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DJIeMMEeHTBhI TEOPUU AJANTUBHOIO paciniupeHHoro duiabTpa KaJj-
Mmana, A. Jlerrapes, . Taitne, [Ipenpunr UIIM nm.M.B.Kengpmma PAH,
Mocksa, 35 crpanui, 12 pucyrkos, oubsrorpadusi: 8 HauMEHOBAHUIA.

OnucaHo MocTpoeHue aJropuTMa paciimpeHHoro ¢gpuiabrpa KaJjmana s
HEJNHEHHON HenPePbIBHO-IUCKPETHON 3a/1a91 OIIEHKA BEKTOPa COCTOAHUS CU-
crembl. Paccmorpena rnpobsiema, ajganTuBHOro (pujibTpa, rje JJjisi MIyMOB ITPO-
[[ecca U M3MEpEeHUuil MPOBOJAUTCA OIECHKN MX KOBAPUAIMOHHBLIX MAaTPHUI] C Iie-
JIbIO TIOBBIIIEHNs] TOYHOCTH OLIEHKHU BEKTOpa cocTosinusi. [IpuBesienbl cxeMbl
HECKOJIBKUX TUMOB aJIalITUBHBIX aJrOPUTMOB U PE3yJIbTaThl MaTeMaTUIECKOTrO
MOJIEJINPOBaHUS X pabOThI Ha IPUMEPE TBEPAOro Teja ¢ 3aJlaHHbIM TeH30POM
MHEPIUN JIBHKYIIIErocs 10 KPYroBoil opoure.

KiroueBble cjioBa: JuHaMUYecKas CUCTeMa, CTATHCTUIECKas OTEeHKa BEK-
TOPa COCTOsIHMS, paciiupeHublit puiabTp Kanmmana, ajgantuBubiii puabrp Kag-
MaHa

The elements of the theory of the adaptive extended Kalman
filter, A. Degtyarev, S. Theil, Preprint of KIAM RAS, Moscow, 35 Pages, 12
Figures, 8 References.

Construction of algorithm of extended Kalman filter for a nonlinear
continuous - discrete problem of an estimation of a state vector of system
is described. It is considered the problem of the adaptive filter where the
estimations of the covariance matrices is carried out for noises of process and
measurements with the purpose to increase an accuracy of a state vector’s
estimation. It is shown the schemes for several types of adaptive algorithms
and results of mathematical modeling of their work for a rigid body with given
inertia.

Key words: dinamic system, the statistical estimation of a state vector,
extended Kalman filter, adaptive Kalman filter.



BBenenne

Qunprp Kaamana - mocienoBaTebHBI PEKYPCUBHBIN aJTOPUTM OIEHKHU, KC-
MOJIG3YIOMKI TPUHATYIO MOJEJb JUHAMHYECKON CHCTEMBI JJIs MOJIYIeHUsT
OIIEHKH, KOTOpasi MOYXKeT ObITh CYIIECTBEHHO CKOPPEKTUPOBaHA B Pe3yJibTare
aHaJIN3a KarkJ0il HOBOI BBIOOPKHU M3MEpEeHHUil BO BPEMEHHOI IOC/IeI0BATE b
HOCTH.

DTOT AJTOPUTM HAXOIWT MPUMEHEHHE B MPOIECcce yIpaBIeHWs MHOTMMA
CJIOXKHBIMU JIMHAMUYECKUMU CUCTEMaMU, HAIIPUMED, HEIPEPhIBHBIMU ITPOU3-
BOJICTBEHHBIMU IIPOIIECCAME, CAMOJIETAMHU, KOPAOIsIMA U KOCMUUECKUMU AIllla-
patamu. [Ipu ynpapieHnn JUHAMIYIECKON CHCTEMOI IIPeXK e BCero HaoOXO M-
MO TIOJIHOCTHIO 3HATH BCE €€ COCTOsIHUS B KaXK/IbIil MOMEHT BPEMEHHU, JPYTUMU
CJIOBaMK HEOOXOJIMMO MMETh MH(MOPMAIMIO O TOM, YTO 3Ta CUCTEMa JeJaeT B
KasKJIbIii MOMEeHT BpeMmeHHU. Ho m3mepenHne Bcex mepeMeHHBIX, KOTOPBIMH BbI
XOTHUTE YIPaBJISATh, HE BCEIJIa BO3MOXKHO U B 3TUX ciydasx ¢puibtp Kanva-
Ha SBJISETCS TEM CPEJICTBOM, KOTOPOE MO3BOJISIET BOCCTAHOBUTH HEJIOCTAIONLYTO
MHMOPMAIHIO TTOCPEJICTBOM UMEIOIIXCS HETOTHBIX (3alllyMJICHHBIX) H3Mepe-
HUA.

Hacrosimmast pabora paszbuta na jape dactu. OcHoBHas 3aja4a MEPBOil da-
CTU COCTOUT B TOM, YTOObI O3HAKOMUTH YUTATENs C METOJOM (DUIbTPAIUKA HA,
MH>KEHEpHOM YpPOBHE U B IPUMEHEHNN K peaJibHbIM 3ajadaM. Kiaccmaecknii
dbunbrp Kanvana-Biocu, He paccmaTpuBaemblil 3/1€Ch, OMUCaH, HAIIPUMED, B
[8]. Hama nesb 3akiouaercst B nocrpoennu ajroputma guibrpa Kaavana
JIJIsT TAK HA3BIBAEMOM Henpepueno-duckpemnot 3adawu (HepepbIBHAS MOJIETH
JTMHAMUAYIECKOI CHCTEeMBI € JIUCKPETHBIMU U3MEPEHUSIMH ).

B paznenax 1.1 — 1.4 paccMaTpuBaiOTCsi OCHOBHBIE IIIAIM TOCTPOEHMS AJIIO-
puT™ma pubTpanyK JUis JUHeHbIX 3aj1a4. B pasjene 1.5 paccmarpuBaiorcs
OJIXO/IbI JIJIsI IIOCTPOEHUST pacwupertozo gusvmpa Karmara, To €CTh IEPEeHOC
MeTOHO00TMH (PUIbBTPALNK Ha, KJIacC HeJTuHeHHbIX 3a1a4. B pa3jese 1.6 npuso-
JINTCS CyMMUPOBAHUE TIOJIyYEHHBIX PE3YJIbTATOB U PUBOJIUTCS CXeMa, paboOTh
pacuipennoro dpuabrpa Kajmana Jjisi HempepbIBHO-JIUCKpPETHON 3ajga4un. B
nojpasjesne 1.6.1 paccMOTpeHbl pPe3yJbTaThbl MOJIEJUPOBaHUs PAOOTHI TAKOI'O
busibTpa Ha npUMepe JMHAMUYECKON CUCTEeMbl MATEMaTUIYECKUI MasiTHUK.

Bropasi 1acTh paboThl MOCBSIIEHA OMUCAHUIO U MOJICJIMPOBAHUIO Pa3JIny-
HBIX TUIIOB GJANMUEHLIT AJTOPUTMOB (DUIbLTPALNKM, & UMEHHO aJrOPUTMOB
OTIEHKN KOBapPHUAIMOHHBIX MATPHUIL IIIYMOB IIPOTECCa U U3MEPEHUH ¢ MeTbIO T0-
BBIIIIEHUs] TOYHOCTH OLIEHKU BEKTOPa COCTOsiHUsI cucreMbl. PaccmMoTpensl jiBa
THIIA TAKAX aJTOPUTMOB: METOJ| ymounerue Kosapuayuy (pasmennst 2.2 u 2.3)
1 npunyun cozaacosannocmy (pasaennst 2.4 u 2.5).



Tab6sauna 1. JInreitapie MOme N INHAMUKNA W U3MEPEHMIH

Monesn HenpeprbiBHOE Bpems JuckpeTHOE BpeMd
Cucrema z(t) = F(t)x(t) + w(t) = P11 + Wiy
Usmepenns | z = H(t)x(t) + v(t) zp = Hyxy + vy

Ty» E(w(t)) = E{wy) =

CHCTeMBI Flw(t)w'(s)) =0(t —s5)Q(t) | E{wyw]) = A(k —1)Q,
HIym E(v(t)) =0 E(vg) =0

uwsmepennii | E{(v(t)v'(s)) =0(t — s)R(t) | E{vpr/) = Ak — i) Ry,

1 ®PuasTp Kammana

1.1 JIuneitnag 3aga4va. OCHOBHBbIE ITOHATHSI

Mpr ipejiiotaraem, 9TO CTOXaCTUYecKasi CUCTEMa MOXKET ObITH ONMCaHa MOJIe-
JISIMU JIMHAMUKE W M3MEpPEeHUH (JIJ1si HEeNPEPBIBHOIO U JIMCKPETHOIO CJIyvaen)
peJICTaBIeHHbIX Tabuuiei 1. 3meck @ (t) — BEKTOpP COCTOSHUS TUHAMUICCKOIT
CHCTEMbI, KOTOPBI fABJISETCS CIyUaiHbIM ['ayCCOBCKUM MTPOIECCOM, Zj — H3Me-
peHus MOoJIydeHHbIe B MOMEHT Bpemenn ty. [llyMm cucrembr n mym mamepennii
W), U Vj, TAKXKE SIBJISTIOTCsT ['ayCCOBCKUMU CIIy TailHBIMU TIPOIIECCAMHT ¢ HYJIEBBIM
MaTeMaTHIeCKUM OxKuIanueM. JIpyruMu cJioBaMu, MbI TPEJIToIaraeM HAJInaue
KaK B CaMoOil cHcTeMe, TaK W B U3MEPEHUsX 0e.4020 wyma (CM. TPUIOKEHUE
Al).

3ajaua PUAbTPaAIE COCTOUT B TOM, UTOOBI HAHTH OIEHKY BEKTOPa COCTO-
SHUS CUCTEMbI T, KOTOPYIO MBI OyjeM 0003Ha4YaTh &, ABJSIONIYIOCT (DYHK-
el 3MepeHnii z;, ...z U KOTOpas MUHUMHU3UPYET CPeJHe KBAJIPATHIHYIO
OIINOKY

B ([wn — @) M [ — 2] 7) |

rine M cuMMeTpruUHas MOJOXKUTEILHO OIIpeIe/eHHas MaTPUIIA.

Ounbrp Kasmmana padboraer 1o cxeme npoenos — xoppexuus. Irobbl 1mo-
SICHUTL 9TOT (pakT, paccMorpuMm puc. 1. JlonycTum, 9410 B MOMEHT BPEMEHU
tr_1 TOJydYeHa OIEHKA BEKTOPa COCTOSHUSI CHCTEMBbI Lp_1 U TEIepPb MBI XO-
TUM IOJIYUATH OIEHKY B TOUKe tj. s 3TOro Mbl CTPOMM IIPOTHO3 OIEHKH
&1, (—), 6asupysich Ha &j_1, MONyIaEM U3MEDEHUsl Zk U Jlajlee KOPPEKTUPYeM
OlEHKY B Touke tx(+), 6a3upysich Ha MPOrHO3e U U3MEPEHUSIX, U MOJIYIaeM
OKOHYATEJIbHYIO ONEHKY BeKTOpa cocrostHus T(+). B nanbreiimem, eciu we
OrOBapUBAETCsT KaKasi UMEHHO PACCMATPUBAETCS OLEHKA BEKTOPA COCTOSIHUS
1OJ, OLEHKO & MOJPa3yMeBaeTCsi yKe OTKOPPEKTHpOBaHHAas OleHKa E(+)
(mnm amocrepuopu oreHka). B ciaydasix, korjga 6yaeM ropoputh 00 ampuopu



OIl€HKE BEKTOPa COCTOAHUA, MBI 6YII‘GM NMETDb B BUAY IIPOI'HOSHUPYEMYIO OIICHKY
mk(—)

Puc. 1. [Ipunmnun pabotsr Gpuibrpa

Bropoit MOMEHT cjiydaifHOTO IMPOIEcca MOYXKeT ObITh ONKUCaH B TEPMUHAX
KOBapPUAIMOHHON MaTPHUILHI

P(t) = E([=(t) - B(@(®)] [2() - E(@®)]") (1)

Eciu mbl 3amennm F (x(t)) va onenky BekTopa cocrosiius &(t) (Ha oneHky
MaTEeMaTHIECKOrO OXKUIaHus Crydaiinoro mporecca &(t)), To marpuma P(t)
Oy/ieT Ha3BIBATHCS KOBAPHAIMOHHONW MAaTpHUIlell OMIMOKM OINEHKH BEKTOpa CO-
CTOsIHUS (Jlasiee - KOBApHMAIMOHHAS MAaTPHIA OIIMOKHY).

