010 0.0005
-0.0007 0.0016 0.3876 0.0841
0.0001 -0.0007 0.0835 0.4328
fl=1

5.2.8. Paramldentify

BapuanTs! Be130Ba:
[SetsPars, e, SetsCov, returnflag]= Paramldentify(U, Y, mask, wTime, shift, MetNum,
{mapameTpsbl MeTO/AA})
[SetsPars, e, SetsCov] = Paramldentify(U, Y, mask, wTime, shift, MetNum, {napamerpsi
MeToaa})

Onuncanue:

OcymiecTBisieT mapamMeTpUIECKyl0 UIACHTU(PUKAINIO pa3HOCTHOTO ypaB-
HeHusl (3) OTHUM U3 BBINICTIEPEUUCICHHBIX METOJIOB IO BPEMEHHBIM OKHaM.

HaxoauT oIleHKH TOJIbKO TeX KOd(PQUIIMEHTOB MOJEIHU, ISl KOTOPBIX
3HaUYE€HHUE COOTBETCTBYIOIIMX 3JIEMEHTOB MaTpHIlbl mask paBHo 1, npyrue mapa-
METpPbI CUCTEMBI TPUHUMAIOTCA paBHBIMU O C HyJIEBOW TUCIIEPCUEH.

g 3apaHus 3HAYEHUHM WHCTPYMEHTAJIbHOM TNEPEMEHHOM WCIIOJIb3YET
OLICHKH ITApaMETPOB MOJIEIIHN WU €€ HENOCPEACTBEHHBIC 3HAYCHMUS.
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HcxoaHble TaHHBIE:
U — BEKTOp 3HAYEHMI BXOJHOI'O CUTHAJIA U, Pa3MEPHOCTBIO 1XN.
Y — BEKTOp 3HAU€HUM BBIXOJHOTO CUTHANA Y, PA3MEPHOCTHIO 1X/V.

mask — TOpSJIKM pa3HOCTHOTO YpaBHEHUS U MaTpPHUIla-MacKa mapaMeTpoB
(cM. omucaHue KaKJ0ro MeToia u Tabi. 1).

napaMeTphl ICHTH(PUKAIINA HECTAIIMOHAPHOCTEH

wTime — muprHa BpeMEHHOTO OKHA B TaKTaX,

shift — BenwunHa MpUpaIeHus TPU CIBUTE TPAHUI] BPEMEHHOTO OKHA, B
TaKTax,

MetNum — KoJ MCHoJIb3yeMOro MeToJla MapaMeTpUYecKor UACHTH(U-
KaIlM¥, BO3MOJKHBIC 3HAYCHUS:

1 — MHK (cm. MetodLSQ);

2 — OMHK (cM. MetodGLSQ);

3 — MMUII (cm. MetodIV);

4 — pMHK (cm. MetodLSQOnline);

5 — pMHUII (cm. MetodIVOnline);

6 — pPMM (cm. MetodEMMOnline);

7 — pPMM+pMMUII (cm. MetodVEMMOnline)

{mapameTpsl MeTOAa} — HAOOp MapaMeTPOB BHLIOPAHHOI'O METOJA HJICH-
TU(DUKAIUN, WAYIIAEC B CTPOKE BBI30BA BHIOPAHHOTO METOA TOCIE MATPHUIIBI
mask (showFlag He 3amaercs npu Bb130Be).

BrixoaHbie 1aHHBIC:

SetsPars — BEKTOp HaCTPOMKH TUCKPETHBIX MAPAMETPOB MOJIEIIH,

€ — BEKTOp HEBSI30K, Pa3MEPHOCTHIO 1XN, HEBS3KH COCTaBIEHBI IO
NPUHIUITY «CKOJB3SIIEr0 OKHAY.

Ecin MetNum <3 (1. e. npu MHK u OMHK), To SetsCov — matpuiia
HACTPOMKH JMCIEPCUU MapaMeTPOB JAUCKPETHOW MOJENIU PAa3HOCTHOTO ypaBHe-
HUS (TOJBKO 3HAYMMBIX MO Macke mask mapamerpoB), uHadye SetsCov — cka-
JSIp, paBHBIN -1.

returnflag — Quar ycnemHoro 3aBepiiieHHs: B Cly4ae YCHENIHOro 3a-
BepIIeHNS paBeH |, nHaue — (DyHKIMS BBHIBOAWT COOOIIEHUE 00 OIMMOKEe U re-
turnflag < 0.

Peanmzamus: MEX-daitn: Paramldentify.dll;  oubmuotexu CID.dlI,
Matrix.dll u MATLABLnk.dIl.

[Ipumep Bb130Ba 13 MATLAB:
U=[ -0.548;0.610;0.266;-0.536;0.450;-0.702;...]; Yomatrix: 10000x1
Y=[ 0;-0.1529;0.0526;0.1029;-0.0709;0.0641;...]; Yomatrix: 10000x1
mask=[111;101;111;111;101];
%MHK:
[SetsPars,e,SetsCov,fl] = Paramldentify (U,Y,mask,400,400,1);
fil=1
%OMHK:
[SetsPars,e,SetsCov,fl] = Paramldentify (U,Y,mask,400,400,2,40, 1e-6);
fil=1
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% MMII:

[SetsPars,e,SetsCov,fl] = Paramldentify (U,Y,mask,400,400,3,40, 1e-6);
fl=1

%pMHK:

[SetsPars,e,SetsCov,fl] = Paramldentify (U,Y,mask,400,400,4);

fl=1

%pMMUII:

[SetsPars,e,SetsCov,fl] = Paramldentify (U,Y,mask,400,400,5,40, 1e-6);
fl=1

% pPMM:

[SetsPars,e,SetsCov,fl] = Paramldentify (U,Y,mask,400,400,6);

fl=1

% pPMM+pMMUII:

[SetsPars,e,SetsCov,fl] = Paramldentify (U,Y,mask,400,400,7,40, 1e-6);
fl=1

5.3. Cmamucmuueckuil ananus pe3yaiomamos uoeHmupukayuu

B makete nporpamm peanuzoBaHa ojHa (YHKIUS CTaTUCTUYECKOTO aHa-
Jau3a  pe3yJbTaToB uACHTU(UKAIIMK ~ TIO BPEMEHHBIM OKHaM —
GetParamsValidity, nononustomiast pynkuuto Paramldentify.

Bapuantsbl Bbi3oBa GetParamsValidity:
[Student, V1, Fisher, returnflag]= GetParamsValidity (SetsPars, Y, e, SetsCov, mask,
wTime, shift, t, F)
[Student, V1, Fisher]= GetParamsValidity (SetsPars, Y, e, SetsCov, mask, wTime, shift,
t, F)

Onuncanue:

OcyiiecTBsIeT pacyeT KPUTEPHUEB KauyecTBa MapaMETPUUYECKON HACHTH-
¢dukanuu, nponsseneHHol ¢pynkuuen Paramldentify, mo BpeMeHHbIM OKHaM.

HcxonHble TaHHbBIE:

SetsPars — BeKTOp HACTPOMKH AUCKPETHBIX apamMeTpoB Mozenu (cM. Pa-
ramldentify),

Y — BEKTOp 3HAYEHHM BBIXOAHOTO CUTHANA, Pa3MEPHOCTHIO 1 XN,

€ — BEKTOP HEBA30K, pazMepHOCThiO 1 xN (cMm. Paramldentify),

SetCov— MaTpuia HACTPOMKHU KOBAPUAITMOHHON MaTPHULbI OLICHOK MOJEIH
(cm. Paramldentify),

mask — MopsIKM pa3HOCTHOTO YpaBHEHUS U MaTpuUlla-Macka apaMeTpoB
(mepBbIe ABE CTPOKH MATPUIIBI U3 Ta0I. 1), B T. 4.:

g=mask.(1,1) — mnopsgok 3HamMeHaTens nepeaaTouyHoil GyHKIUU CHUCTE-
MBI,

p=mask.(1,2) — mopaaok yucauTeNs nepeaaToyHon GyHKIUU CHCTEMBI,

O<p<g,

wTime — mupHrHa BpeMEHHOT'O0 OKHA B TaKTax,

shift — BennunHa npupaleHus Npu CIBUre TPaHUI] BPEMEHHOI'O OKHa, B
TaKTax,
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t — TabmuyHoe 3HaueHue Kputepus CThIOJEHTa IS 33aJaHHOTO YPOBHS
3HAYMUMOCTH U JJIMHBI BBIOOPKU — cM. (32);

F — rtabnuuHoe 3HaueHue kpurtepuss Puiiepa s 3aJaHHOTO YpPOBHS
3HAYMMOCTH U JUTMHBI BBIOOpKH — cM. (31).

BrixoniHbIE TaHHBIE:

Ecnu SetsCov — ckansp, To Student — ckansip, paBHbIi -1,

uHade Student — Matpuna HacTpoitku kputepusi CThIOJIEHTa [ KaXK]10-
ro mapameTpa mojenu 1o (32) (BkitodaeT cToia0er] 3HaUeHU ypOBHS 3HAUUMO-
CTH),

V1 — marpuiia HacTpoiku 3MCUIOH-KpuTepust (GyHKIIUHU TIOTEPh) TUC-
KPETHBIX MMapaMeTPOB MOIEIH,

Fisher — martpuna nactpoiiku kputepus Pumepa mo (31) (Bkimouaer
cTOJ0€1 3HAYCHUH YPOBHS 3HAYUMOCTH).

returnflag — Quar ycnemHoro 3aBepileHHs: B clly4ae YCHENIHOro 3a-
BepIICHUs paBeH |, nHaye — (PyHKIMSA BBIBOAMUT cOOOILEHHE 00 OlIMOKe U re-
turnflag<0.

Peammzanus: MEX-daiin: GetParamsValidity.dll; 6u6mauorexu CID.dIl,
MatrixM.dll u MATLABLnk.dIl.

[Tpumep Bb130Ba 13 MATLAB:
U=[ -0.548;0.610;0.266;-0.536;0.450;-0.702;...]; Yomatrix: 10000x1
Y=[ 0;-0.1529;0.0526;0.1029;-0.0709;0.0641;...]; Yomatrix: 10000x1
mask=[111;101];
%MHK:
[SetsPars,e,SetsCov,fl] = Paramldentify (U,Y,mask,400,400,1);
fl=1
[Student, V1, Fisher, fl] = GetParamsValidity (SetsPars, Y, e, SetsCov, mask, 400, 400,
1.5,1.2);
fl=1

5.4. B3aummnuvle npeodpazoeanun mamemamuueckux mooe’eil

B nakere mporpamm peanuzoBaHbl 6 (YHKIIUN B3aMMHOTO MpeoOpa3zoBa-
HUSL MOJIEJIeN JIMHEWHBIX CTAllMOHAPHBIX OJHOMEPHBIX JIMHAMHYECKUX CHCTEM
(cm. puc. 3):

disEqu2dis — mpeobpazoBaHre pa3HOCTHOTO YPaBHEHHS B JUCKPETHYIO
MOJEJIb IPOCTPAHCTBA COCTOSIHUM 110 (33),

dif2unint — npeobpazoBanue audhepeHInaIbHOr0 ypaBHEHHs B HETpe-
PBIBHYIO MOJIEIIb POCTPAHCTBA COCTOSAHUI 110 (34),

dis2disEqu — mpeobpazoBanue IUCKPETHOW MOJEIH MPOCTPAHCTBA CO-
CTOSIHUM B pa3HOCTHOE ypaBHeHuUeE 110 (35),

unint2dif — npeoOpa3oBaHue HENPEPHIBHOW MOJAETH MPOCTPAHCTBA CO-
cTostHUI B i depeHuanbHoe ypaBHeHue 1o (36),

unint2discrete — mpeoOpa3oBaHuE HEMPEPHIBHOW MOJIENN MPOCTPAHCTBA
COCTOSIHUI B IUCKPETHYIO MOJIENb MPOCTPAHCTBA COCTOSIHUM 110 (37),

756



Cexyus 2. Mooenuposanue OuHAMU4ECKUX cucmem

discrete2unint — mnpeoOpazoBaHUE TUCKPETHOM MOJIEIM MPOCTPAHCTBA
COCTOSIHUY B HEMPEPHIBHYIO MOJIEJIb MPOCTpPaHCTBa cocTossHuM 110 (38)-(39).

5.4.1. disEqu2dis

BapuanTs! Be130Ba:
[A, b, ¢, d, returnflag | = disEqu2dis(alfa, beta)
[A, b, ¢, d | = disEqu2dis(alfa, beta)

Onucanue:

OcymecTBisieT mpeoOpa3oBaHUe Pa3HOCTHOTO ypaBHEHHUS (3) B TUCKPET-
HYIO MOJIEJIb TPOCTPAHCTBA cOCTOsIHUM (7) 10 BeIpaxkeHuto (33).

HMcxoaHble TaHHBIE:

alfa — BekTop a, pazmepHocThio 1x(n+1), mogenu (3),

beta — BekTOp B, pasmeprocThio 1% (n+1), Mmogenn (3).

BrixoaHble JaHHBIC:

A — matpuna A, pa3MepHOCTbiO nxn u3 (7),

b — Bektop b, pazmepuocTsio 1xn, u3 (7),

C — BEKTOp ¢, pazMepHOCThIO 1xn, u3 (7),

d — xoaddunuent d u3 (7), (marpuna 1x1).

returnflag — Quar ycnemHoro 3aBepileHHs: B Clly4ae YCHENIHOro 3a-
BepIIeHUs paBeH |, nHaye — (PyHKIMS BBIBOAUT COOOILIEHHE 00 OLIMOKE U re-
turnflag<0.

Peammzanus: MEX-daiin:  disEqu2dis.dll; oubmuorekn CID.dII,
Matrix.dll u MATLABLnk.dIl.

[Tpumep Bb130Ba 13 MATLAB:

alfa = [1.0000; -2.0075; 1.0075];
beta = [0; 0.0126; -0.0125];
[A, b, ¢, d, fl | = disEqu2dis(alfa, beta)
A= 0 1.0000

-1.0075 2.0075
b=0

1
c¢=-0.0125

0.0126

d=0;f1=1

5.4.2. dif2unint

BapuaHTsl BpI30Ba:
[T, g, h, k, returnflag | = dif2unint(alfaDif, betaDif)
[T, g, h, k | = dif2unint(alfaDif, betaDif)
Onuncanue:
OcymiectBisier npeoOpazoBanue nuddepenunanbHoro ypaBaenus (1) B
HETPEPHIBHYIO MO/IEb TPOCTPAHCTBA COCTOSIHUM (6) 110 BeIpakeHHIO (34).
HcxonHble naHHbIE:
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alfaDif — BekTop 0, pazmMepHocThio 1x(n+1), Mmogenu (1),

betaDif — BexTOp B, pasmeprocThio 1x(n+1), Mogen (1).

BrixoaHblie JaHHBIC:

T — marpuna T, pazmepHocThIO X1 U3 (6),

g — BEKTOp g, pa3MepHOCThIO 1xn, u3 (6),

h — Bekrop h, pazmepHocTtbio 1xn, U3 (6),

k — xoaddunuent k u3 (6), (marpuna 1x1).

returnflag — ¢uar ycmemHoro 3aBepiieHus: B CIydae YCIENTHOTO 3a-
BepIICHUS paBeH 1, mHaue — (QYHKIUS BBIBOAWT cooOmeHne o0 ommoOke u
returnflag <O0.

Peanuzanus: MEX-daitn: dif2unint.dll; 6ubmuoreku CID.dll, Matrix.dll
u MATLABLnk.dIL.

[Tpumep Bb130Ba 13 MATLAB:

alfaDif = [1; 2; 0.5];
betaDif = [1; 0.4; 0];
[T,g,h,k,fll=dif2unint(alfaDif,betaDif)
=0 1

-2 4
g=0

2
h=1.0000

0.4000
k=0;fl=1

5.4.3. dis2disEqu

Bapuants! BeI30Ba:
[alfa, beta, returnflag | = dis2disEqu(A, b, c, d)
[alfa, beta | = dis2disEqu(A, b, ¢, d)

Onucanue:

OcymiecTBisieT mpeoOpa3zoBaHue AUCKPETHOW Mojenu (7) MpocTpaHCTBa
COCTOSIHUI B pa3HOCTHOE ypaBHeHUE (3) 1o BbIpaxeHuro (35).

HcxoaHble TaHHBIE:

A — Marpuna A, pasmepHocTbio nxn u3 (7),

b — BekTop b, pazmepHocThiO 1x7, U3 (7),

C — BEKTOP C, pa3MepHOCThIO 1xn, u3 (7),

d — xoaddunuent d uz (7), (matpuna 1x1).

BrixonHblie JaHHBIC:

alfa — BexTop 0, pazmepHocThiO 1x (n+1), Mmogenu (3),

beta — BekTOp B, pazMepHOCThIO 1x (n+1), momenu (3).

returnflag — ¢uar ycmemHoro 3aBepiieHus: B CIydae YCIHENTHOTO 3a-
BepILIeHUs paBeH 1, MHaue — (YHKIUS BBIBOJUT COOOIIEHHE 00 OmIMOKe U re-
turnflag<0.
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Peanmuzanusa: MEX-gaiin:  dis2disEqu.dll; oubmuorexkun CID.dII,
Matrix.dll 1 MATLABLnk.dIl.
[Ipumep Bb130Ba 13 MATLAB:
A =]1.0025 0.0075; 0.0025 1.0050];
b = [0.0025; 0.0050];
c=[1;2];
d=0;
[alfa, beta, fl | = dis2disEqu(A, b, ¢, d)
alfa=1.0000
-2.0075
1.0075
beta= 0
0.0126
-0.0125
fl=1

5.4.4. unint2dif

BapuanTe! Be130Ba:
[alfaDif, betaDif, returnflag | = unint2dif (T, g, h, k)
[alfaDif, betaDif | = unint2dif (T, g, h, k)
Onucanue:
OcymiecTBisieT mpeoOpa3oBaHUE HEMPEPLIBHON Mojienu (6) mpoCcTpaHCTBa
cocTossHui B nudpepennranbioe ypaBHeHue (1) no Beipakenuo (36).
HMcxoaHble TaHHBIE:
T — marpuna T, pazmepHocThiO nxn u3 (6),
g — BEKTOp g, pa3MepHOCThIO 1xn, u3 (6),
h — BekTop h, pazmepHocTbio 1xn, U3 (6),
k — xoaddunuent k u3 (6), (marpurma 1x1).
BrixoaHble JaHHBIC:
alfaDif — BekTop a, pazmepHocThio 1x(n+1), Mmogenu (1),
betaDif — BexTop B , paamepHOCThIO 1x(n+1), Mmogenu (1).

returnflag — ¢uar ycmemHoro 3aBepiieHus: B CIy4ae YCHENTHOTO 3a-
BepIIeHUs paBeH |, nHaue — (PyHKIMS BBIBOAUT cOOOILIEHHE 00 OlIMOKE U re-
turnflag <0.
Peanuzanus: MEX-daitn: unint2dif.dll; o6ubmuoreku CID.dll, Matrix.dll
u MATLABLnk.dIL.
[Tpumep Bb130Ba 13 MATLAB:
T=[01;-2-4];
g=1[0;2];
h=11.0000; 0.4000];
k=0;
[alfaDif,betaDif,fl] = unint2dif(T,g,h,k)
alfaDif =
1.0000
2.0000
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0.5000
betaDif =
1.0000
0.4000
0
fl=1

5.4.5. unint2discrete

BapuaHTsl BpI30Ba:

[A, b, ¢, d, returnflag] = unint2discrete (T, g, h, k, dt)
[A, b, ¢, d] = unint2discrete (T, g, h, k, dt)

Onuncanue:

OcymiecTBisieT mpeoOpa3oBaHUE HEMPEPHIBHOW MOJEIH MPOCTPAHCTBA
cocTosiHUM (6) B JUCKPETHYIO MOJIENb MPOCTPAHCTBA cocTosiHUi (7) 1Mo BbIpa-
»xeHuto (37).