O4eBUIHO, YTO JIJIs MOJIyYeHHs TPOrHO3UPYEMOil olleHKr & (—) Heobxo-
JIMMO WHTErPUPOBATH MOJIETbHOE AnHaMutdecKoe ypasuenne &(t) = F(t)x(t)
¢ HadasbHbiM yeaoBueM (0) = &x_1(+). A KakuM 0OPa3OM Mbl MOXKEM 110~
JIy4UTh TPOTHO3UPYEMYIO OIEHKY KOBAPUAIMOHHOM Marpuipbl ommbku? s
TOTO, YTOOBI OTBETUTH Ha STOT BONPOC PACCMOTPUM HENPEPHIBHYIO MOJIENb CH-
CTEMBbI

z(t) = F(t)e(t) + w(t),

onucannyio B Tabsmne 1. Pemenue 5Toro ypaBHeHus ¢ HaYaJbHBIM YCJIOBHEM
x(tg) u nepexojHoii Mmarpuieii cocrosiiust ®(t, ty) 3amuceiBaercst B BUIE

t
m@:ﬂammm+/¢wﬂwmm.
to
MaTeMaTquCKoe OXK1JJaHUuEe 9TON BEJIUYUHBI

mmm:¢mmw@%»+/¢wﬂ@mmh

to



[x(t) — E{x(t))] = ®(t, to) [x(to) — E{x(t))] +

n /t B(t, yw(r)dr. (2)

0

[Toncrasnsisa (2) B ypasuenue (1), mpousBOIs HEKOTOPbIE MPEOOPA30BAHUS 1
BBIYUCIISIS IEPBYIO Tpou3BoHyto yukimu P(t), B pesynbrare mosyanm

P(t)=Ft)Pt)+ PH)F'(t) +Q. (3)

Dto marpuaHoe auddepennnaabHoe ypapHeHne PukkaTu.

Nrak, mbl nosyduian ypaaenue npojoskenusi (Covariance propagation
equation) KoBapuanuoHHON MaTpuilel ommbKu. [lyTem nHTErpUpOBaHUs ypas-
nernusi (3) ¢ HadanbHbiM ycsosreM P(0) = Pj_1(4) Mbl mosyduM mpor{osu-
pyeMyo OlIeHKY KoBapuanuoHHo# Marpuibl ommbku Py (—). Tloxyuenue amo-
CTEPUOPHU OLEHKY KOBapHuaIllmoHHoi Marpuiiel ook P(0) = Py_1(+) 6yaer
PacCMOTPEHO TO3IHEE.,

1.2 Ko>ddunuent obparHoii cBI31

[Ipegnosioxkum, 910 U3MepeHns ObLIN CleJIaHbl B MOMEHT BPEMEHHU tj, 1 3Ta, NH-
bopmaIus UCIoNb3yeTCs JIJIsI OEHKH BEKTOpa, COCTOSIHUS & CTOXaCTHYECKOM
CACTEMbl B MOMEHT BpEMEHHU Tf.

[Ipegnosiaraercst, 4To0 U3MEpPEHUsT JIMHEHHO 3aBUCSIT OT BEKTOPaA, COCTOSIHUS
1 OIUCBIBAIOTCS YpaBHEHUEM

zr = Hirxp + vy . (4>

Ornenka &;(+) Oasupyercs Ha HaOMOACHUAK (MM U3MEDEHUSX) Zj, TAKAM
00pa3oM, OHa sIBJisteTCst (DYHKIMEH AlpUOPH ONEHKN T(—) U U3MepeHuii 2y, u
MOXKET OBbITh 3alUCaHa B CIE/LYTONIEM BU/IE:

zi(+) = Kjzr(—) + Kz . (5)

Marpurpt K u K, 10Ka HeM3BECTHDI I UX 3HAUCHHS OY/IyT OIPEIe/IATLCA Ta-
KM 0OPa30M, 4TOOBI HOBast OEHKA T (+) yIOBICTBOPSIN NPUHUUNY 0PNO20-
naavrocmu (M. npuiokerue A.2), yeJoBrst KOTOPOro MOIYT ObITh 3allMCAHbI
B CJIe/LyIOIIEeM BUJIE:

E(lzy—2(+)]2]) = 0, i=1,2,...,k—1 (6)
E([zy — ar(+)]z;) = 0. (7)

[Topcrasisist B ypasuenne (6) sHauenusi ¢r u &p(+) w3 ypasuennii (1.1) u
(5) m yumTbiBast TOT (HaKT, UTO CAyIalHBIE MOCTETOBATEIHLHOCTH W) U Vi



HEKOPPEIUPOBAHDIL, a CJIeJI0BATEILHO E(wkzD =0 g 1 < ¢ < k, MOXHO
TOJIYYUTh CJIEYIOMee COOTHOMCHUE:

E<[<I>k_1mk_1—K,1c:i:k(—)—I_{kzk}zz-T>:0, izl,...,k—l. (8)
C yuerom (4) ypasrenue (8) MoxKeT ObITH NEPENUCAHO B BUJIE:
E < [q)k_la:k_l — K,lcaABk(—) - I_{kaa:k - I_{kllk} ZZT> =0. (9)

YaurbiBasi, 4To E(szjT> = 0 g 1 <@ < k, ypasuenue (9) MOKHO IPUBECTH
K CJICJIYIOIEMY BHLY:

q)k_lE <mk_1ziT> — K}CE <£k(—)zj> - I_{ka(I)k_lE <mk_1zz-T> =0. (10)

Borurem K F <a:kzzT> u3 oboux yacreil pagercrsa (10) u yanTbiBas, 4T0 T =
D._1x)_1, TOTYIUM

E{{[z;— KiHyzy — Kzi] — K, (2x(—) — 1) } 2/ ) = 0.
Tak kak F <(a§k(—) — xy) le> — 0 OKOHYATEILHO MOJIYIUM
I - K| — KH E{zz)=0.
DTO ypaBHEHUE BBIMOIHSIETCS JJIsT JIFOO0I0 33 IaHHOTO &), €CIIH
K,=1I-K.H,. (11)

Beesiem crepytorpe coorHorenus:: & (—) — ommnbKa pOrHO3upyeMoii OlleHK 1
n &) (4) — omubKa OTKOPPEKTUPOBAHHOM OIEHKH

Ty(—) = &r(—) — @, (12)

Tip(+) = Tr(+) — k- (13)
AHaJornvHO BBEJEM MOHATHE OMIMOKHK IIPOrHO3a BEKTOPA, U3MEPEHU — Zj
Ek :ﬁk—zk :Hk@k(_) — Zk . (14)

[Tapamerp @ JWHEHHO 3aBUCHT OT &}, KOTOPHIA B CBOIO OYepE/b JUHEHHO
3aBUCUT OT Z. Takum obpasoM, u3 ypasraernus (7) cieiyer paBeHCTBO

E ([ — x1(+)] 2 (=) =0 (15)

E ([ — zx(+)] 2 () = 0. (16)



[ToscTaBmss B 9T0 ypaBHEHHE BBIpaXKeHUE JUIS &) COTTACHO Tabur.1, BbIpaxkKe-
aus st p(+) n 2 3 ypasuenuii (5) n (14) cOOTBETCTBEHHO, MOy IAM

E < [@k—lwk—l + w1 — K}gifnk(—) — I_{kzk] [Hk;%k(—) — Zk]T> =0.

OaHaKo, U3 CTPYKTYPBI CUCTEMBI CJIEAYeT, 4To F <'wkz;> = F <wk£;(+)> =

0. CJIe,ILOBaTeJIbHO CIIpaBeJJINBO PpaBEHCTBO
E < [Cbk_lmk_l — KIICJA}]C(—) — I_(kzk} [Hkﬁ}k(—) — zk]T> =0.

Moscrapsis Boipaxenns ais Ky, zp n &,(—) u3 ypasuenmnit (11), (4) u (12) n
ucnonbsyst ror gaxr, uro E (&,(—)v) ) = 0, npeapijyliee ypaBHeHne MOXKeT
OBITH MOIUMUIIMPOBAHO CJIEAYIOMKUM 00Pa30M:

0 = F < [Cbk_lzck_l - ;f)k(—) + I_{kaiﬁk(—) - I_{ka;Ek - I_{kl/k] X
X [Hkiﬁk(—) — kak — l/k]> =
= F < [:ck — iﬁk(—) — I_{ka (in — ;%k(—)) — I_{kl/k] X
X [Hyan(-) - vi]") =
_ B < [—an(—) + Ko Hyip(—) — Ky [Hyip(—) — uk]T> . (17)

[To onpejesenuio anpuopu 3HaYEHHE KOBAPUAIMOHHONW MaTPHUILI (ITPOrHO3HU-
pyeMoe 3HaueHUe KOBAPUAIMOHHOM MATPUIIbI OMIMOKK) 3AlMCHIBACTCS B BUJIE

Py(—) = E{(Zi(—)z; (—)) -
C yueToM 3TOro, packpbiBasi CKOOKI B ypaBHEHUN (17), OJIY4YUM
I - K Hy| Pi.(-)H;, — K;R; =0.

OkonuaresbHO, KoaddunnenT obpaTHoit c¢Ba3u K MOXKeT ObITbh BbIpaXKeH B
CJIEJIYIOIIEM BHJIE:

K= Pi(-)H] [H.Pi(-)H] + R . (18)

Dr1oT KOIDDUIUEHT sIBJIAETCS (DYHKIUEHA OT anpuopu 3HaYeHUs] KOBAPUAIIN-
OHHOI MaTPHUIILI OIMIUOKH.