HcxonHble naHHbIE:

T — matpuua T, pasmepHocThIO X1 U3 (6),

g — BEKTOp g, pa3MepHOCTHIO 1xn, u3 (6),

h — Bekrtop h, pazmepHocThio 1xn, u3 (6),

k — koapdunuent k u3 (6), (marpuna 1x1),

dt — ckansip — MHTepBajJ IUCKPETU3AIMU CUCTEMBbI MO BpeMeHH (B ce-
KYHJIax).

BrixonHbeie naHHBIC:

A — Marpuna A, pasmepHocTbio nxn u3 (7),

b — BekTop b, pazmepHocThio 1x7, U3 (7),

C — BEKTOD C, pa3MepHOCThIO 1xn, u3 (7),

d — xoadunuent d uz (7), (matpuna 1x1).

returnflag — Quar ycnemHoro 3aBepilieHHs: B Cly4ae YCHENIHOro 3a-
BepIIeHUs paBeH |, nHaue — (PyHKIMS BBHIBOAUT COOOIIEHHE 00 OIMOKe U re-
turnflag<0.

Peammzanms: MEX-daitn:  unint2discrete.dll; ouoanorexu CID.dII,
Matrix.dll u MATLABLnk.dIl.

[Tpumep BbI30Ba N3 MATLAB:

T=[13; 1 2]; g=[152]; h=[1; 2]; k=0;
[A, b, ¢, d, fI] = unint2discrete (T, g, h, k, 0.0025)
A=1.0025 0.0075

0.0025 1.0050
b =0.0025

0.0050
c=1

| Y

d=0
fl=1
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5.4.6. discrete2unint

Bapuantsl Be130Ba:

[T, g, h, k, returnflag | = discrete2unint (A, b, ¢, d, dt)
[T, g, h, k] = discrete2unint (A, b, ¢, d, dt)

Onucaunmue:
OcymiecTBisieT Ipeodpa3oBaHuEe MTUCKPETHONW MOJIEIN MPOCTPAHCTBA CO-

cTostHuil (7) B HEMPEPBIBHYIO MOJIENb ITPOCTPAHCTBA COCTOSIHUM (6) IO BBIpaxe-
HusM (38)-(39).

HcxoaHble TaHHBIE:

A — matpuna A, pa3MepHOCTbIO nxn u3 (7),

b — BekTop b, pazmepHocThio 1xn1, U3 (7),

C — BEKTOP C, pa3MepHOCThIO 1xn, u3 (7),

d — xoaddunuent d u3 (7), (marpuna 1x1).

dt — ckamsip — WHTEpBaj IUCKPETHU3AIlMU CUCTEMBI 1O BpeMeHH (B ce-

KYHJIax).

BrixoaHble JaHHBIC:

T — marpuna T, pazmepHocThIO nxn U3 (6),

g — BEKTOp g, pa3MepHOCThIO 1xn, u3 (6),

h — BekTop h, pazmepHocThio 1xn, U3 (6),

k — xoaddunuent k us (6), (marpuma 1x1),

returnflag — ¢uar ycmemHoro 3aBepiieHus: B CIydae YCIENTHOTO 3a-

BEpIICHUS paBeH |, wHaye — (GYHKIHS BBIBOAWT COOOIEHHE 00 OIMMOKEe U
returnflag <O0.

Peanuzanusa: MEX-daiin: discrete2unint.dll; oubmuorexu CID.dII,

Matrix.dll 1 MATLABLnk.dll.

[Tpumep Bb130Ba 13 MATLAB:

A =10 1.0000; -1.0075 2.0075];
b=[0;1];
¢ =[-0.0125; 0.0126];

d=0;

[T,g,h,k,fl|=discrete2unint(A,b,c,d,0.0025)

T=

-398.5075 398.5075
-401.4963 401.4963

g:

-256
256

h=

-0.0125
0.0126

k=0
fl=1
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YAK 517.9

IHOCTPOEHUE CUMMETPUYECKHX
BUDOYPKAIIMOHHBIX MHOI'OOBPA3ZUH
AHAJIMTHUYECKUX TUPPEPEHIUAJIBHBIX CUCTEM

Xanun A. JI., Xarwna H. A.

Mocxosckuii eocyoapcmeennbiii ynusepcumem um. M. B. Jlomonocosa, Mocksa,
e-mail:allkhalin@email.ru

1. Beéeoenue

OpHOM U3 OCHOBHBIX MAaTEMAaTHUYECKHX MOJENeH JUHAMHYECKUX CHUCTEM
ObL1a U, MO Bcel BuaumMocTH, Oyaetr R-ananutudeckas nuddepenimanbaas cuc-
teMa. Onucanue Takoi Mojenu TpeOdyeT UCTOIb30BaHNE PA3IMYHBIX MaTEMaTH-
yeckux 00bekToB. MccienmoBanne ocoOeHHOCTEN mim Oudypkamnuii auddepeH-
[IUAIbHBIX CHUCTEM SIBIISICTCSI OCHOBHOM 3ajaueil aHanmuza nuddepeHnuanbHoil
CHUCTEMBbl U UTPAET CYUIECTBEHHYIO POJIb IJIi MHOTHX oOJacTell MaTeMaTHKH,
CBSI3aHHBIX KaK C MudepeHnnanTbHBIMU, TaK U C JTUCKPETHBIMH MaTeMaTHde-
CKMMHU CTpyKTypamu [ 1-8].

[ToctaHoBKa 3a7a4uy M3YYEHHS TAKUX CHCTEM BKIIOYAET J1Ba HEOOXOIH-
MBIX DJIEMEHTA, TIOHATHE «TOJTHOTHD AU(dEepeHInaTIbHOW CUCTEMBI WU, YTO
SKBUBAJIEHTHO, €€ MOJHON MHTEIPUPYEMOCTH, a TaKKE MOHSATUE CTPYKTYpPHOUH
ycroiunBocTH. [locneanee xapakTepu3yeT KaueCTBEHHbIE CBOMCTBA CUCTEM, UX
pazOueHre Ha KJIacchl AKBUBAJICHTHOCTU HAJl CTAllMOHAPHBIM MHOTI000pa3suemM
ornepaTtopa AMPPepeHInPOBaHNS, KOTOPOE MOKHO 33]aTh JOKAJIbHOM CUCTEMOM
napameTpoB auddepeHnaaTbHON CUCTEMBI.

budypkamnus ectb CTPyKTypHas HEYCTOMYHBOCTH AuddepeHIInaIbHOM
cucrembl. OTHUM U3 BUJOB OM(ypKaluu ABISETCS CUMMeTpudeckas oudypka-
IIUs, OMHCHIBAEMAasi CHUMMETPHUYCCKUMHU (YHKIUSIMH COOCTBEHHBIX 3HAYCHHIA
IIPOM3BOJIHON OllepaTropa CUCTeMBbl. B mociemnaue roasl pa3paboransl 3¢dek-
TUBHBIE METOJbI BBIYHCICHUS JII TOCTPOCHUS KPUTHYECKUX MOBEPXHOCTEH
CUMMETpHYECKUX Oudypkanuii audpdepeHuuaibHbIX CUCTEM C Pa3MEPHOCTHIO
BBIIIE JIBYX C MCIOJB30BaHUEM alreOpandeckux mpeoOpa3oBaHUil, YUCIEHHOTO
WHTETpUpOBaHUSA U AU PEpeHITHATHHBIX METOJIOB TOWCKA PEIICHUNH HEITUHEH-
HBIX ypaBHeHUH [ 1-8].

PaccmarpuBaercst kinacc aHanmuTUYecKUX AUQGepeHIUaIbHbIX CHUCTEM,
IPE/ICTABIIIEMbIX aBTOHOMHOM CHUCTEMOI OOBIKHOBEHHBIX IU(DPepeHIInaTbHbIX
ypaBHeHu# ¢ R-aHantuyeckoit mpaBout yactero. Ilycts nanbl R-ananutuueckoe
MHOTOOOpasue P KoHeYHOU pazMmepHOCTH n+m, R-anamuTudeckoe MHOrooOpa-
3He mapamMeTpoB M pa3MEepHOCTH 7 M 3a/IaHHAsl B KXJIOH TOYKE MHOTOOOpa3us
P aBToHOMHas cucreMa nuddepeHInaNbHbIX YpaBHEHUH, 3aBUCILAs JIOKAJIbHO
OT BEKTOPHOT'O MEPEMEHHOTO X U BEKTOPHOTO MapameTpa a:
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E_ra, (1)

rae a =(a,...,a,) — HaOOP JIOKAIbHBIX IAPAMETPOB B HEKOTOPOI OKPECTHOCTH
U R-ananutuyeckoro MHoroo6pasusa M, y =(x,,...,x,,,4a,,...,a,) — HabOp Jo-
KaJIbHBIX KOOPJIMHAT B HEKOTOPOU OKkpecTHOocTH W MHorooOpasus P, f(x,a) —
perymsipHas R-aHanutrueckass BeKTopHast (GyHKIHS B OKpecTHOCTH W MHOTO-

obpasuss P. Jlns wMHorooOpasuii P u M cymectByer perynsapHoe R-
aHAJIUTUYECKOe OTOOpakeHue p:P — M, 3ajaroiiee JIOKaIbHO TPUBUAIBHOE

paccnoenue n=(P,p,M), To ectb i okpectHoctu U cymectByeT R-

aHamuTHUeckuii muddeomopdmsm okpectHoctH W = p ' (U) Tpous3BOIBHOI

TOYKM MHOrooOpazus P Ha mpsmoe npousBeneHue odmnacreit U xV | rne V—
OKPECTHOCTH C JIOKAJIbHBIMH KOOPAUHATAMH X = (X,..., X, ).