1.3 Koppekiiuga 3HadYeHHs KOBAapPHAIMOHHOI MATPUILI OMNIMOKU
OILIEHKW BEKTOPa COCTOAHUHA

Teneps BuiBeieM POPMYITY IS ANOCMEPUOPY, 3HATCHIS KOBAPUAIMOHHON! Ma-
TPUIBI OMKOKK (/1151 KOPPEKTUPOBKU KOBAPUAIMOHHOW MaTPHII OIIHMOKH ).
[To onpenenennio oHa 3alMChIBAETCS B BUJIE

Pi(+) = E{zp(+)&] (+)) - (19)



[loxcrapnas ypasuenue (11) B ypasuenue (5), momyanm
zp(+) = (I — Ky Hy) @5(—) + Kpzy, .
[Ipeobpasyem sro ypaBHeHue K dosiee y1oOHOMY BULY
2 (+) = (=) + Ky [21 — Hy@(-)] - (20)

Borarem @), u3 oboux uacreit ypasuenus (20) u mMoJCTABUM B HEro 3HAUCHUE
Z}; B COOTBETCTBUY C ypaBHeHueM (4):

zi(+) — x = p(—) + K Hyzy, + Ky — K Hpaog(—) — .
C yuerom paserncts (12) u (13), 9T0 paBEeHCTBO MOXKHO 3aIMCATH B BHJIE
zy(+) = &r(—) — KpHyzr(—) + Kivg -
[Ipeobpasyem s1o ypaBHeHue K dosiee y100HOMY BULY
fﬁk(-l—) = ([ - I_{ka) iﬁk(—) + I_{kl/k . (21)
[Togcrasisist ypasuenue (21) B ypasuenue (19) u npuHuMasi BO BHUMAHUE, 9TO
E <:ﬁk(—)u;€r> = 0, nosryuum
Pi(+) = E<[I_Kka] zp(—)zy, (—) [I—Kka] +
—i—KkI/kl/;ch;—> =
— — T — —
— (I - K H,) Py(-) (I - KH})' + KR K, .  (22)

[Tocniennee ypaBuenue — 31o ypasuenue B popme Jxozeda, J11si KOpPEKTUPOB-
KU KOBapualvoHHoil marpullbl omnbku. [Ipu nocranoske K u3 ypaBHeHus
(18), oHO MOXKeT OBITH 3aMUCAHO B Cyejytoredi dhopme:

Pi(+) = Pi(-) - KyHpPy(-) -
~Py(-)H[K, + K HP,(-)H| K, + KR, K =
= (I - KyHy) Pi(-) — Po(-)H K, +
+K; (HP,(-)H] + R,) K, =
— (I — KHy) Pi(-). (23)

1.4 SDxkcTpanoadnusd KOBAPUAIMOHHON MATPUIILI ONTNOKMT

[Ipn paccMoTpennm AUCKPETHOR CHUCTEMBI, anpuopt, ONEHKY BEKTOpa, COCTOS-
HUS MOXKHO TOJIyYHUTh IyTEeM PelIeHUus CIeJIYIONero YpaBHeHUS:

ﬁ)k(—) = (I)k_lif)k_l(-l-) . (24)



Borunras u3 obenx Jacteit 3Toro ypaBHEHUS &y, TOJTYIUM

A~

Zp(—) —xp = P11 (+) —

JleByto 4acTh 9TOr0 PaBEeHCTBA MpeodpasyeM CorTacHo ypapaenuto (12), a B
IpaByio YaCTh MOJICTABUM 3HAUYEHHE X U3 TadJI.1

(=) = Pp_q[@p-1(+) — @p—1] — WE_1 =
= ®p_ @)1 (+) —wi—1 .

YuurbiBasi, 910 F <5i3k_1w;_1> = 0 noJIyuuM CAeyIonnii pe3yabTar:

Pi(-) € E(@()a@(-)") =
@1 B (Zp-1 () &1 () ) By + E(wpnwy_y) =
= &y 1P (H)P)_ + Q1 (25)

B KOTOPOM aNnpuopu 3HaUeHNe KOBAPUAIMOHHOW MaTPUILbI OIIMOKN €CTh (PyHK-
U OT MPEJIBIIYINEr0 anocmepuopu ee 3uadenus. Boipaxernns (24) u (25) aTo
aHAJIOT ypaBHEHWUiT npodoasicenus omucanHbIX B mogpasene (1.1) B ciydae
JIMCKPETHOIO BPEMEHH.

1.5 Puaprp Kammana s HeJIMHEHHBIX cucTeM (pacCIIAPEHHBIH
dbuabTp)

BoabmmHCTBO TMHAMUYECKIX CHCTEM U CEHCOPOB HE SBJSIOTCS JIMHEHHBIMMU.
Ho meronpl dunbrpaliun pa3zpaboraHHble Jijist JUHEHHBIX CUCTEM, MOTYT ObITh
HPUMEHEHbl M JIJIS HeJMHEHHBIX cucTeM. B 9ToM pasjese paccMaTpuBaiOTCs
METO/bI, KOTOpbIE MTO3BOJISAT MEPEHeCTH MeTOHoornio gpuiabrpaliun Kaamana
Ha HeJIMHEHHbIe 3aJ1a4u.

[Ipemnosioxum, 4T0 HENpEPhIBHAST UK JUCKPETHAS CTOXACTHIECKAsT CUCTe-
Ma MOXKeT ObIThb MpeJ/CTaBIeHA HEJUHEHHbIM JMHAMUIECKUM ypaBHEHUEM U
MOJICJILHBIM yPaBHEHHEM ONHUChIBafomuM u3Meperus (tab. 2). [Ipumensiemoii

Tabauna 2. Henumreiinble Momen JUHAMAKA U M3MEPEHMA

Monesn HenpeprbiBHOE Bpems JuckpeTHOE BpeMs

Cucrema z(t) = f(x(t), t)
Nsmepenust | z(t) = h(x(t), t)

+ ’LU(t) rp = f(a:k_l , k — 1) + Wg -1
+v(t) | zr =h(zy, k) + vy

MeTOoJ, TuHeapusalun Tpeodyet, yTodbl pyHKIMU f 1 h ObLIM 1BaXK/Ibl HEIIpe-
pbLIBHO g dhepeHIupyemMbl.



Ob603HAYIM CHMBOJIOM 0 MAJIO€ OTKJIOHEHHE OT OIEHUBAEMON TPACKTOPHIH:

bxy = xp — 21(—),
5zk = ZLr — h(ﬁ}k(—) , k) ,

torna f(x, k — 1) B okpecTHOCTH & = &)_1(—) MOXKET OBITH MPECTABICHA
B BHJIE

ry = f(xp—1, k—1)=

. of(x, k—1
= fen(-), k-1 & LD 1 =
T T=2; 1 (-)
. of(x, k—1
= @(—) + I 5 ) 0Tp—1 -
T T=2;_(-)
Takum obpa3oM, HOIyIaeM
dxy ~ (I)E]_l(smk—l +wp_1,
rie
1 a.f(m) k — 1)
(I)Eg]_l B ox . B
L=y 1(-)
[ 0f Of 0f1 ]
Oori Oxe ~°° Oz,
Of2 0fy Ofy
= | 0y Ozy " Oz, : (26)
0f Of Ot
_8951 8352 8:5”_ =T, ,(-)

B cBo1o ouepejib, n3Mepenust MOryT ObITh MPEJICTABICHBI B BUJIE Pa3JIOXKCHUs]
B psizt Teiisiopa B okpectHOCTH & = T(—) CaeayonmM 06pasoM:

) Oh(x, k
h(xz, k)= h(zc(—), k) + % y )5wk, (27)
=2 (-
u
5Zk = M (5£Bk (28)
Oz T=x;(-)

Ciraraembie BBIIIE TIEPBOTO TOPSIIKA MaJIOCTH 37eCh OmylleHbl. Ecam B pas-
JIOYKEHWH MBI TIpeHeOperaeM 4JeHaMH BBICOKOTO MOPsJIKa, TO BO3MYIIEHUE Zj
MOXKET OBITH MPEJICTABJICHO KakK

5zk = HLI](S:Bk, (29)



rie

HE] _ 8h(a:, k) _
Oz =L (-)
[ Ohy Ol Ohy ]
Ory Oxy ~°° Oxy,
= | Ory Ozry " Oz, : (30)
Oh b Ol
| dry Oz "7 Oxp Jlp=d, (o)

B ciyuae HenmpepbIBHON CUCTEMbI MATPUIIHI YACTHBIX MTPOU3BOIHBIX NMEIOT
CJICIYIOIINIA BUJT

pily — TR e 3y
H(t) = 8h(8a;52), : T-Z(t) (32

1.6 MHNcnonwp3oBanue dbuiabrpa Kaamana

[TomgBemeM HEKOTOPBIE HWTOT BCETO  BBIIIEH3JIOXKEHHOIO Ha  IpUMEpPe
nenpepuleno-duckpemuot, cucrembl (HeNpepbiBHAsi JUMHAMUYECKAs CHCTe-
Ma C JIMCKPETHBIMU W3MEDEeHWsIMHU), KOTOpasi M OINUCHIBAET OGOJIBIIKHCTBO
peaJibHBIX 3aja4. Takas cucremMa MojOUpaeTcs CJAEIYONIUM 00pa30M:

z(t) = fla(t), t) +w(t), (33)
ZE = hk(m(tk))—l—uk. (34)

Homycrum, 910 B MOMEHT BpeMeHH t_1(+4) NoMydeHbl anocmepuopu 3Hade-
Hust g—1(+) u Py_1(+), T.e. Ha mare tj_1 3aja9a GUILTPALNE BBIITOJIHEHA U
Tenepb HeOOXOMMO onpenesauts &k (+) u Pr(+).

Anpuopu 3HAYEHUS OLEHOK BEKTOPA COCTOSHUS U KOBAPUAIMOHHO MaTpy-
bt onmbku xp(—) 1 Pr(—) MOXKHO TOSydUTh yTEM WHTEIPUPOBAHUS MO-
JeJILHOTO YPABHEHUA W ypaBHEHUs Tula PukkaTn

i(t) = f@(1), 1)
P() = F(a(t), )P(t) + POF (&), ) +Q(t)

¢ mHadaibHpiMu yenosusmu &(t) = Zp_1(+) mw P(t) = Prp_i(+). Tak
KaK Mbl DACCMATPUBACM HEJIMHEHHAs 3a/1ay, TO JJis ONPEIeJIeHIsT MATPUILbI
F(&(t), t) Bocniosb3yemesi ypaprenneM (31). Boinossus jasHyo nporeaypy
™Mbl tosryauM &k (—) u Pr(—).



Hasee HAXOUM JTMHEAPU30BAHHY10 MaTpuity dyBcTBuTenbHoCTH H ) (2(—))
corsacuo ypasuenuio (30).

Onpegensiem Koadduiment obparnoii cpasu K, Ucnonb3ys ypaBHeHHe
(18).

Haxomum anpuopu 3uavenns &i(+) n Pr(+) mo dopmymnam (20) u (23).

Onucannas npoleypa npejcraBieHa B Tadbuie 3.