Cucrema ypaBHeHuit (1) mo TeopeMe O CyIIeCTBOBAaHUM PEIICHUSI CHUCTE-
MbI OOBIKHOBEHHBIX TU(DPEpEeHIIMATBHBIX YPAaBHEHUN OMpPENeNsieT B HEKOTOPOM
OKPECTHOCTHU JIFOOOW TOYKHU CJIOSi PACCIOCHHSI 77 CHUCTEMY JIOKAJbHBIX OJIHOIA-

paMeTpUUECKUX TPYII JOKAIbHBIX MpeoOpa3zoBaHUM {Gl.}, i=1,..,n, UHIYIHU-

PYIOILYIO COOTBETCTBYIOIIYIO CHCTEMY AHAJUTUYECKUX MOJUBEKTOPHBIX I0-
new [7].

Pacciioenue co cTpykTypHOUl rpynmnoid G onpenensieT acCOlMUpPOBaHHOE
paccioeHne, TIe B KauecTBE BEKTOPHOr0 (G-IIPOCTPAHCTBA BBICTYHAET CJION Ka-
CaTEJIbHOIO PACCIOEHHUs CIIOS PACCIOCHUS 1.

3ajaHue CUCTEMbl MHTEIPUPYEMBIX pacrpeaesieHuid cuctemoit (1) ompe-
JeNSIeT Kiacc JOKalbHO M30MOPGHBIX G-pacciioeHu Haja MHOrooopasueM M u
COOTBETCTBYIOIIMI €My KJIAcC JIOKAIBHO TOMOTONHBIX (G-cnoeB G-pacciioeHus
MHoroo0pasus P [1, 9].

Jnsa ceuenns s: M — P paccimoeHus 1 BBIIOJHSETCA  YCIOBHE

pPoes= id . Ceuenust TPUBHUAJIIBHOT'O PACCIIOCHUA HAXOAATCA B €CCTCCTBCHHOM ou-

E€KTUBHOM COOTBETCTBUHU C JIOKAJIbHBIMH HENPEPHIBHBIMU PEIICHUSIMU CHUCTE-
MbI (1) [10]. Takum oOpa3zom, JIOKaJIbHAsI Pa3peIIMMOCTh CUCTEMBI €CTh CYIIECT-
BOBAaHUE JIOKAJIBHOTO CEUEHHUS, U KOJBIO CEUCHUH SIBISIETCS KOOPIUHATHBIM
KOJIBLIOM KacaTeJIbHOI'O PaCCIOCHUSI.

[TpoctpancTBo nuddepeHnmranbubx GopM ecTh CONPSHKEHHOE POCTpaH-

CTBO K CJIOIO KacaTelbHOTro paccioenus. JlyaasHoe paccioenue y = (P°,t,TP")
K KacaTeJIbHOMY paccioeHuto 7P MHOrooOpasusi P onpenenuM Kak aHaluTUye-

CKO€ paccliOeHHe KOOPAMHATHOTO KOJbIAa aHATUTUYCCKUX (QYyHKIUH P° MHOTO-
oOpasust P Haj 0a30ii, KOOPJIMHATHBIM KOJIBIIOM (DYHKIIMI KacaTeJbHOTO pac-
CJIOEHHUS, KOTOPOE €CTh KOIBI0 U PepeHIInATBHBIX (POPM.

Jlnst paccmoeHust 1 Bcerjga CyLIeCTBYeT JIOKAIbHOE CeueHHe, TaK Kak
nro6ast R-ananutuyeckas QyHKIMs, 3aJaHHAas Ha aHAIUTHYECKOM MHOT000pa-
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3UH, JOKaIbHO UHTEerpupyema. Cucrema (1) 3amaet BeKTOpHBIN O6a3uc O6a3bl 1y-
aIbHOTO PaCCIOCHUS.

2. llonnasa ougppepenyuanvnan cucmema

BekTopHOE MpOCTPaHCTBO MOJMBEKTOPHBIX TOJEH M COMPSHKCHHOE €My
npocTpaHcTBO auddepeHnnanbubix GopM uist cucteMbl (1) He siBisieTcs Mmod-
HBIM BO BCEX TouKax paccioeHus M= (P, p,M). Jlnsa rnobansHOl pa3penmmo-

CTH CHUCTEMBI Ha BCEM PACCIOCHHUH 1) HEOOXOIUMO OMPEICTUThH PEIICHHUE CHC-
TEMBI JUTSI TF000W TOYKH MHOT000pasust P, To eCcTh MOMOTHUTH MPOCTPaHCTBO R-
aHanuTudeckux auddepeHnnanbHeIX ¢Gopm, 3amaBaeMbix cuctemon (1). Ero
HAJI0 MOTIONHUTH AU PEpeHIINATHHBIMU YPAaBHCHUSAMH JIJISl TTApaMeTpPOB, KOTO-
pBIe 3371aI0T COOO KacaTeabHbIC HYJIEBOTO CEUCHUS PACCIOCHHUS T).

B okpectHOCTH 71000W HE0CO00M TOUKH AUQPEpeHInaTbHON CUCTEMBI
(1) unmm, 9TO SKBUBAJIIEHTHO, B OKPECTHOCTH JFOOOW HEOCOOOW TOUKH pacciioe-
Hus y =(P°,t,TP") cymecTByeT n JIOKAJbHBIX aHATHUTHYECKUX MEPBBIX (yHK-
[IMOHAJIOB, KOTOPBIE €CTh JIOKAJIbHBIE CEUEHUSI PACCIOCHHUS | .

Oco6pie ToukH auddepeHnanbHON CUCTEMBl WM 0COObIE TOYKU IMPO-
CTPAHCTBA aHATUTUYICCKUX (DYHKITMOHAIIOB OMPEACIISIOTCS YCIOBHEM PAaBEHCTBA
HYJIIO €T0 TPaJueHTa U COOTBETCTBYIOT HYJIEBBIM CEUEHHUSM PAaCCIOEHUs Y , de-
My criocobctByeT Teopema Capaa [11] u aHAaTUTHYHOCTH MHOXECTBA OCOOBIX
Touek. MHO)kecTBO 0coObIX Touek cuctembl (1) ompezensiercss OIHOPOIHOM
cucremoil nuddepeHaNbHbIX YpaBHEHUN 11 auddepeHiuanibHOl CHUcTe-
Mbl (1). TIpocTpaHcTBO (PYHKIIMOHAIOB HEMOJHOE BCIEACTBUE HEMOJIHOTHI MpO-
ctpancTBa nuddepeHuanbHbIx GopM HaJl MHOTOOOpasuem P.

JIisi aHAIUTUYHOCTH Ha KOMIAKTHOW OKPECTHOCTH 000N TOUYKH Kaca-
TEJILHOT'0 PACCIOCHUSI MHOT000pa3us P u 1moiaHOTH AudepeHITnanbHOl CucTe-
MBI AaHATUTHYECKUI (DYHKIIMOHAT TOJDKEH OBITh MPOJIOJDKEH Ha BECh CJION Kaca-
TEIHHOTO PACCIOCHHUS.

[To Teopeme JlnyBmmis aHanuTrdeckast PyHKITUS TOKHA OBITh KOHCTAH-
TOHM Ha JTFOOOM JTMHEHHOM MTOAMHOT000pa3nH CJIOS KacaTeIbHOTO PACCIOCHHS K
P v na nmo6oM MakcMMalabHOM MHTErPAIIBHOM IMOJMHOr000pa3uu MHOT000pa-
3ust P [12]. Habop coOCTBEHHBIX 3HAYCHUM {7»1.}, i=1,...,n, cucremsl (1) obpa-
3yeT Ha0Op MHBApPUAHTOB HA KACATEIHbHOM PACCIOCHUH OTHOCUTEIHHO JIEHCTBUS
IPYIII MPeoOpa3zoBaHM {G,.}, i=1,...,n cuctemsi (1).

Cuurtaem nuddepennuanbayo cuctemy (1) MoaHOHM, eclu CYyIIEeCTBYET
MTOBEPXHOCTHO-OHOCBSI3HOE HAKPHITHE PACCIOCHHS 1. DTO O3HAYaeT, 4TO CY-

HIECTBYET KOHEYHBII MpeJea CPEeIHEr0o MOTOKa BEKTOPHOTO Mojsi cucTeMbl (1)
JUTsT JTIF0OOM TOYKH MHOT000pasusi P, paBHOTO OTHOIICHHUIO TTOTOKA BEKTOPHOTO
MOJISl Yepe3 3aMKHYTYI0 MOBEPXHOCTh, OTPAHUYMBAIOIIYI0 HEKOTOPYHO KOMIIAKT-
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HYI0 OKPECTHOCTb TOYKU K BEIMYHMHE 00BbEMa 3TOW OKPECTHOCTH, KOTOPBIHA SIB-
JSI€TCS AMBEPTreHLIUEN MOl B TOUKE.

JlanHoe yTBepXJeHHE BbITeKaeT u3 TeopeMbl CTokca sl 000 KOM-
MAKTHOM OKPECTHOCTH JIFOOOW TOYKHM KacaTelIbHOTO paccioeHus 7P, B 4acTHO-
CTH, JUIsl 000 TOYKM MHOrooOpasus M MOXKHO OINpeAesuTh aHATUTHYECKU
(GyHKUIMOHAN, YTO JAaeT BO3MOXKHOCTH MPOJOJIKUTh AHAIUTUYECKU yalbHOE
paccioeHue y Ha Bce MHOroobpasue P, To ecTh Ha MHOTooOpasue M [13].

HMHTEerpupyemMocTb CHCTEMBI 3KBHUBAJIEHTHA CYIIECTBOBAHHMIO 7 OTpPaHU-
yeHHbIX R-aHanuTHyeckuX (QYyHKIIMOHAIOB HA MPOCTPAHCTBE AHATUTUYECKUX
muddepennmansabix Gopm [14-17]. JlaHHOE MPOCTPAHCTBO OJHO3HAYHO OIIpe-
JIEJSIET CUCTEMY IEpPBbIX MHTErpanoB, 0000meHHbIX R-aHanuTuyeckux perie-
Huii auddepennuanbaoit cuctemsl (1). Tomomoruss paBHOMEPHOM CXOJUMOCTH
IpoCTpaHCTBa 0000UIEHHBIX R-aHanmuTHYeckuX (PyHKUUN ecTh ciiabas TONoJIo-
I'sl Ha TIOMOJIHEHHOM MpOoCcTpaHcTBe TudPepeHnanbHbIX Gopm.

3. Bughyprayua oughpepenyuanvnoi cucmemoi

Hubdepennmansuas cucTeMa  HWHBapUaHTHA  OTHOCUTENbHO  R-
aHAIUTUYECKUX MPeoOpa3oBaHMii, a MPOCTPAHCTBO €€ OOOOIICHHBIX PEIICHUM
OTIPEJIETICHO ¢ TOYHOCThIO IO KOHCTaHThl. Ha MHOrooOpa3uu P MOXXHO BBECTH
JIOKQJIbHO BBIMTYKJIYIO TOIIOJIOTHIO, TOTIOJIOTHIO BEKTOPHOTO MIPOCTPAHCTBA AUd-
bepeHmanbHbIX GOPM, TO €CTh KOKACATEIHLHOTO PacCIOCHHS MHOTOOOpasus P.

Jlnst mHOTOOOpa3ust P CymiecTByeT HOpMallbHasi OKPECTHOCTh HYJIEBOTO
CEYCHMS PACCIOCHUS 1| WIHM HYJISl TPOCTPAHCTBA BEKTOPHBIX MOJIeH cucTemsr (1)

KaK HOpMaJIbHasi OKPECTHOCTh KOHEUHOMEPHOTO BEKTOPHOTO MPOCTPAHCTBA, YTO
9KBUBAJICHTHO CYIIECTBOBAHUIO HE OOpAIIArOMIeTOCs] B HYJb CEUESHUS HOPMaIlhb-
HOTO PacCIIOCHHs] MHOT000pasus M.

OO600I1IeHHBIE JIEMEHTAPHBIE CUMMETpPUYECKHE (YHKIIMA COOCTBEHHBIX
3HAYCHUH 3aJ1al0T PYHIAMEHTAILHYIO0 CHCTEMY HOPMAaIBHBIX OKPECTHOCTEH HY-
751 R-aHAIMTHYIECKOTO TIPOCTPAHCTBA CEUCHUH PACCIIOCHHS KacaTeIbHOro pac-
cnoeust M: dn=(TP, dp, TM), tne dp— nudbdepeHiman aHATUTHIECKOTO

otoOpaxenus p [8, 15]. OHu oOpa3yroT HabOp 7 MOJYHOPM Ha MPOCTPAHCTBE
muddepeHnnanbHbIX GOPM U MOTHOCTHIO OMPEAEISAIOT HA HEM Tomnojoruto. Ha-
OOp ATUX TOJYHOPM OCTaeTCid MHBAPUAHTHBIM OTHOCUTEIHHO H30MOpP(PHU3Ma
aHAIUTUYECKOr0 MHOTrooOpa3ust P ¢ TOYHOCTHIO O MHBAPUAHTHOTO MHOXKHTEJS
HEpaBHOTO HYINO. B cuny R-aHAIUTUYHOCTH paccMaTpuBaeMoil CUCTEMbI (PyHK-
Ui (pyHIaMEHTAJIbHBIE PEIICHUS] MOXKHO IMPOJOJDKUTH MO HEMPEPHIBHOCTH HA
BCce MHOroobpasue P.

MHOXECTBO KPUTHYECKUX TOUYEK WM TO4YeK Oudypkanuu paccioeHus P
ompenensieTcss Kak MHOXKECTBO MHOTO0Opasusi M, NIt KOTOPBIX y HYJIEBOTO Ce-
yeHus: paccioenuss M= (P, p,M) He cylecTByeT HOPMaJbHON OKpPECTHOCTH,
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YTO 3KBUBAJIEHTHO CYILECTBOBAHMIO OOpalIAIOIIErocs B HYJIb CEUEHUsS HOp-
MaJbHOI'O PacCIOCHUs TOJIMHOTr000pas3us M.

budypkanronnoe MHOroo0pa3ue KOpa3MepHOCTH OAMH 3aJaeTCsl OJHOU
U3 DJIEMEHTAPHBIX CUMMETPUUECKUX (QYHKUIUNA. ITO SBISETCS CIEICTBUEM TOTO,
4yT0 (YHKUUU OMPEIEISIIOT HOPMAJIbHYIO0 OKPECTHOCTh HYJIEBOT'O CEUEHHS Kaca-
TEIBHOTO pacCcIOeHUsI MHOT00Opasus P, a Takke B CHIIy UX alireOpanyeckoi He-
3aBHCUMOCTH HaJ J1100bIM moiiem [15].

JIrobGast cummerpudeckass (PyHKIMST COOCTBEHHBIX 3HAYEHUW omeparopa
cucteMsbl (1) 3amaeT OndypkarmoHHOE MHOTOOOpa3ue KOPa3MEPHOCTH OJUH Ha
aHAJIMTUYECKOM MHOroooOpasuu mnapaMeTpoB cucteMbl. Cucrema aHaluTHye-
CKUX YpaBHEHHH aisi ompeseneHus OupypKalMOHHOTO MHOT000pa3us MOXKET
ObITh TOJIy4eHa OOBEIMHEHHEM YpPaBHEHUM, ONPEICISIIONMX CTallMOHAPHbBIE
TOYKH, U YPaBHEHUH, ONpPENEIAEMbIX CUMMETPUYECKUMHU (POpMaMU OTHOCH-
TEJIbHO COOCTBEHHBIX 3HAUCHHI IPOU3BOIHOM omnepaTopa cuctemsl (1):

f(y,a) =0; )
F(y,a) =0.

Jlist aHanuTU4YeCKOW MpaBod yacTH ypaBHeHui (1) cummerpudeckas Ou-
dbypkarmonHas PyHKIUS MOXET ObITh MPEACTaBICHA €IUHCTBEHHBIM CIIOCOOOM
KaK MHOTOWIEH OT 3JIEMEHTapHBIX CUMMETPUYECKUX (PYHKUUNA COOCTBEHHBIX
3HayeHui [18—19]. Tak kak mpaBasi 4acTh 7-MEPHOTO BEKTOPHOTO AU(QepeHiu-
anbHOro ypaBHeHus (1) mnpencraBisier coboii R-aHamMUTUUECKYHO BEKTOP-
¢bynkuuo, To Mo Teopeme BeillepuiTpacca Ha JI000M JIOKaIbHO KOMIAKTHOM
MHOT000pa3uu €e MOKHO allPOKCUMHUPOBATH 71 MIOJIMHOMAMHU p; OT 1 TIEpEMEH-
HBIX. Pe3ynbpTupyromas cucteMa ypaBHEHUN

dy/dt = h(y,a) (3)
OyAeT anmpoKCMMHUPOBATh MCXOJHYIO CHUCTeMy ypaBHeHUN. KOMIOHEHTHI Bek-
TopHOW GYHKIMH p(V,a) B NPaBOM YacCTH CHCTEMBI SIBISIOTCA MOJIMHOMAaMHU
h{(y,a), i=1,2,...,n, TOJIOXKUTEILHON CTETICHHU.

Taxum xe oOpa3om cuctema, onpeaensmomas onupypKalno, CBOAUTCA K
MOJINHOMUAIBHOU CUCTEME YPABHECHUN:

h(y,a) = 0; @
H (y 9a) =0,
rne H(y,a) — TOAMHOM, anmpoOKCUMUPYIONIUN OudypKaIMOHHYI0 (GYHKIIUIO
F(y,a).

[TpoBenneHHBIE pacCyX AEHHUS CHpPaBEIJMBBI B OOIIEM cilydae, Korja Ou-
dbypkarusi onpenenseTcss CUMMETPUYECKON TMOMMHOMHAIBHON (YHKIHEH OT
cOOCTBEHHBIX 3HaueHUW MaTpulbl Skobu cucremsl (1). [Ipn nommHOMUaNBHOM
3aBHCHMOCTH BEKTOPHOM (YHKIIMH CHUCTEMbI AU(PPEpEeHINATbHBIX YpaBHEHHI
(3) oT mepeMeHHBIX U mapameTpoB AU GEpeHIIMaIbHON CUCTEMBbI OU(ypKaLK-
OHHOE MHOrooOpasue (4), onpenenseMoe CUMMETPUYECKON MOJIMHOMUAIBHOM
byHKUMEH, ABIIsAETCA anreOpandeckuM MHOrooOpa3sueM Ha MHOrooOpaszuu M.
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4. Ilpumepvl cummempuueckux oudypkayuii

PaccmoTpum B KayecTBe mpuMepa KpUTUYECKUE MHOT00Opa3us CUMMET-
pudeckux oudypkamuii cucremsl JlopeHiia, 3ajaBaeMoi CUCTEMOM YPaBHEHUIA:

dyl/dt = al( B2 _y3);
dy,/dt = =y, ys—a,y, —,; (5)

dy,/dt = yy, +a,y;.