Tabsauna 3. Pacmmpennsrit duastp Kaavana

Mogenb cucreMbl z(t) = f(x(t), t) +w(t)
Mopnenb uamepennit ||z, = hy(x(ty)) +vi, k=1, 2, ..
[Ipeanonoxennst w(t) ~ N(0, Q(t)), vi, ~ N(0, Ry), E{w(t)v)) =0

Hauanbubie yenosus || (t) = p_1(+), P(t) = Pr_1(+)

[Ipogonxkenue z(t) = f(&t), t)
P(t) = F(&(t), )P(t) + P()F (&(t), t) + Q(1)
Koadppunuent
OGpaTHOIl CBA3N K = Po(—)H] (&(—)) [H(@x(=)) Pe(—) H} (&x(-)) + Re]
YrouHenue

BekTOopa cocroguus || &y (+) = @ (—) + Ky [z — Hp@p(—)]

YTouHenune B
MaTPUIbI ONIUOKN Pi(+) = ([ — Kka(:&k(—))) P.(-)

O6o3Hauenng

1.6.1 MogenupoBanue paborsl duaprrpa Kanvamna

B kadecTBe mpumepa npuMeHuMocTH Guabrpa KajaMaHa paccMOTPUM IIPO-
CTEHIIYIO CUCTEMY — MaTeMaTUYeCKUil MasgTHUK, YPaBHEHUE JIBUXKEHUS KOTO-
pPOro MMeeT BU/L

p(t) = —Tsinp(t), (35)



IJie g — YCKOpeH#e CBODOIHOTO HaJieHnsd, [ — JnHa nojseca. BekTop cocTosinns
TaKoO#l cucTeMbl UMeeT BU/I

cJjae10BaTeJIbHO,

() = f(z(t), t) =
0160 0=| o0

B kadecTBe MOJICJILHOI'O ypaBHEHUs] UBMEPEHU PaCCMOTPUM

zr = h(xg) = ¢

3aMETHM, 9TO B JIAHHOM CJIydae Mbl PAacCCMaTPUBAEM UJEaAbHYN0 3aady, TO
€CTDh B Hell OTCYTCTBYeT KaK IITyM CaMOi CHCTEMBbI, TaK U yM n3Mepenwnit. [lean
IpUMepa, COCTOUT B TOM, UTOOBI IIOKA3aTh paboTy (PUILTPa U IMOJ00HAS U1ea-
JIM3AIMsT TO3BOIUT HAM M30eKaTh HACTPOEK KOBAPUAIIMOHHBIX MATPHIL IITYMOB
JIUIsT KOPPEKTHOH paboThl puiabTpa. MbI MOXKeM 3aJ1aBaTh JIFOObIe 3HAUCHUS
KOBapUAIMOHHBIX MATPHIL IIIYMOB U OT 3TOT'0 BbIOOpa OyJeT 3aBUCETH TOJIHKO
BpEMsi, 33, KOTOPOE OINNOKa OIEHKW CTaHeT PaBHOW HyJH0. 3ajada HACTPOHKN
KOBaPHUAIMOHHBIX MaTPWIL [IYMOB 3aC/Iy>KHBAET OTIEILHOIO PaCCMOTPEHWUS,
41O OyJeT C/IeJIaHO MO3/IHee.
Teneps zamumrem marpunst F(x(t), t) uw H(xy, k)

_ of(=(@), t) _ 0 L
F(z(t), t) = bl = eosplt) 0] (36)
i) = P48 1 0] 37)

V3mepeHust MOIETUPYIOTCS TyTeM WHTErPUPOBAHUS ypaBHeHust (35) U sBJIsi-
I0TCs BXOJIOM TtapamerpoM ¢pusbrpa KajiMaHna.
[TapameTpbl MOJIEIMPOBAHMSI:

e Havanpuoie ycnoBust

z(0)=1[10 0.0], P(0)=Ise.

e Bpewms mexy aBymst uamepenusmu — 0.01 cex.

e 3HaUCHU KOBapHUallMOHHBIX MaTpull IIYyMOB

Q=1Iy,, R=10.



e Bpewmsa monmemuposanns — 10 cek.

PesynbTaTbl MOAEIMpPOBaHUSA NPEJCTABJICHL Ha puUcYHKax 2 u 3. Ha pwmc.2
MOKA3aHO IIOBEJIeHHe OLIMOKHU OIEHKHU YIJIa (0, TO €CTh Pa3HUIA MEXKJy H3-
MEpPEHHBIM M OIeHEHbIM 3HaudeHueMm yiuia. Ha puc.d mokaszaHbl OlleHHBaeMble

SHa4YCHUA JIEMEHTOB BEKTOPa COCTOAHMA (,0 u Q.

0.4 1 |
3
0.2r =)
c
o 5 :
| (3] ]
7 © !
=3 £ '
or & .
\w/ — angel
--- angular velocit
_02 _2 L L T g T y
0 0 1 2 3 4 5
Time [sec] Time [sec]
Puc. 2. Ommbka orenku Puc. 3. Omenka BeKTOpa COCTOSIHUA

2 ApgantuBHbIT uabTp KaamaHa

2.1 IIpobaema aganTmBHOTO (PUIBTPA

OpHO W3 OCHOBHBIX MPODJEM, ¢ KOTOPO# MBI CTAJKUBAEMCs NP padboTe ¢
dbuaprpom Kanmana, siBjisiercst T0, 9T0 KakK MOJEJH CAaMO CHCTEMbI, TaK 1 MO-
TeTh U3MepeHnii Heniea bbl. VIMEeHHO 110 9TO# TpuynHe B ypaBHeHusxX (33)
n (34) Mbl pemonaraeM Hagudue myMoB w(t) u vy, CraTucTudeckue CBOii-
CTBa 9TUX IIYMOB, a UMEHHO, MX KOBAPHWAIMOHHBIE MATPUIIHI SIBJISTIOTCS TEMU
mapaMeTpaMu, OT KOTOPBIX 3aBUCUT TOTHOCTH ONEHUBAHUS BEKTOPA COCTOSTHUST
CHCTEMBI, T.e. TOUHOCTH PAabOThI (PUIILTPA.

OO6bIYHO, HAaYAJbHBIE 3HAYEHUST KOBAPUAIMOHHBIX MAaTPHI] IIyMa H3Mepe-
HUT ¥ 11y Ma, POIEecca BLIOMPAETCs My TeM aHaIi3a HEKOTOPBIX SMIUPHIECKUX
JIAHHBIX HJIA ITyTeM MOJIETUPOBAHUS PA3JIMIHBIX CUTYAIlMil U Jajiee CIuTaeT-
csl OCTOsIHHOM. Ecmu B mporiecce MCMonb30BaHUsT STUX JTAHHBIX BBISICHSIETCSI,
qro pabora (puIbTPa HEYJIOBJIETBOPUTE/ILHBI, TO TPeOyeTcss HOBasi HACTPOIKa,
KOBApPUAIIMOHHBIX MATPHIL II1yMOB.

B OosbmmHCTBE CiiydaeB JaHHAs 3ajada MOYKET PEIIUThCS HA3EMHBIM
ciiy>KOaMy B TaK Ha3bIBAEMOIl MOCTIKCIIEpEeMeHTAIbHON dase. Pesyibrarsl ns-
MepeHUi 1 pe3yIbTaThl paboThl (PUIHTPA MTEPECEKAIOTCS HA 3EMJIIO, JTAJIee TPO-
BOJIUTCST aHAJU3 CJIOXKUBIIUICS CUTyaIy, BEIOMPAIOTCS HOBBIE 3HAYEHUST KO-



BapUAIMOHHBIX MATPHUIL IIYMa MPOIEecca U IIyMa U3MEpPEeHUil U SKCIEePUMEHT
MOJIEJTUPYETCsT 3aHOBO C YUY€TOM HOBBIX JAHHBIX. Kc/iM pe3ybTarThl 9TOTO 9KC-
MEePUMEHTa, SIBJISIIOTCS YJIOBJIETBOPUTEIbHBIMU, TO HOBbIE 3HAUYCHUSI KOBapUa-
[MOHHBIX MATPUIL IEPECHIIAIOTCA Ha DOPT alapaTa u jajee aJropuTM Ouib-
TpaIyuu padoTaeT ¢ HUMHU, CUUTAs UX TTOCTOAHHBIMA. [TOHATHO, 9TO TTPW TaKOM
OJIX0/1e OY/IyT BOZHUKATH HEKOTOPBIE 3aJIePXKKH B TIOJYIEHUH TOUYHBIX OIEHOK
BEKTOPA COCTOSHUST CUCTEMBI.

OpnHako, MpyU pacCMOTPEHUH HEKOTOPBIX 3ajad, HAllpuMep, NMpU aKTUBHOM
YIIPABJIEHUN CIyTHUKOM C MCIIOJTB30BAHUEM TPEeX MArHUTHBIX KaTyIIeK, HeoO-
XOJIMMO 3HATh OPUEHTAIMIO alapara B KaXK/blii MOMEHT BPEMEHU C BHICOKOI
TOYHOCTHIO. 3JICh MOSIBJISCTCs 3aJia9a, aJalTUBHON (DUILTPAIM — HapaJ-
JIEJTHHO C OIEHKOW BEKTOpa COCTOSIHUSI CHCTEMbI OIEHUBATH CTATHCTUYCCKHE
CBOMCTBA IIIYMOB IPOIECCA U U3MEPEeHNiT (KOBAPUAIIMOHHBIE MATPHI[BI) C [EJIHIO
MOBBIIIEHUS TOYHOCTH PAbOTHI pusibTpa. Takoit 1mojixoj1 OyjeT aBTOHOMEH U He
OyzeT TpebOBATh BMENIATETHCTBA U3BHE, UTO TTO3BOJIUT N30EXKATH BPEMEHHBIX
3aJIePKEK C MOJIYIEeHUEM JIOCTOBEPHBIX PE3YJIbTATOB, T.e. OyJIeT peau30BaHa
pabota B pexkume on line.

[Tpexxie uem nepeilT K pacCMOTPEHUIO PA3JIMYHBIX METOJIOB aJIallTUBHOM
buabTpanuu, oTBeTUM Ha CIASJYIOMINUNA BOIPOC: UTO ABJSETCS IMOKa3aTeeM
paboTwl buabTpa’

Kak Mbl y»Ke ToBOpUJIM, BEKTOD IIyMa U3MEPEHUI He MOXKeT ObIThb TOYHO
orpejiesieH, OJIHAKO €ro MOXKHO MHTYUTHBHO AIlIPOKCUMUPOBATH C TOMOIIHIO
IIOJIy YCHHBIX U3MEpeHuil 2 U OICHKU BEKTOPa COCTOAHUSA CUCTEMbI & CIely-
IOIIAM 00PA30M:

ri =z;— H;z;(-) (38)

OTa BeJUUMHA HA3BIBACTCS NPOZHO3UPYeMaA pasnocmy (boiee TOUHO —
POTHO3MPYeMasi Pa3HOCTh OMMOKK u3Mepenus). [IporHosupyemasi pasHoCTh
(38) stBasIeTCST YIOOHBIM CPEJICTBOM JIJISI TOTO, ITOOBI CYJIUTH O pabore huib-
Tpa Ha IIPaKTUKE.

2.2 Merog “YTOUHEeHME KOBapUaIam’

HanHblit 10j1x0/1, BiepBble ObLI MpejjiokeH B pabore (4] u bazupyercst Ha ujee,
4TO KOBapHalluoHHas MaTpHlla IlyMa NPOIecca paBHa KOBapHallMOHHON Ma-
TpUIEe OMUOKKA U3MEpPEeHHsl, TO eCTh

[z — h (&(t))] [zx — b (&(t))] = Ry (39)

Ecan n3MepeHnundg IpeacTaB/IAgAioT OJJUHAaKOBDLIE (bI/ISI/IUIeCKI/Iﬁ BEJIMYMHBI U UMEIOT
OJMHAaKOBYIO MUHHUMAaJIbHYIO TOYHOCTDL, TO IJIf IIPHUJaHUA aJITOPDUTMY OOJIBIIIeH



CTATUCTUYECKON 3HAYMMOCTH OyJIeM paccMaTpuBaTh BLIOOPKY u3 N cedeHwue

CJIy4aiHOTO IIporecca

1 N

52 [z —h(@(t)] [z — h (2())' = R (40)
k=1

Obmyo cxemMy aJICOPUTMa  MOYKHO MPEJCTABUTHL B  Buje TaOAUIbl 4.
AHajornuHBIi MOAX0], MOYKHO KCIIOJIBL30BATL JIJIS OIEHKH KOBapUAIMOHHOM

Tabauma 4. “Vrounenmne Kopapuanun I OleHKn I

1 || HagaJsbuble yciioBust j=1, Ry=0

2 | Amnpokcnmanus myma || r; = z; — H;&,(—)

3 || Berancienne Rj = % Aj_l + %?“jro
41 7=N Moxcrasusiem Ry B dubTp
S J<N YBesmuuBaeM j Ha 1 ¥ mepexojiuM K 1mary 2

MATPUIIHI 1Ty Ma MPOIECCa. 3AECh Mbl OSITh CTAJIKHBAEMCsI C TPOOJIEMOT HEBO3-
MOYKHOCTH TOYHOT'O OIIpeJieJIEHUs] BEKTOpa IIyMa IIPOIEecca w, HO UCXONd W3
37IPABOI'O CMBICJIA, €I'0 MOYKHO AITPOKCHMHUPOBATH C TTOMOIIBIO OIEHOK BEKTOPA
COCTOSTHUST &, TIOJyIeHHBIX Ha JBYX MMOCJIEI0BATEIHLHBIX M1arax,

qj = ﬁ)j — Fj—lijj—l (41)

OneHKy KOBapHaIlMOHHOW MATPHUIbI IIyMa IIPOIECCa MOYKHO 3aluCaTh C UC-
nojb3oBaHneM N BbIOOPOUHOI'O CPEJIHEro B BU/IE

%Z (@ — f (&j-1, 1) (& — f (£j-1, 1) = Q (42)

Obm1yto cxemy ajJropuTMa JJjisi OIeHKH KOBAPHUAIMOHHON MaTPHIIBI IIIyMa IIPO-
[[eCCa MOXKHO MPEJICTABUTL B BUJE TAOJUIILI D

Oba onrcaHHBIX AJIOPUTMA UMEIOT CHUJIBHOE OrpaHuYeHne K ITPUMEHEHUIO.
IIx npumMmenerune onpaBaaHO TOJILKO B CJIyUasiX, KOra Mbl JOCTOBEPHO 3HAEM O
TOM, UTO OJIUH U3 IIIYMOB SIBJII€TCs JTIOMUHUPYOIM. Hampumep, npu ucmnosib-
30BaHMKM B KadecTBe JATIMKOB opuenTarnuu cucrembl GPS mymom cucrembr
10 OTHOIIIEHWIO K IIyMYy U3MEPEHU MOXKHO MpeHedpedsh U UCIOJb30BaHNIE aJl-
ropuT™ma ‘YTOouHeHre KoBapHaluy IS OIEeHKNM KOBAPHAIMOHHON MaTPHUIHI



Tabauma 5. "Yrounenne kKopapualuu” s OneHKu Q

1 | HauabHbIE yeaoBus =1 Q,=0

2 || Annpokcnmanus myma || q; = &; — Fj &5

A~ ) 1 ~
3 || Berancienue Q; = ]TQj’l + %qjqu
41 7=N [ToxcraBisiem Q N B duibTp
S J<N YBesmuuBaeM j Ha 1 ¥ mepexojiuM K 1mary 2

IyMa M3MepeHHuil BIOJIHE olpaBjaHo. Ecian »Ke B paccMaTpuBaeMOR 3ajade
MPUCYTCTBYET KaK IIyM U3MEPEHUi, TaK U 1IyM CaMor'o Mpolecca UCIoIb30Ba-
HUE MTOJ00HBIX aJITOPUTMOB MOXKET CYIIECTBEHHO YXYILUIATL PAbOTy (pUIbTpa.
JpyruMu cioBaMu MBI MOXKEM IOTACTb B CHTYAIMIO KOTJIa, HAIpUMEp, IIhbI-
TaeMCsl HACTPOUTh KOBAPUAIMOHHYIO MATPUILy IIyMa U3MePEeHui, a Ha caMOM
Jesie olmbKa n3MepeHuii (IporHo3upyeMast pa3HoCTh) 0OYCJIOBICHA HAJHIHEM
Iy Ma IPOIecca 1 HAIIUMU JeHCTBUSIMU Mbl BHOCUM JIOIIOJHUTEILHYIO OIIHOKY.

B zaBepiienne JanHOTO pasjesia IpuBeJieM HEKOTOPbIe pe3YJIbTaThl HCIOIhb-
30BaHUS OIMMMCAHHOTI'O aJI'OPUTMA.

2.3 Pe3yabTaThl MOJEINPOBAHULA

Bynem paccmaTpuBaTh COYTHHUK KaK TBEpJOE TeJIO ¢ 3aJaHHBIM TEH30POM
uHepiun J. Ero aBum:kenune Ha KpyroBoil opOUTE OMUCHLIBACTCS CJIEYIONUMU
HEeJTMHEHHBIMU ypaBHEHUSIMA

Jw=—-wx Jw

o (43)
d = 5S2q

rJie W — yIJioBas CKOPOCTH alnapara, ¢ — KBATEPHUOH, ONMMUCHIBAIOIINNA YTJ10-

BOE TMOJIOYKEHUE CITyTHUKaA. BBOojist Oe3pa3zMepHbie napaMeTphbl

:JQ_Jg G2:J3_J1 GSZJl—JQ

G 2 -
! J1 J J3



YpaBHCHUNA ABU2KEHHA MO2KHO IIE€PEINNCATb B BUAE
(

w1 = GIWQW?) [0 Wrs  —Wpro Wel ]
wy = Gawiws —wrs 0w W
-1

| 4~ 58Qq | —Wr1 —Wr2 —Wr3 0 i

3/1eChb Wy; — OTHOCHUTEJIbHAs YIJIOBasi CKOPOCTb MEXKJIy CBA3AHHONI U OPOUTAIb-
rt

HOII cuCTeMaM#u KOODJIMHAT, a w; — IPOEKIIMU abCOIIOTHON yIVIOBOI CKOPOCTH
CIIyTHUKA HA OCU CBA3AHHOW CUCTEMbI KOOP/IMHAT.

Vamepenns MomenupyoTcs MyTeM WHTEIPUPOBAHMSA CHCTEMbBl YpPaBHEHM
nBuKeHns (44) ¢ HAJIOXKEHUEM Ha KaXK/[blil KAHAJ JIOMOJHUTEILHOTO TIyMa,
¢ .
w1 = Grwaws + wy
wy = Gawiws + we

w3 = Gawiwa + w3

. 1
\ q:?ﬂq_i_wq

[ajee cauraercs, 9TO BEKTOP COCTOSIHUS CUCTEMbI I BEKTOP U3MEPEHUI IMEIOT
CJICIYTIOIINIA BUJT

o]
w
r = | % (45)
q 92
| 94

[Tpenmonaraercs, 9To MIym n3Mepennit orcyTeTByeT. HavanbHoe 3nadenue Ko-
BapUAIMOHHON MaTpPUIbI 1IyMa MPOIEecca BhIOUpaeTcsi Mpou3BoJibHO. Pazmep
BbiOOpKK N pasen 500. B jaHHOM ciiydae HAC MHTEPECYeT KaueCTBEHHbIE Pe-
3YJIbTATHI pAOOTHI AJTOPUTMA, & He KOJTUIECTBEHHBIE, 110 3TON IPUINHE TOTHBIE
JUCJIEHHbIE 3HAYEHNs JIEMEHTOB BEKTOPa IIyMa POIEecca Wi, Wa. W3 U Wy HE
yKa3aHbl.

Ha puc.4 nmokazaHo MoBejieHue OMMOKY OIEHKU BEKTOPa, COCTOSTHUS, 8 MMEH-
HO, TIOBeJIeHNE OIMTUOOK OIEHKHM BTOPOil KOMIOHEHTHI BEKTOPa yTJIOBO# CKOPO-
CTU U TPEThero KOMIIOHEHTa KBaTepHuoHa. B momenT Bpemenu t = 10 cex.
ITPOUCXOJIUT HOBas OLIEHKA KOBAPUAIMOHHOW MaTPUILbI IIIyMa CUCTEMBbI.

2.4 Ilpunmun cormacoBanHocTu. OlleHKa KOBapWAaIMOHHONW MaTpuU-
bl IIIyMa U3MEpPEHU

Kak Mbl y2Ke TOBOPUIIN, IPOrHO3UPYeMast pa3HoCTh (38) siByisieTcst y00HbIM 1,
MOKAJIYil, €IMHCTBEHHBIM CPEJCTBOM JJIs TOT'O, UYTOOBI CYIUTh O pabore (hub-
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dw.
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Puc. 4. OmubKu O1eHKNn 3IeMeHTOB Wy 1 (3

Tpa Ha PAKTUKE. DTa PA3HOCTH JOCTYIHA YePe3 MATeMATUICCKOE OXKMIAHNE U
KOBapralroHHyIo MaTpuily. OCHOBOII JAHHOIO MeTojia ABJsieTcs pabora [xas-
BMHCKOTO [1], B KOTOpOIl OH Ompe/esisieT MPUHIINIT COTTacoBaHus (consistency
requirement) Tak:

r§ — E<r§>, l=1,...N. (46)

Y100bI TOHSTH CMBIC JAHHOTO COOTHOIIEHHUSI PACCMOTPUM €I'0 IPaBYIO dacTh
~ ~ N T
E(rjrj) = E<(zj - H;z;) (z; — H;z;) > =
= E <(Hj$j — Hjx; +v;) (Hjz; — Hj; + Vj)T> =
= H]E <($] — @]) (33]' — ﬁ)j)—r> H;— + E <1/j1/;-r> =
— H,P;H] + R, (47)

Jpyrumu cioBaMu, TpaBasi 9acTb paBeHCTBa (46) ecTh KoBapHalMOHHAS Ma-
TpUIlA OMMOKN U3MEPEHU, 3alucatias depe3 Moje/ibHble apaMeTphbl CUCTe-
MBI, B TO BpeMs KakK JieBas JacTh 3TOINO PaBEHCTBA — OOPa3vIMK KOBapUaIlH-
OHHOW MaTPUIbl, BBIYUCICHHBIA 1O pe3yJjbTaTaM MPOTHO3UPYEMON pa3HOCTHU.
Tenepb cTaHOBUTCSI $ICHO, YTO HAaIla 33J@4a COCTOUT B TOM, YTOOBI MOCTPO-
UTh COOTBETCTBUE MEXKJIY JIByMs 3TUMHU MATPUILAMU IIyTEM BbIYUCICHUA ONTH-
MaJIbHBIX 3HAYCHUI KOBAPUAIIMOHHBIX MaTPUI] IIIyMOB IIPOIECCa U U3MEPEHUIA.

OrneHka KOBapUAIMOHHON MaTPHUIHI OMNOKM W3MEPEHN MOXKeT ObITh CKOH-
CTPYyMPOBaHa CJIEJYIONUM 00pa30M:

o 1 R AT
cr:ﬁZ(rj—r) (rj— )", (48)



rie

T = Z’I"j (49)

MoesibHasi KOBApUAIMOHHAST MATPHUIIA MOXKET ObITh 3amucana B Buje (47)

. 1 — Lo
C, = N;HijHj +R. (50)

3/1eCh MBI OIISITh UCIIONL30BaJU N-BLIOOPOUYHOE CPEIHee JJisl IPUIAHIS Hallle-
My MeTOJy OOJIblIeli CTATHCTHYECKOH 3HaunMOCTH. Eille ¢cTouT 0TMeTUTD, UTOo
3aICh KOBAPUAIMOHHOM Marpulibl (48) npejcrapiena B 00IIEM BHJE, HECMO-
TPs HA TO YTO PaHee MbI OIPEIE/ISIA MATEMATHIECKOE OXKUTAHKE IIIyMa, U3Me-
peHuii paBHbIM HyJ10. TeM caMbIM, MBI IIBITAEMCS [IOCTPOUTL MHTEPECY IOt
HAC aJIrOPUTM B 0DIIIEM BHJIE.