Wnes nmpeobpazoBanus MOJIMHOMUAIEHON CUCTEMBI ypaBHEHUH (4) cocTo-
UT B MOCIEJ0BATEIbHOM HCKIIOUEHUH MEPEMEHHBIX J0 MOJYyYECHHUS! YpaBHEHUS,
COJZIepIKalllero TOJILKO MapaMeTpsl cuctembl ypaBHenuit (1). [Iponecce uckiroue-
HUSL MOXET COYETaTh OINEpalyy BBIYUCICHHS PE3YJIbTAHTOB M (PaKTOPU3ALMH
OTHOCUTEJIBHO HMCKJIKOYAEMbIX MEPEMEHHBIX, OCTABJISISI POMEXKYTOUYHBIE BbIpa-
KEHHs anreOpandecKuMu, TakKuM 0o0pa3oM, OH TMO3BOJISET M30€kKaTh ONMEPUPO-
BaHUS C TPOMO3JIKUMU CUMBOJILHBIMU BBIPAKEHUSIMU U ONITUMAJIBHO YUUTHIBATh
BBIYMCIIUTEIbHBIE OIpaHUYEHUs. Pe3yibTaHT SIBISIETCS 1IEJIOYMCIIEHHBIM MOJIU-
HOMOM OT KO3 (}UIIMEHTOB NMOJUHOMOB [6, 19-20]. Pe3ynbrarom anredbpanye-
CKHUX omepanuii OyJeT ypaBHEHHE, COJAepXkallee TOJIbKO MapameTpbl CUCTEMBI
mubdepeHnanbHbIX ypaBHEHUH, ompenestonee 0MpypKamoHHYIO TOBEpPX-
HOCTb B IIPOCTPAHCTBE MapameTpos [21].

[Ipy mMONMMHOMUATEHON 3aBUCUMOCTH BEKTOPHON (DYHKIIMM CHCTEMBI
muddepennnanbHbiX ypaBHeHUH (1) OT MEPEeMEHHBIX M MApaMETPOB CHUCTEMBI
KpUTUYECKass IOBEPXHOCTh, COOTBETCTBYIOIIAs CHMMETPUYECKON IOJUHOMMU-
abHOU (PyHKITMU OMdypKaIuu, SBISETCS aareOpanvdecKuM MHOT000pa3ueM B
IPOCTPAHCTBE NAPAMETPOB.

Boruncnenust 6pumM mpoBeneHsl s AuddepenuuanbHoi cuctemsl Jlo-
penua (5) B MarematuueckoMm nakete MATLAB [22] nns nonHoro Habopa nep-
BbIX MHTErpaJioB cUCTEMBI (1), CHMMETPUYECKUX OTHOCHUTEIHLHO COOCTBEHHBIX
3HAYEHUM {ll, A, X3} skoOuaHa cucteMsl J. budypkanmonasie MHOrooOpas3us

KOPa3MEPHOCTH OJIMH ONPEACIAIOTCA 3JIEMEHTapHbIMU CUMMETPUYECKUMHU
GyHKIUSIMH COOCTBEHHBIX 3HAYEHHWM BCIICJICTBUE ajreOpanveckorl Mx He3aBH-
CHMOCTH HaJl I0ObIM 11os1eM [20]:

Sl=trace J =k +A,+A3;

S2=AA, + A0 + A A5 (6)

S3=det J=AAA,.
Ha puc. 1, 2, 3 noka3ansl KpuTUYEeCKHUEe MHOTO0Opa3usi nHBapuanToB S1, 52, §3
cucrteMmbl JlopeHna B mpocTpaHCTBE (a30BbIX NMEPEMEHHBIX (), V,, V;) Al
Tpex 3HaueHud napamerpa g, =-5, 0, 5. Kapruna ¢asoBoro noprpera cucremsl

Ka4CCTBCHHO MCHACTCA IIPHU IMPOXOKIACHUU XOTA OBI OHHOﬁ N3 CTAOUMOHAPHBIX
TOUYCK 4YCPC3 MPUBOAUMBIC Ha PUCYHKAX IMOBCPXHOCTH. HapaMeTquCCKOG Ipo-
CTpPaHCTBO pa36I/IBaeTC${ Ha OTKPBITELIC HOI[O6J'I3CTI/I IMOBCPXHOCTAMHU HYJICBOI'O
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ypOBHSI MHBapuaHTOB S1, $2, S3, rpaHuIbl KOTOPBIX ABJISIOTCS paccMaTpUBac-
MbIMH OUYPKALIMOHHBIMU MHOTO00pa3HsIMHU.

Puc. 1. budypkannonnsie MHOTOOOpa3us naBapuanToB S/, S2, S3 cuctemsl JlopeHia B mpo-

CTpaHCTBE (ha30BbIX MEPEMEHHBIX (), V,, V;) A 3HaUEHUs mapamerpa a, =—5.
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Puc. 2. budypkaunonnsie MHOrooOpasust unBapuanToB S/, S2, S3 cucrems! JlopeHua B npo-
cTpaHCTBE (ha30BBIX IEPEMEHHBIX (), V,, V;) AJsd 3HaueHus napamerpa a, =0.
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Puc. 3. budypkaunonnsie MHOrooOpasust unBapuanToB S/, S2, S3 cucrems! JlopeHua B npo-
cTpaHCTBE (pa30BBIX IEPEMEHHBIX (), V,, V;) A1 3HAYCHUs apameTpa a, = 5.

Puc. 4. budypxaunonnsie MHOr0ooOpa3ust UHBapuaHToB S2, S3 cuctemsl JlopeHua B npo-
CTPaHCTBE IapaMETPUUECKUX NIEPEMEHHBIX (a,,a,,a;) .
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Puc. 5. budypkaunonnsie MHOrooOpasust uuBapuanToB S/, S2, S3 cucrems! JlopeHua B npo-

cTpaHcTBe (ha30BBIX IEPEMEHHBIX (4, a,, a;) .
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Yepnuxos C. A., Camep anv-Canex

Mockoeéckuii 2ocyoapcmeeHnblil mexHuyeckull ynusepcumem um. H. 3. baymana, Mockea,
e-mail: SAMER-SALEK@mail.ru

PaccmaTpuBaroTcs OCHOBHBIE PE3YJbTAaThl UCCIEAOBAHUS AKTUBHBIM JIH-
HamuueckuM racuresieM kosiebanuit (AJII'K) mns rupocradbunmzaropa (I'C).

JInHAMUYECKUM TacuTeleM WU JMHAMUYECKUM racuTeleM KoJeOaHwmit
(AT'K) Ha3bIBalOT yCTPOMCTBO, B KOTOPOM BO3HUKAET CUJIa WUHEPIUU, YMEHb-
Iaromias ypoBeHb KOJCOAHMI 3aIUIIaeMON KOHCTPYKITUH.

BonbummncTBo padot [1-7], nocBsimenubix Teme npumenenus JT'K B ru-
pocucTeMe, OrpaHM4YeHbl MPUMEHEHUEM MTACCUBHOT'O TaCUTEIISL.

B noknanme paccmarpuBaeTcs aKTUBHBIM JTUHAMHYECKHM TaCUTENb KOJE-
oanuit AJII'K, nmpennaraercss kKuHeMaTHuyecKasi cCXxema, OIUCHIBAIOTCS YpaBHE-
HUS JABWIKEHUSI OJHOOCHOTO THPOCTAOMIIM3ATOpAa C AKTUBHBIM JUHAMHUYECKUM
racutenem konedanuit (AAI'K); a raxxe crpykrypHasa cxema AJ/II'K ¢ qunamu-
YECKOW HACTPOMKOM, TI€ JKECTKOCTh FACUTENS MPOIIOPIMOHATIbHA KBaApaTy Yac-
TOTBI.

VYyutbiBas omuOKy H3MEPEHHUS YacTOThI, ObLIa BBHIMOJHEHA pacyeTHas
mozenb B makere MATLAB-SIMULINK nys uiccinenoBanus rupocTabuiin3aTo-
pa ¢ fuHamudeckuM racutenem konebanuii (AJII'K) ¢ nuHamudeckoit HacTpoui-
KOW 7KECTKOCTH.

OcHOBHBIEC pe3yJIbTaThl HCCIEAOBaHMS, HUcMoJb3ys maker MATLAB-
SIMULINK:

1. B o6nactu pabounx uvactor AJAI'K MOXHO ymydmuTh TUHAMUYECKYIO

TOYHOCTh THUPOCUCTEMBI.

2. Haubonee s>¢pdextuBHa rupocucrema ¢ AJII'K B obiactu pe30oHaHCHBIX
qacToT (K03 DUITUEHT TameHus MoxeT JocTUrHyTh =2000).
3. TpeboBanusi K TOYHOCTH H3MEPEHHUS YACTOTHI JIJISI TIOJYYEHUS BBICOKOMN

3 (PEKTUBHOCTH: TOTPEITHOCTh M3MEPEHHsI YacCTOThI JOJDKHA OBITH HE

oonee 1%.