[IpupasuuBasi gpyr K apyry Bbipaxenust (48) u (50), Mbl mOTydnM BbIpa-
YKEHMe /I OIEHKH KOBApPUAIMOHHON MaTPUIBI IIyMa IPOIECca B BUJIE

A 1 . T N —1 A
R:m; (rj—'r)('rj—'r) — T HijHj . (51)
Anasornablii mogxo Jyist mosydenus Boipaxkerust (51), ObLT paccMoTpeH

B pabore [5].

2.4.1 IlIpocToit aganTUBHBII aJITOPUTM

ObmIy0 cxeMy aaropurMa ya00HO IPEJCTaBUTh B BUAE Ta0JI.6. DTO cxema Tak
HA3bIBAEMOTO NPOCMO20 adANMUGHO20 GUALMPA, KOTIA MBI MTOCIE ero pabdbo-
ThI MOJIyUaeM OIEHKY KOBapUAIMOHHON MATPHUIIBI IIyMa M3MEpPEHHH U jaJee
HCIOJIb3yeM ee B (DUIBTPE KaK IMOCTOSHHYIO. Ecan mocae 3Toi mojacTaHOBKN
OIISATH OKA3BIBACTCS, UTO PE3YJIbTaT (DUILTPAIUN HEJOCTATOTHO XOPOIII, MOXK-
HO MOBTOPUTD 3Ty Ipoleaypy 3aHoBo. OIHAKO, CYIIECTBYET JIpyras BO3MOXK-
HOCTb — JIPYI'O#l aJIrOPUTM, KOTOPbIH MO3BOJIMT HaM IOJIyYaTh OLIEHKH JTOM
KOBApPUAIMOHHON MATPHUIILI Ha KaXKJIOM IIare. 9TO TaK Ha3bIBaeMblil adanmueé-
HoLll PUALBIMP ¢ 02PAHUNERHOT, NAMAMDIO.

2.4.2 ApantuBHbIl DUABTP C OTPAHUYEHHON MaAMSITBHIO

Unest sToro asropurMa J0BOJBHO npocTa. CHavaa Mbl ONpeesisieM pa3Mmep
BbIOOpKK N. Ecin 7 < N, To MBI IpUMEHSIEM aJITOPUTM OIUCAHHBIA paHee, HO



Tabsuma 6. ITpocroit aganTUBHBIN AJITOPUTM

1 || Haganrpable yemoBus

2 || AnmpoxrcuManus myma

r;=z; — H;&;(-)

3 || Beruunciaenue

. =1\ .
Ad ) — 1\ Ai-1 | 1 N AN\ T
C, = <]T> C, +7 (rj — ;) (rj — 7))

4 || Beruunciaenue

=J AV T

5| Ecmm j < N

VBesmuuBaeM j Ha 1 U mepexojiuM K 1mary 2

6 || Ectm j =N

R=0C)-C

COXPaHseM B IMAMATU HEKOTOPYIO MPOMEXKYTOUHYIO MH(MOPMAIIUIO

rj = zj— H;z;j,
~,step(j) .
C, " = (rj—7)(rj—
= step(j) A
C, = H,P;H; .

[Tocsie nostyuenust nepBoit ouenku marpuiibl B2 ¢ momenTa Bpemenu j = N +
1, © =1, 2, ... 3a1ycKaeTcsi HOBbI{l aJI'OPUTM, CXeMa KOTOPOT'O TpecTaBIeHa,

B TabJI.7

f.j)—r )

2.4.3 Pe3yabpTaThl MOJEJINPOBAHUS

B srom paznesie OyayT IpuBeIeHbI pe3ysbTaTrbl pabOThl (PUILTPa ¢ OTPAHU-
YEeHHOI TaMAThIO, a TaK YK€ PACCMOTPEHbI BOITPOCHI, KACAIOIINECs] CDABHEHUS B
HPUMEHUMOCTHU MPOCTOrO AJIAlNTUBHOINO (PUIbTPaA 1 (PUILTPA ¢ OTPAHUYCHHO

[MaMATbIO B PAa3JIMYHbBIX CUTYallWAX.

Paccmarpusaercs cucrema (44). V3Meperust MoempyOTCsi HHTETPHPOBa-

HUEM CUCTEMBI

w1 = Giwows ,

we = Gowiws ,



Tabsuiia 7. AgantuBHbl GUIBTP C OTPAHUYEHHON TAMSATHIO

Hauanbnoe ycnosue 1=1

7 || AnopokcuManys myma PNy = ZN4i — Hypi@ngi(—)

8 || Beramcienne 7 TNy = TN+ % (ryyi—T1)

9 | Boruuciaenue kosapuamuii C, u C, C’:tep(NH) = (ryyi — Pnii) (PN — fNH)T
B Touke N + ¢ é’:tep(N+i) = HN—I—Z'PN-HH}JFZ'

AN+i AN A step(N+i A step(1
10 || Beruucienune cpennero 3HadeHHd C. = C, + % (C: PN _ C’i i )>
~ N+i ~N ~ step(N+i = step(1l
KOBapHaIuii Mo BEIOOPKe C,"=¢C + % (C: PN _ C, i )>
AN+i =N+
11 || [Tocrpoenue HoBOI onenku R R=C, ' C, '
12 || "CaBur” BeIOOPKHT Vckouenune nepBoit TOYKU BHIOOPKY U

,ZLO6aBJIeHI/Ie HOBBIX BBIYHMCJ/IEHHBIX 3HAYEHUI

~ step(N+i) = step(N+i)
13 || 3anuch B naMaTh ryii, C

r ? (s

12 || Ilepexos k mary 7 1=2

U CUUTAETCSI, YTO BEKTOP COCTOsIHUSI CUCTEMbI U BEKTOP U3MEPEHUil MMeroT
caeJlyolme CTpyKTypbl:

q + vy |
w _|_V
T = h=| T (52)
q g2 + V3
| g4+ vy

[TapameTpbl Mojie/IMpOBaHUs: HavYaJIbHOE 3HAUYECHUE KOBAPUAIMOHHON Ma-
Tpuibl u3Mepennii — 0.05], KoBapuanuu 3JeMeHTOB BeKTopa Iyma v; (i =
1..4) pasusr 0.0064, 0.0025, 0.01 u 0.09 coorBercrBerno. OneHUBAHUE KOBa-
PUAIMOHHON MaTpHUIBI IIyMa HaunHaeTcs mocye 10 cek.

Ha puc.d5 mokazaHo roBejieHre YEeTBEPTOrO JUATOHAJBHOIO 3JIEMEHTa, KO-
BAPUAIMOHHON MaTPUIIBI 1IIyMa U3MEPeHUi (JUCIepenst 4eTBepToro JIeMeHTa
BEKTOpa IIyMa u3MepeHuil v4). Bugao, uro g0 Hauama paboThl aJalTHBHO-
ro aJITOPUTMa Bapualys OIEHKHU 3TOTO dJIeMEHTa PaBHa 3a/IaHHOMY 3HATEHUIO
0.05, a mocjie Toro, KaK aJlalTUBHAs YaCTh aJropuTMa (pUjIbTPaAlUd aKTHBU-
poBana (t > 10 cek.) 3HAUEHUE OIEHKU BAPUAIMU KOJIEOIETCS OTHOCUTEIHHO



M3HaYaJbHO 3aJaHHON BapUallii YeTBEPTOr'O 3JIEMEHTa BEKTOpa IIyMa NU3Me-
PEHUIA.
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Puc. 5. [lopemenne geTBepTOro AMaroHaJIHLHOTO
371eMeHTa MaTpuIlbl R

Ha puc.6 mynkTupHOil JMHHel MOKa3aHO 3HAUEHHE UYEeTBEPTOrO 3JIEMEHTa,
BEKTOpa, M3MEepPeHni ¢4 6e3 HaJOKEeHHOTOo IiyMma (MjealbHOe M3MEpeHue), a
HENPEPBLIBHON JIMHKUEH MOKA3aHO MOBEJCHUE OLECHKY 3HAYCHUS STOTO 3JIEMEHTa
6e3 aJanTali KOBAPUAIMOHHON MATpuUIbl 1yMa usMepenuit (¢ < 10 cek.) u
P UCMOJNB30BAHUN aJlanTuBHOrO ajgropurma (¢ > 10 cek.). Ha puc.7 moka-
3aHO MOBEJCHUE OMMOKM M3MEPEHMsl JJIs YeTBEPTOro 3JeMeHTa. BUHO, uTo
MCTIOJIb30BAHKME AaNTUBHONO ajropurma (¢ MomeHTa Bpemenu ¢t > 10 cek.)
JAeT 3HAUUTEJILHOE YIIyUIIeHne B OlleHKe.

0.6 :
--- real value
—— estimated value 0.08
0.04
<t
o
2=
0,
—0.04
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Puc. 6. Ouenka qq Puc. 7. Omubka oneHku g4

KoneuHo, npuMeHeHne ajJropuTMa ¢ OrpaHUuueHHON TaMAThIO TpedyeT HeKO-
TOPBIX 3aTPAT CO CTOPOHBI ODOPTOBOIN JIEKTPOHUKHU U MPUMEHEHUE ITOIO AJi-
rOpuTMa He BCerja ompaBjaHo. Hampumep, ecim cTaTUCTHYECKHE CBOWCTBA



IIIYMOB $IBJISIIOTCSI IIOCTOSTHHBIMU (DYHKIIMSAMEU BPEMEHHU, JOCTATOYHO OJIMH UJIN
HECKOJIbKO pa3 MPOBECTH OIEHKK KOBAPHUAIIMOHHON MaTpPHIILI IIyMa IPOIECcca
C MCIIOJIb30BAHUEM IPOCTOIO &JIANTUBHOIO (PUIbTPA U Jlajiee CUUTATh OIeH-
Ky MaTpuilbl nocrostauoii. [To-apyromy jeno odbcrout B ciaydae, KOrja CUrHaJl
IMeeT CTPYKTYPY, MOJODHYIO CUI'HAJIY, IIPEJICTABJICHHOMY Ha PHUC.8, TO €CTh B
cliydae, KOrjia CTaTUCTUUIECKHEe CBOWCTBA IIyMa HEIOCTOSHHBI BO BpemeHu. B
TOM CJydae npuMeHeHne (pUabTpa ¢ OrpaHUYCHHON MaMATHIO MOMOXKET HaM
IJIABHO HACTPAUBATLCS HA M3MEHSIIONIMNACS MIyM 0e3 CyIIeCTBEeHHBIX YXYIIIe-
HUIl B BeJuuKMHe omnOKU u3Mepennii. Ha puc.9 nmokazano mnosejienne deTBep-
TOI'O JIMArOHAJBLHOI'O BJIEMEHTa B CIydae Bapbupylolierocs myma. ucrnepcus
IyMa CHUI'HaJIa Ha TpexX BpeMeHHbIX uHTepBaJjax pasHa (.09, 0.36 u 0.0225
coOTBeTCTBeHHO. Pabora ajropurma ¢ orpaHueHHO TaMATHIO (MepBast OleH-
Ka KOBApHAIMOHHOM MAaTPHIbI) HAUMHAETCS B MOMEHT Bpemenu t = 10 cek.
Anropurm ajantuBHOR duabTpanuu paboraer ¢ marom paBabiM (.01 cek.,
pa3Mmep BbIOOpPKHU papeH 500 sjeMeHTaM, TaK UTO BpeMEHHAas JJINHA, HaMSITH
paBHA MATH CEKYHJIaM.

Ha puc.10 nokazano cpaBHeHne padoOThl TPOCTOIO U aJJalTUBHOIO (PUIHTPA,
C OI'PAHUYEHHON MaMSTHIO Ha MPUMEPE YEeTBEPTOrO 3JIEMEHTa BEKTOPa, U3Me-
perus. [lynkrupnast muans — ujeanbHoe u3Meperue (6e3 HATOKEHUS My Ma.),
HeIpepbIBHAS JIMHUS — OIEHKA 9TOr0 dJIEMEHTa ¢ HCIIOJb30BAHUEM ITPOCTO-
ro aganTuBHOrO GuibTpa (OJHOKpATHAS OLIEHKA KOBAPUAIMOHHOW MaTPHUILbI
yma u3Mepenuii Obuia cjesana Jist nepBoil yactu curHada (puc.8), a ja-
Jlee CUMTAJacCh MOCTOSIHHOHM, UTO M HNPUBEJIO K BO3PACTAHUIO OLIMOKHU IOCJIE
M3MEHEHHs! TTapaMEeTPOB 1IyMa) M, HaKOHEIl, TOYeqHasl JIMHWUs — OleHKa JeT-
BEPTOIO JIEMEHTA BEKTOPa M3MepeHHst (CeibMOii 3JIeMEeHT BEKTOPa COCTOSTHS )
C MCIIOJIb30BaHUEM AJTOPUTMa C OrpaHHmYeHHOl nmaMaThbio. C MOMEHTa Bpeme-
Hu t = 10 cek. MbI IOJIydaeM OIEHKHM KOBapUAIMOHHON MaTpPHUIILI Ha KayKJIOM
mare (puc.9), TeM caMbIM, MUIABHO “HacTpauBasich’ Ha 1yMm. KoHnedno, Tpeby-
ercsi HEeKOTOpoe BpeMsi (MOpsijiKa, MaTH CEKYHJ1) JIJIsi TOTO, 4TOOBI TOJHOCTHIO
HACTPOUTHCS Ha IIYyM M MMEHHO C 3TUM (PAKTOM CBSI3aHO HEKOTOPOE yBEJIH-
YeHue OMIMOKM OIEHKH, OJHAKO, JaHHAs CUTYallls BBITJIAIUT OoJiee IIpeo-
YTUTEJIbHO, YeM B CJIydae, KOrJa Mbl HCIIOJb30BaJIN OJHOKPATHYIO OIEHKY KO-
BapHUAIMOHHON MaTpHIbl IIyMa u3Mepenuii. CpaBHeHKe pe3yJbTaToB pabOThI
PA3JINIHBIX TUIOB aJIANTHBHBIX AJTOPUTMOB PACCMOTPEHO B pabore [3].

B zakJ/ioueHnn 3Toro pasjesa pacCMOTPUM ellle OJ[HY BaXKHYIO 1Mpobsemy,
a MMeHHO, pas3mep BbiOOpku IN. C 01HOI CTOPOHBI, yBeJUIYeHHEe 00beMa Bbi-
Oopku obecrieurBaeT HaM OoJiee TOUHYIO OIEHKY KOBapUAIMOHHONW MATPHUIIHL,
yro U uiaocrpupyer puc.ll. Ha Hem mokaszaHo moBejeHHe OLEHKH UeTBep-
TOI'O JIMArOHAJILHOTO 3JIEMEHTa, KOBaPUAIMOHHOW MaTpPHUILbI IIyMa U3MEPEHU
IPU PA3JIMIHBLIX 3HAYEHUSIX 00beMa BbIOOpKU. HempepbiBHAs JIMHUST COOTBET-
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Puc. 8. Mozens currasa Puc. 9. “Hacrpoiika” dwerBepToro mmaro-
HAJIBHOTO 3JIEMEHTa MaTpullbl R

0.4 :
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Puc. 10. CpaBruenue paboThl Npocmozo Puc. 11. 3aBucuMoCcTh TOYHOCTH OIEHUBA-
adanmuenozo Gusbmpe U GUALTPA ¢ 02PG- HIA OT 00beMa BBIOOPKHU

HUYEHHOT NAMAMDBIO

creyer N = 500 anemenTtos, a nyaktupuas — N = 1000 siemenTon. C npyroit
CTOPOHBI, TIPH BBIOOpE 00beMa BHIOOPKU N MbI OrpaHUUeHbl BO3MOXKHOCTIMI
OOPTOBOI MaMsTH, YTO SABJSIETCS JOBOJIHLHO CUJIBHBIM Or'paHuueHreM. TakxKe,
MbI BUJIEJIA, YTO MPU UCIOJb30BaHUK (PUILTPA, C OIPAHUIYCHHONW MaMsIThIO Ha-
CTPOIKa 3JIEMEHTOB KOBapPUAIIMOHHON MATPHIILI IPU U3MEHEHWH ITyMa, IPOUC-
XOJUT He MTHOBEHHO, a TpeOyeT HEKOTOPOTO BPEMEHHU, KOTOPOEe TPOINOPIHO-
HAJbHO BbIOpaHHOMY 0ObeMy BbiOOpKE (puc.9). Hanpuwmep, eciu Ob1 B pac-
CMOTPEHHO# CUTYaAIMU Mbl YBEJUUUIN 00beM BbIOOPKU XOTs Obl B TPU pa3a,
TO MPAKTUUECKNA Obl MOTEPsIN “BCILIeCK IIyMa CUTHaJa. pyruMmu cioBamu,
HEBO3MOXKHO JTaTh KaKUX JTHOO OIpeIeJIEHHBIX PEKOMEHIAIIHH 10 TOBOJLY BHIOO-
pa obbema BbIOOpkU N, 9TO 3aBUCUT OT KOHKPETHOM 3aJiauu, OT KOHKPETHBIX
BO3MOXKHOCTEH DOPTOBOI MAMSATH U JIOJZKHO OBITH OIIPEJIeJIEHO B MPOIIECCe MO-
JIeTUPOBAHUs PA3IUIHBIX CUTYAIIN.



2.5 OnrumaJjbHOe 3HAYEeHNEe KOBAPHWAIMOHHONM MAaTpPUIbl MIyMa
mpoiecca

B sToMm pazmesne onucan MeTos B KOTOPOM COOTBETCTBHE MEXK]Y 0OPAa3IHKOM
KOBapUAIMOHHON MaTpuibl (48) u ee MofeabHbIM 3HadeHneM (50) mocTuraercs
BHIOOPOM ONTHMAJIBLHOIO 3HAYECHMST KOBAPUAIIMOHHOM MATPUIIBI Iy Ma, [POIEC-
ca.

CorytacHO BBIpaXKeHHIO (25) IKCTPANOIANMIO KOBAPUATIMOHHON MAaTPHUIILI
ONMOKY ONEHKHM BEKTOPA COCTOSHUSA P MOXHO HpEICTABUTL B CJIEIYIONEM
BU/IE:

Pj=F 1P F +Q; . (53)

C y4eToMm 3TOro paBeHCTBa BhIParKeHUE JIJIs MOAEJILHON KOBAPUAIIMOHHON Ma-
TPUIBI MOXKHO MEPENnucaTh B BUJIC

N

C, = -) H,P;H] +R=

2l=

2l=

j=1
N
> (HFj.P;F H] +H;Q; \H]) +R
j=1

"1 JJIgd HaXOXKIAEHHA OIITUMaJIbHOT'O 3HaYCHUA MaTpPHUIbI Q MbI 6yﬂeM pemaTb

| (54)

Takoit nojxoy npejyioxken B pabore [2|. Panee, jjisi annpokcuMalyu iy ma

CJICAYIONYIO OITUMHNW3AllMOHHYIO 3a/1a49y

min {J(Q) =||C,. - C,

q;;>0

M3MEpEHUil (JIJTs 3aIUCH TIPOTHO3UPYEMOii DA3HOCTH) MBI UCIIOIB30BAH ANpU-
OpU OLIEHKM BEKTOPAa COCTOSHUSI U KOBAPUAIIMOHHON MATPHUIIBI OIIKMOKU IMIyTeM
MHTErPUPOBAHUS YPaBHEHUN BUIA

z(t) = fx(t), 1) (55)
P(t) = F(z(t), )P(t)+ P(t)F ' (x(t), t) + Q(t)

Tenepb, NpejnoaoKuM, 9TO B MOMEHT BPEMEHU tj MOJIYUYEHBI GNOCMEPUOPU
OIIEHKN BEKTOPa COCTOSHUS U KOBAPUAIMOHHON MATPUILI OIMTUOKNA COCTOSTHUS
U Mbl pacCMaTpPUBaeM UX KaK HadaJbHBIC YCIOBUS a:lk =Ty u Plk = Py, nna
MHTErPUPOBAHUS HOBOU CUCTEMbI

!

& = f(x(t), t) 56)
P(t)=F(z(t), )P (t) + POF (2 (1), 1).



Ha BCEM dTalle HAKOIJIEHHS 3JIeMeHTOB BEIOOpKU N. OTMeTnM TakkKe, 9YTO Ma-
Tpulia () He BKJIIOUEHA BO BTOPOE YPaBHEHUE 3TOW CUCTEMBI, T.€. MbI ITPEJITO-
naraem, aro Hama MOJIEJIb "ouens xopomra'.

[IIym uzmepenuii OyjieM anmpoKCUMUPOBATh CJICYIONIUM 00pPa3oM:

ri=z;—Hjx;, j>k

B pabore [2]| aBrop npejnosaraer, 4T0 KOBapUAIMOHHAST MATPUIA IyMa
IPONECCa UMEET CJICLYIOMMi BUI:

TJIe 7) HeM3BECTHBII MapaMeTp, KOTOPLIi TpeOyeTcs OleHUTD.
C y4eTroM BCEro BbIIIE CKA3aHHOIO 00Pa3vYMK KOBAPHUAIMOHHON MaTpPUIIbI
(48) MOXKHO TepenucaTh B BUJIE

N
r:NZ

(mpejonaraeTcs, 9TO MaTeMaTHUECKOe OXKUJAHWE IyMa W3MEPEHUil paBHO
HYJTIO), & MOJICJIbHYIO KOBAPUAI[MOHHYIO MATPUILY TAK:

N N
3 1 !
SRR P N Y BULS o BE
j=1 J=1
= C~'r1 + ér? .
311ech
~ 1 N T
C., :N;H F; . P;.F, \H] + R,
~ 1 _N T

Takum obpa3oM, HAM HEOOXOJIMMO PACCMAaTPUBATH ONTUMU3AIMOHHYIO 33,181y

min {1 = €. - ¢} (59)

Ee perienue BbITJISIUT CJIEJYIONMM 00Pa3oM:

tr Kér - éfl)f’r;] | )
r(CnCr')

n=



Ob1IyI0 CXeMy 5TOro aJropuTMa MOXKHO NPEJICTABUTHL B BUjE TabJI.8
[Ipeanonaraercsd, 9To B MOMEHT BPEMEHHU tj allOCTEPHOPHU OIEHKU BEKTOPA
COCTOSTHUSI M KOBApUAIMOHHON MaTPUIbl OMIMOKKM y»Ke BblUMC/eHbl. Kcau 7

Tabsuiia 8. OnrumalibHOE 3HAUYeHre MaTPUIlbl §Q

j=1 0=k

Havasibubie yciosue a:lk =Ty, P;,C = Py
~0 ~0 ~0
C,=0,C,, =0, C,=0

1 | Hosoe mpomomxkenue || @ = f(x' (1), t)

2 | Boruuciaenue C’i T, =2 — Hja:'j
A —1\ ai-1 1
Cr = <]T> Cr + j’l"j’l"jT
. . il ,
3 | Boruuciaenue Cil = (‘7]—1> Cil + %Hij_leleijlHjT +R
=i A ~J 1\ &1, 1
Crl u C7"2 Cr2 = (]T> Cr? + jH]HjT
4| Ectm 7 < N YBenndenue j Ha 1, mepexoj K mary 2

HOJIO)KHTGJIBH&, TO
Q=nl,

eCJIM BBIUUCICHHOE 3HAUYEeHHEe OTPHUIATEJIbHO, TO KOBapUAIMOHHAs MaTpPHIA
IyMa, POIECca, TOJIaraeTcs paBHON HYyJIIO.