4. MoOXHO pacUIMPUTh YaCTOTHBIE 00JaCTU pabOThl racUTENsl MPU UCIOJb-
3oBanuu AJII'K.
5. MOXHO yMEHBIINTh MOMEHT MHEPLIMM aAKTUBHOTO racurens B 10 pa3 or-

HOCUTEJIBLHO TMACCUBHOTO TacUTENs, YTO SIBJISETCS BEChbMa aKTyaJlbHBIM

JUISi TUPOCKOMMYECKUX CUCTEM CTaOMIIM3AIIUH.
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AJI'OPUTMBI HPUBJINKEHHOI'O UCCJIEAOBAHUSA
3AJAYY O BUPYPKALIUUN AHAPOHOBA-XOIIDA

fOmaeynos M. I'., Hypos U. /1. lllapaghymournoe U. B.

Cubartickuti uncmumym bawkupcrkoeo cocynusepcumema, Cubaii ,
Hncmumym mamemamuxu AH PT, /[ywanoe,
e- mail: yum_mg@mail.ru, nidl(@mail.ru

1. Beeoenue

MaremaTnueckoe MOAETUPOBAHUE YACTO TPEOyeT NETATbHOTO M3Yy4YEHHS
JTUHAMUYECKUX CUCTEM, COAEpKalux rnapamerpsl. OqHUMU U3 HauboJiee UHTe-
PECHBIX SIBJICHUN NpPH HM3YyUYEHHUU TAKUX CUCTEM MPEICTABISAIOTCS pPa3IMYHbIE
oudypkaum, o3HavyarOIMKUe KaYeCTBEHHYIO MEPECTPOUKY (YHKIMOHUPOBAHUS
cucteMbl. OOHapyxeHue OudypKauuu sBISAETCS OJHUM U3 BAXKHBIX ATAIlOB UC-
CJIeIOBaHUs IMHAMHUYECKOW cucTteMbl. IHTEepec npeacTaBisioT Bce aCeKThl —
HaXOXJEHUE KpUTHYECKUX (OM(YpKALMOHHBIX) 3HAYEHUH MapaMeTpoB, IIO-
CTpOECHHE (AaHAIMTUYECKOE WIN IPUOIMIKEHHOE) POKIAIOLIMXCS PEIICHUH, aHa-
JU3 UX YCTOWYMBOCTH, HCCiel0BaHUE TUNA Oudypkauuu (Cyo- Win cynepkpu-
TUYHOCTB) U T. 1.

OaHMM M3 OCHOBHBIX TUIIOB OM(YPKAMOHHOIO IMOBEACHUSA IHMHAMUYE-
CKOl CHCTEMBI SIBJISIETCSI BOSHUKHOBEHHE aBTOKOJI€0aHUM U3 CTallMOHAPHOTO CO-
CTOSIHUSI CUCTEMBI — Oudypkamuss AuapoHoBa-Xornda. ITOT THI OUypKaIu
CBSI3aH C IEPEXOJOM uYepe3 MHHUMYIO OCh Mapbl KOMIUIEKCHBIX COOCTBEHHBIX
3HAYEHUH JIMHEApU30BAHHOW cucTeMbl. VccnenoBanuio 3amaun o Oudypkanuu
AnaponoBa-Xormda NOCBSIIEHO OTPOMHOE YUCIIO paboT (cM., Harpumep, [1-3] u
UMeIyoca Tam Oubnuorpaduio). AHAIUTHUYECKOE PEIICHUE ATOM 3ajauu
BO3MOXHO, KaK MPaBUJIO, TOJBKO JJI CIELHAIbHO KOHCTPYHPYEMBIX ypaBHE-
Huil. [losToMy ykazaHHas 3a/1aya HY>KIaeTcsl B alTOPUTMUYECKON U TPOrpaMMm-
HOU MOJIEPHKKE.

AJroput™Mbel M mOporpammbl Ui 3ajaud o0 Oudypkauuu AHIpPOHOBa-
Xomnda cozgaBanvch MHOTHMHU UCCIIEAOBATENSAMH (CM., Harlpumep, [2] u umero-
nryrocs Tam ouonmorpaduo). PaboTel B 3TOM HampaBiIeHUU CTHUMYJIUPOBAIIUCH
KaK 3alpocaMu MpakTUKU (3aJaud TUAPOAMHAMUKH, OUOJOTMH M Jp.), TaK U
00IIETEOPETUYECKUMH TIOTPEOHOCTAMH — HEOOXOJAMMOCTHIO UMETh YHUBEp-
CaJIbHBIEC MPOTrPaMMHBIE NPOAYKTHI JJIs MPOBEACHUS BBIYMCINUTEIBHBIX JKCIIE-
PUMEHTOB, PELIEHUS MOJEIIBHBIX 3a7a4 U JIp.

B nacrosimieit pabote mpeiaraeTcsi cxema IpUOIMKEHHOTO MCCIEI0Ba-
HUS 3a7aun 0 Oudypkanuu AHAPOHOBA-Xormda, OCHOBaHHAS HA HIEAX METOa
¢ynkunonanuzauuu napamerpa [4]. [Ipeqnaraemas cxema 1mo3BoJisie€T IPOBECTH
JETAIbHOE YHUCJIEHHOE HCCJIEJAOBAHME 3a7aud, MOJYYUTh ACUMITOTHUYECKHE
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(bopMyIIbl ISl PELIeHU, MPOBECTH aHAIM3 UX YCTOMYMBOCTH U Ap. Cxema Jo-
nyckaeT 3¢ dektuBHyto peanuzanuio B cuicteme MATLAB. B pa6orte npusene-
Hbl HEKOTOpBIE pPE3yJbTaThl, MOJTYYEHHbIE HA OCHOBE COOTBETCTBYIOLIUX MPO-
rpamm.

2. bugpyprauyua Andponosa-Xongha.

[TpuBeeM OCHOBHBIE MOJIOKEHHUSI CXEMbl MPUOIMKEHHOTO UCCIIEI0OBAHUS
3amauu o Oudypkauuu Auaponosa-Xomda. [Ipu 3ToM orpaHuyuMcs paccMoOT-
PEHUEM CHCTEMBI YPABHEHUM

%:A(k)x+a(x;7»), xeRY,N2,Le R (1)

3neck matpunia A(A) u BeKTOp-GyHKIUSA a(x;A) 3aBUCAT OT CKaJsPHOTO Iapa-
MeTpa A, IpuueM

lim max 254 —
k=0 il ™

OCHOBHBIM SIBJSIETCA MPEIOI0KEHUE!
II1). Matpuna A(A,) uMeeT mpocTble COOCTBEHHBIE 3HAYEHUS T,

0, >0.
Tak xak coOCTBeHHBIE 3HaUeHUs =t i mampuyvt A, = A(A,) U TpaHc-

~ ~ * ~ ~
IIOHUPOBAHHON K HCH MAaTPHUIIbI AO IIPOCTBIC, TO HAUAYTCA TAKHC IIapbl JTUHCH-

HOE 3aBUCHMBIX BeKTOpoB e,g € R n e’,g" e R" , ut0

Aje=-w,g, 4,8 =0, A" =0,8", 4,8 =—0,€; (2)
lel=lg =1 (e,e)=(g,8") =L (e,g") = (g,€") =0. 3)
[TycTh, Hapsay c I11) BBIIIOTHEHO TAKKE MPEIOI0KEHUE:
I12). meet mecto cooTHoteHue (B HeM A' = A'(A,)):

(A'e,e’)+(A'g,g") #0. 4)
IMapy (A,,7;) HasbBaroT (cM. [2—4]) Toukoi Oudypkanun AHIPOHOBA-
Xonda mms cucremsl (1), ecnmu kaxgomy €>(0 COOTBETCTBYET TakKoe
A=A, e(r,—€Ar,+€), npu kortopoM cucrema (l) umeer HeHynesoe 7. -
nepuoaundeckoe pemenue x, (t),rae 7, € (1) —¢, T, +¢€) u | x,(¢)|g,—00 <t <co.
[onoxum T, =2m/®,. Ilycts BbmonHeHsl npeanonoxenus I11)-I12).
Torpa [4] napa (A,,7,) Oyzmer Toukoil Oudypkaunu AHgpoHoBa-Xomnda A
cuctembl (1). Ilpum sTOM poxparoniyecss mnepuogUUYecKue pemieHus x(¢;A)
CYILIECTBYIOT MPH MajbIX ‘7»—7»0‘ B TOYHOCTH B OJHOM M3 TPEX CIIy4aeB:
(DA>Xy; 2)A<A,; B)A=A,, IpUUYEM B IEPBBIX ABYX CIydyasX KaKAOMY A
OTBEUaeT He OoJiee OJJHOTO UKJIIA MAJION aMILTUTY/IBI.
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Hwxe gwepes C=C[0,1] o6o3HagaeTCcsi MPOCTPAHCTBO HEMPEPHIBHBIX HA
orpeske 0<¢<1 Bekrop-pyukmumii x(¢), x(0)=x(1), c paBHOMEpHO! MeTpH-
KOM.

OmnpenenuMm GyHKIIUU

e(t)=ecos2nt—gsin2nt, g(t)=gcos2nt+ esin2nt (5)

U QyHKLIHOHABI
afx()]=(x.,g) +(x,,€"), Plx()]=(x.,€)—(x,,8"), (6)

e e, g e,g — BekTophl U3 (2) U (3), a BEKTOPbI X, U X, — 9TO OTBEYAIO-
mpe cos 27t u sin 21t ko3 dunuents Oypre hyakuun x(¢) € C[0,1].

3. Hmepayuonnan npoueoypa

[IpuBeneM OCHOBHBIE NOJIOKEHUS IPEIIaraéMo UTEPAlMOHHOM MIpoILle-
Jypbl TOCTpOCHMS OUypIupyOMMX pemenuii cucteMsl (1).
OmnpenenuM 3aBUCSLIME OT Majoro napamerpa g >0 QyHKIUOHAIIBIL:

R LO1=h =1+ BOL TLO1=T, +-oly(0) ™
q 2q

rae o(x) u P(x) — dynkuuonanst (6). Torna A [ge(t)]=A, u T [ge()]=T,.

OCHOBHBIM SIBJISIETCS ONEPATOPHOE YPABHEHUE:

G, Ly(O1+ 7, [y(1)] =0, (8)
rac

G, Ly(O]= y(O)+ T, [y(O1] Ak, ((O)]y(s) ds = y(0), 9)

W,[y(O1=T,[yO]] aly(s), 1, (y(©)]ds. (10)

0
PasernctBo y(¢) = x(¢7,) OCYyIICCTBISCT B3aHMHO-OJJHO3HAYHOE COOTBET-

CTBUE MEXHy peweHusiMu y(¢) ypaBHeHus (8) u T, -IEPHOANYESCKUMH periie-
HussMu x(7) cuctemsl (1) mpu A=A . 3nece A, =A [y(@©)] u T, =T [y(?)].

s xkaxxaoro manoro g >0 omepatop (9) nevicteyet B C[0,1] u nudde-
peHuupyeM 1o dpeiie B OKPECTHOCTU GYHKIUU Y = ge(t) , IPU 3TOM:

(a) mpousBoanast ®pewe G, (y) npu y = ge(f) He 3aBUCUT OT ¢ U TPE]-
CTaBMMa B BUJIC

G [qe(O)VA(t) = Bh(t) — h(t) + %a[k(r)}[em e+ %B[h(t)]A’[g(t) gl (1)

0
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rae o(x) uP(x)— ¢pyHkauoHansl (6) u

Bh(t) = h(1) + Toj A\ )h(s)ds;

(b) omeparop G [ge(?)]: C[0,1] — C[0,1] HenpepsiBHO 0OpaTuM TOTrIa U

TOJIBKO TOT]Ia, KOT/Ia BBIITOJIHEHO COOTHOIICHUE (4).
[Tosoxum [ = (Gq[qe(t)])_1 : C[0,1] > C[0,1] u onpenenum onepaTop

U y(0) = y(0) =T1G, (y() + W, (y())].

Crnenytolliee yTBEpKICHUE SABIISIETCS OCHOBHBIM B IpEJJIaracMoil cxeme
NpUOIMXKEHHOTO UCCIeA0BaHuA 3aaun o0 oudypkauun AHapoHoBa-Xormda as
cucremsl (1).

Teopema 1. I Kaxa0ro AOCTaTOYHO MAJIOrO ¢ >0 IMOCIEIOBATEIbHbBIC

PUOITMKEHUS
Vyun O =U,y,, (), n=0,12,.. (12)
(mpu  y,,(¢) =qe(t)) paBHOMEPHO CXOMATCS K HEKOTOpOi ¢yHKuuu 1 mpu
n— 0.
Tot ¢akr, uro napa (A,,7;) sBasercs Touko 6udypkauun AHIpPOHOBA-
Xomnda mst cuctemsl (1), 000CHOBBIBACTCS B CIEAYIONIEM YTBEPKICHUU.

Teopema 2. Oynkuun y, (/)  yIOOBJICTBOPSIOT — COOTHOLICHHSIM
A =4Ol 4, T,=T[y,O]>T, ny,(t)>0 npu ¢ —>0. Ilpu A=2,

cucrema (1) umeer 7, -mepuoauyeckoe petuenne x, (1) =y, (¢/T,).

4. Anzopumm uuciennozo ucciedosanus ougypkayuu.

Teopemsbl 1 1 2 MO3BOJISIOT MPOBECTH YHUCIEHHOE UCCieaoBanue oudyp-
kamu AHnpoHoBa-Xorda 1y cuctemsl (1) B BUAE CIEIYIOMIETO aIrOpuT™Ma:
l. ctpositcss  ynoBieTBopsitolie  cooTHowieHussM  (2) u (3)  BEKTOpHI
e,g,e’,g €R", araxke pynkius (5);
2. cocTaBisieTcsl MoAnporpaMMa-(QpyHKIUs A1 BbIYUCIEHUS GyHKIHOHANOB (7)
u oniepatopos (9) u (10);
3. cocTaBisieTcsi nmoanporpamma-QGyHKIMs ISl BRIYMCIECHUS 00OpaTHOrO orepa-
Topa K onepatopy (11);
4. cocraBisieTcs MporpamMma BbIYUCIIEHUS UTepanuii o cxeme (12).
Vkazanblii aiaroput™M peanuzoBaH aBTopamu B Buae MATLAB-
nporpaMmMbl. BelunciieHHs 10 3TOM MporpaMMe WLTFOCTUPYIOTCS B PUBOJIUMOM
HWXKE MpUMepe.
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5. /lononnenue

[IpennoxkeHHasi BbIlIe cXeMa MPUOIMKEHHOIo HccleoBaHus Oudypka-
IIUH [103BOJISIET HE TOJBKO YMCIIEHHO CTPOUTh Oudypuupyromue pemenus. Oxa
pa3BUTa U IONOJHEHA C LEIbI0 PELICHUS], B YACTHOCTH, CJIEAYIOLIUX 3a/1a4.
1. Ilosyyenne acHMITOTHICCKUX (POPMYIT JUTsl 3HAYCHHUH MapaMeTpa A, Iepro-

na T, u nepuopuueckux pewenunii x (¢) =y, (¢/T,). In Gpopmyssl Obuin 110-
JIy4eHbI B [S] B BUIE paBEHCTB: A, = A, + Mg®+o(q?) T, =1, +T.q° +0(q%)
uy, ()= qe(t)+q’e(t)+0(q*), rne mna A, T, u e(f) ObUIM TONYYEHBI SB-

HbIE POPMYIIBI.

2. Onpenenenue Tuna oudypkauuu (cy0- wiM CynepKpuTUIHOCTB) (cM. [6]).

3. AHanu3 ycroiunBocTH pemeHnid. Ha ocHOBe acuMmnToTnaeckux Gopmyst pas-
pabotaH (cM. [5]) anropuT™M BBIYHMCIEHUS XapaKTEPUCTUUECKOTO MOKa3aTels
A, 3HaK KOTOPOTO OIIPEIEIsAeT CBOUCTBA YCTOUUUBOCTH.

4. UccrenoBanue CUCTEM, COAEPIKAIIMX 3aIla3/IbIBAHNS TOM WU MHOW IPUPOJIBI
(cM. [7]), a TakKe CUCTEM, COJIEPIKAIIMX CI0KHBIE HEIMHEHHOCTH, HAIIPUMED,
TUCTEPE3UCHOrO THUIIA.

6. Ilpumep: cucmema Jlopenya

Paccmotpum cuctemy 9. Jlopenna [1-3]
X=—0ox+o0Yy,
y==xz+Ax—-y, (13)
z=xy—bz,
OMUCHIBAIONIYIO JABUKEHUS B MOJOTPEBAEMOM CHM3Y CJIO€ KUIKOCTH WJIM Tasa.
3necb ¢ — uucino [lpanarnsg, BenuumHA b OTpaKaeT TE€OMETPHUIO O0JaCTH,

A — aucno Panes, npuarMaemMoe 3a Ou(ypKaIMOHHBINA TapameTp.
Cucrema (13) mpm A >1 wuMeer 1Ba COCTOSHHS PaBHOBECHS

x=y==%Jb(A-1), z=A-1. Jluneapusys npaByio 4actb cuctemsl (13) B Ok-

pecTHOCTU TOUKU X =y =./b(A—1) , z=A—-1, npuaem k cucreme Buzaa (1), B

KOTOPOM
-c o 0 0 X,
AN =1 =1 k|, a(xA)=|-xx,|, x=|X,|;
k -k -b XX, X,

3aech k =/b(A—1).Ilpu 6 >b+1 unucno A, =c(c+b+3)/(c—b—1) saBasercs

Toukoi Oudypkaunu Xonda.
Hccnenoanust Oudypkamuu B cucteme (2) IpoBOAUIIOCH C UCIIOJIb30Ba-
HueM paszpaboranHoii MATLAB-nporpammsl. s ¢pu3ndeckun BakKHbIX 3Haye-
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HUi mapametpoB o=10 u b=8/3 OudypraurMoHHOE 3HAYEHUE PABHO
L, =470/19, a matpuna 4, = A(A,) uMeeT BUJ

-10 10 0
4= 1 -1 -7,956
7,956 7,956 2,667
U MMeeT Napy YMCTO MHUMBIX COOCTBEHHBIX 3HaueHUH tm,i, rae o, =9,6245.
Torna 7, =2n/®w, =0,6528. Beuucium COOCTBEHHBIE BEKTOPbI MaTpull A, U

A, B cooTBeTcTBUH C paBeHcTBamH (2) u (3):

0,1454 0,5562 0,1364 0,4584
e=]-0,3899 |, g=|0,6961|, ¢ =|-0,6347|, g =|0,8738|.
0,9093 0,4541 0,8058 0,3014

[TpuBenemM OKOHUYATETBHBIC Pe3yJbTaThl. J[1s acCHMITOTHYECKUX (OpMYIT
noayuuMm A, =-0,0423 u 7, =0,0015. CrnenoBarenbHo, paccMaTpuBaemasi Ou-

(dypkanus asisercs cyOkputudeckoi. Mcnone3ys 3Hauenust A, u 7, s aHanu-
3a ycroduuBoctH mnonyuuM A =0,0395, T.e. Oudypuupymomme pemeHus

HEYCTOMYUBBI. DTO MOATBEPKIAET PE3YJIbTAThl MPSIMBIX YHCIEHHBIX PAaCUYETOB
0. JlopeHna, a Tak)ke BeIUHMCICHUM 10 OudypkarmoHHbM hopmynam [2].
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