DTOT AJITOPUTM JOJKEH PAabOTATh MAPAJIE]HHO ¢ OCHOBHBIM aJITOPUTMOM,
TaK KaK IpeJIojaraeTcsd, 4To Bblunciaenue marpuil F; u H; Bbinonnsercs
MMEHHO OCHOBHBIM aJITOPUTMOM.

[Tpexx e Mbl estaan TOBOJIBHO CHJILHOE YITPOIIEHNE, TPEJIrnoarast, 9To Bce
JIMaroHaJbHbIE 3JIEMEHThl KOBAPUAIIMOHHON MaTPUIIBI IIYMa MPOIECCa PaBHbI
Mexky coboii. Termephb paccMoTpuM OOIIyIO 3ajady, riae MaTpuia @ mpous-



BosibHAs. B aTom ciywae yemosue (54) MOXKHO TepenucaTh B BUJIE

N 2
, ., = 1
min ¢ J(Q) = |C, — Cri — Y H;QH]| ;. (61)
j=1

q5; >0

_ A ~ _ 1 N
Bsong caenyiomue obosnavenus D = C, — Cq, C = v ijl H ; n nonb3y-
SICh BBIKJIAKAMHI PEJCTABICHHLIME B IPUJIOXKEHUN A.3, IOy IuM ClIeyonee
perrernne (61):

Q=(c'c)'c'pc(cTc). (62)

Oba ormucaHHbIX METO/Ia JJIsi OIEHKK ONTUMAJIbHOIO 3HAYCHUST KOBapHallyi-
OHHOJ MaTPUIIBI [IIyMa TPOLIECCa MMEIOT Psijl OUeBUHBIX HejgoctaTkoB. Hampu-
Mep, OMMUCAHHBII paHee BEKTOP COCTOSTHUS MMEET PA3MEPHOCTH 7 X 1, a BeKTOp
m3mepennit 4 X 1 (45), (52) u B 9TOM Ciydae Marpuia dyBcTBUTEIbHOCTH H
MMeeT CJIeJyOILYI0 CTPYKTYPY:

000100 0]
0000100

000O0O0T1QO0

000O0O0O0T1,

fcHo, 9T0 MCmOMBb30BaHNE ONMMCAHHBIX AJITOPUTMOB OIEHUBAHNUSI, HE TaCT HAM
HIKaKoi nHpoOpMaIlun 00 aJanTaliy IepBhIX TPeX JIUarOHAJbHBIX 3JIEMEHTOB
Marpuiibl Q. pyruMu ciioBaMu, HHOTIA Mbl IMeEeM HeJI0CTaTOUHY IO nH(pOpMa-
IO O HAIllel CHCTeMe U B TOM CJIyUae HEBO3MOXKHO MOy IUTh ''Xoporiyto' uim
"mostnyro" 01eHKY KOBApUAIMOHHON MATPHUIIBI IIIYMa IIPOIECCa NCIOIB3YsT OIU-
CaHHBIE METOJIbI.

SaKJII0YeHue

[TpuBeieHHBIE CXeMbI aIalTUBHBIX (DUIBTPOB MTO3BOJISIOT MOBBICUTH TOUHOCTD
OIIEHKHM BEKTOPa COCTOSIHUSI CHCTEMBbI 38, CUeT HACTPOHKU KOBaPUAIIMOHHBIX
MATPHUIL IIYMOB Ipolecca U m3Mmepenuii. KauecrBennble cpaBHeHusT pabOTHI
Pa3JIMYHBIX THUIIOB aJAlITUBHBIX AJTOPUTMOB, IOJYyUEHHbIE B PE3yJbTaTe Ma-
TeMATHIECKOI'0 MOJCTUPOBAHMS, IIO3BOJISIOT OTBETUTH HA BOIIPOC O TOM, KaKOii
13 HUX OoJiee MpeAoUTHTE/IeH B TOH WM MHON curyamuu. B ciydasix, Korma
IpeJnosiaraeTcs JOMUHUPOBAHUE OJHOTO M3 IIYMOB, OIPAaBJIAHO IPUMEHEHNE
Meroza “YrouHenue Kopapualuu . B mporuBHOM ciaydae, meroja “IIpuHiumn



corjiacoBaHHOCTH OoJjiee MpeanouTuTe/ibHo. OCHOBHOM MpobJIeMOii aalTHB-
HOI (DUJIBTPAIMH sIBJISIETCS HACTPOUKA KOBaAPUAIIMOHHON MATPHIIBI IIIyMa, IIPO-
necca. [IpuBeieHHbBIE TEOPETHIECKUE PE3YILTATEI IO OMPEIEIEHNI0 ONTUMAb-
HOIO 3HAUYEHUsT KOBAPUAIMOHHOW MATPUIIBI IIyMa, IIPOIECCa MO3BOJISIOT OTBE-
TUTb Ha HEKOTOPBIE BOIIPOCHI U CJlIeJIaTh METONMIECKHUe MTOSCHEHUS.
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A llpmaoxenue

A.1 DBeasbrit mrym

Beaviti wiym — HekoppeIMpOBaHHbBI BO BpEMEHU CJIyYailHblii TPOIECC UJIN CJIy-
YaiiHasl mocJjenoBarebHOCTb. CllydaiiHblil mpoiece a:(t) Ha3bIBaETCA HeKoppe-
AUPOBAHHDIM, CCITA

B ([a(t) - B (@(t)] [2(t2) — B (@(6:)]") = Q(h, £)3(h —t),
rie 0(t) — nenbra-dyukims Jupaka

b
1, ecmma<0<b,
[ga= {0
a 0, B JIpyrux ciydasx.

Cuyuaiinas 1mocaegoBaTeIbHOCTh HA3BIBAETCS HEeKOPPEeAUPOSAHHOU, eClIn

B [z — B (@) [z — B (@;)]7) = QUE, j)A(k—j),
rine A(k) — nmenbra-dyaknns Kporekepa
1, ecmu k=0,

A(k) =
(k) {0, B JIDYTUX CIydasax

A.2 IlpmHOUO OPTOTrOHAJILHOCTH

KoncranTa o, KoTopas MUHUMHU3UPYET CPETHEKBAIPATUIHYIO OIIHOKY

e=FE <[a: — ozz]2>
TAKOBA, UTO BEKTOD & — Az 0PmMozonaaer BeKTopy z. Takum obpasom,
E(lrx—az]z)=0.
Benmunna MuHUMYyMa CpeJIHEKBAIPATHIHOIN ONMOKN ONPEIENIIeTCs TaK:
enmn = FE((x — az)x)

[IpuHIUIY OPTOrOHAJILHOCTH MOXKHO JATh CJICJYIONLYI0 MeOMETPUUCCKYIO WH-
Teprperanyio. ByjgeM cumrarh Bce CaydaiiHble epeMEeHHbIC — BEKTOPAMU.
CraJisipHOE TTPOU3BEJIEHNE JIBYX BEKTOPOB & 1 2 €CTh BTOPOil MoMmeHT F (X 2).
TaxuMm obpazoM,

E <a:2> =F <£U:BT>



€CTh KBaJIpaT MOAYJSA BEeKTOpa @. BeKTOphl @, 2z, o122 U € — 12 Tpe/-

crasijenbl Ha puc.(12). CpennekBajgparuunas ommnbka F <(:13 — ozlz)2> ecTh

Puc. 12. Ilpunrmun opToroHaIbHOCTH

KBa/J[paT MOJlyJisi BeKTOpa & — a12. Mojy/ib MUHUMAJIEH, €C/Ii & — (/] Z OPTO-
roHaJieH z, TO eCTh

E{(lx —aqz)z) .

A.3 Pemenue ypauenus (61)

Oyukironas 3ajgauu (61) umeer Buj
J(Q)=|A-B-CQC'|’ (63)
O6osnaunm D = A — B. Torna
J(Q) = tr|(D-CQCT) (D-CQCT)| =
— 4w [(D-CQCT) (DT —CQTCT)] =
= tr [—CQCTDT —-DCQ'CT+cCcQCc'cQ'CT + DDT] =
= —tr (CQC'D") —tr (DCQR'C") +
+tr(CQC'CQR'CT) +tr (DDT) . (64)

CrestaeM HeKOTOpbIE TPeodPA30BAHNS IEPBBIX TPEX CIaraeMbIX IPaBOil 4acTH
paeHcTBa (64)

tr (CQC'D")=tr (C'D'CQ)=(C'DCQ"),
tr(DCQ'C") =tr (C'DCQ") , (65)
tr(CQCTCQR'CT) =tr (CTCQRCT'CQ’) .

Iocite noactanosku Buipaskenuii (65) B pasencrso (64) nosy iy

J(Q) = —tr(C'DCQ") —tr (C'DCQT) +
+tr(C'CQC'CQ') +tr (DD") . (66)



Bepst nepByto Bapuaiuio ¢GpyHKIuoHaa J mo ¢ mosyaum

5] = —2tr (CTDQ(6Q)") +tr (CTC(6Q)CTCQT) +
+ir (CTCQCTC(6Q)T) . (67)

Bropoe ciaraemoe mpaBoit yactu ypaBaenus (67) MoxKeT OBITH MEPENUCAHO B
BU]IE

tr (CTC(6Q)C'CQ") = tr(C'CQR'C'C(5Q)) =
= tr(C'CQC'C(5Q)") .

Takum obpazom, nepsasi Bapuanus dyHkiponasa J(Q) npuaumaer Buj
5J(Q) = tr [(—CTDQ +c’cQce) (5Q)T]

HeobOxojiumoe yciioBue JIOCTUXKEHUs JIaHHBIM (DYHKIMOHAJIOM MUHUMYMa, [0

Q, 6J =0, naer
tr [(—CTDQ +CTCQCTC) (5Q)T] — 0
8 TAK KAK () — IPOUBROIHHAS MATDHILA
¢"DQ+CTCQCTC =0.

OKoHYATEJHLHO, ONTUMAJIbHOE 3HAUYEHME KOBAPHUAIMOHHON MAaTpPHIILI IIyMa,
nporecca @ ecTnb

Q=(c'c)'c'p(c’c). (68)
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