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1. Beegenue

B mocnemnue romel Bce Ooyiee MIMPOKOE MPUMCHCHUWE HAXOMAT CHUCTEMBI H3BJICYCHUS HWH(POpPMAIUHY,
BKITIOYAIOIIHE MPOCTPAHCTBECHHBIC ANCPTYPHI JATYUKOB JIJIsl PETUCTPAIMH TOJC3HBIX CUTHAIOB. BaXKHBIMH KilaccaMu
TaKAX CHUCTEM SBISIFOTCS adPOKOCMHUYCCKUE KOMIUICKCHI JUCTAHIIMOHHOTO WCCIICAOBAHHS 3CMIIH, pPaguo- H
THIPOJIOKAIIMOHHBIC CUCTEMBI Pa3IMYHOrO HazHaueHWs. [[JI1 Ha3BaHHBIX CHUCTEM CCTECTBCHHBIM SIBIISICTCS OIMCAHUE
CUTHAJIOB U TIOMEX C IIOMOINBIO CIyJalHBIX (DYHKIIMI HECKOJIBKUX MEPEMEHHBIX, T. €. ciydaiHbix nojueit (CIT). Tpu
9TOM TMPOCTPAHCTBEHHBIC II€PEMEHHBIC, YYHUTHIBAIONINE B3aMMHOE pPACIOJIOKEHHE IAaTYMKOB, YacTO HOCAT
JIVICKPETHBIN XapakTep. HecMoTpss Ha MHOTOYHMCICHHBIC ITyONUKAIMH, Kacalomlpecs MpoOieM CTaTHCTHYECKOTO
cuaTe3a W aHanmza cerouHblx CII, ynoBIEeTBOpWTENBHBIC DEUICHUS IONYYECHBI JIMIIb JUISI JABYMEPHBIX CETOK
(CTaTHYeCKUX TUIOCKUX H300pKEHUH ).

Bonee crmoxxuple Momenu m3Mmensrontuxcs Bo BpemMeHn CII Ha MHOTOMEPHBIX CETKax pPacCMaTPHBAJINCH B
BEChMa OTPAaHWMYCHHOM 4YHUCIEe paboT. DTo 0OBACHSETCS OONBIIMMHU METOJOJOTHYCCKIMH W MaTeMaTHYCCKUMHU
TpyAHOCTMHU TocTpoeHus Teopuu CII, CBsI3aHHBIMU C MEPEXO0JOM K MPOCTPAHCTBAM HECKOJNBKHX u3MepeHuid. [Ipu
3TOM (hOpMaNEHOE KCIOIB30BAHUE XOPOIIO Pa3pabOTAaHHBIX METOJOB TCOPHUH CITyYaiHBIX MPOILECCOB JHOO pPE3KO
orpaHuuuBacT kiacc BO3MOXHBIX CII, nmub0 HPHUBOAUT K MNPAKTHYCCKH HEMPEOJOUMBIM BBIYUCIUTCIHHBIM
poOJIeMaM peaTu3auy MOTYyYCHHBIX aJrOPUTMOB.

B HacrosimeM nokiame paccMaTpuBaeTcs BakHbIM kimacc Moxeneidt CII, a Takke peKyppeHTHBIC
KBa3HMONTHMAIIbHBIE allTOPUTMBI X (UIBTPAINN, OCHOBAaHHBIC Ha HCIOJIH30BaHUH JAHHOW MOJEITH.

2. Mogenu ¢ KpaTHLIMH KOPHSAMMU
PaccMOTpHM JIMHEHHBIE CTOXaCTHUYCCKHE PA3HOCTHBIC YPaBHEHHS CIICAYIONIETO BU/IA:
jeD

rie X = {xlf,lTG Q} — wopemupyemoe CIT; {Olj,ﬂ, je D} — mapaMeTpsl MOmETH; o= = {f;, i€ Q} -

nopoxparomee oenoe CII, 3amammoe ma N -MepHoii mpamoyrombHoii cetke (2; I — kaysambHas o6macTsb
JIOKQJIbHBIX COCTOSIHUM.

AHnamm3 BeposiTHOCTHBIX cBoiicTB CIT (1) ympomaeTcs, eciam WX CIEKTpalibHas IUIOTHOCTh MOXET OBITh
(akropmzoBana. [lockonpky y Takux CIT K@ Takxke dakropusyercsi, TO JUId peUIeHHs 3aJa9d CTaTHCTUYECKOTO
anam3a MHOoroMepHoro CIT 70cTaTouHO UcCIeoBaTh OJHOMEPHBIC YPABHEHHUSL.

Jis monmydenus: 6mu3kux K m30TpornHbiM CIT mpenokeHo BHIOUpATh TaKUEe OAHOMEPHBIC (BHIBTPBI, KOTOPHIC

ny -

UMCIOT KpaTHbIE KOPHU XapaKTePHCTHUCCKUX ypPaBHCHUIL: I—Z(ijli =0, rae n,,k=1LN - nopsuxu
j=1

OJIHOMEPHBIX aBTOoperpeccuil. Paccmorpum ogHomepHyto AP-nocieoBaTenbHOCTh:

X, :Zajxi_j + B, i=n+1L,n+2,...M, (2)

Jj=1

2
rac {él} — MMOCJICAOBATCIBbHOCTL HE3ABUCUMbBIX KOMIIOHCHT C HYJICBBIMU CPCAHUMU U JUCIICPCUIMU G«f .B ciiy4dae ¢

. -1
KpaTHBIMM KOPHSIMU 3TO ypaBHEHHME MOXKHO 3alicaTh B ONEpaTOpHOW (opme (1— Jo 4 Txi = ﬁél ,rne 1/p -

-1
KOPEHb KPAaTHOCTH 7l XapaKTepPHCTHUYECKOTO YpaBHEHHS; I — omeparop ciasura. MuoromepHoe paszenmmoe CII
MopoKaaeTcs ciaeayomumMu AP-ypaBHeHusIMHu:

N

-1 Y& _ -

H(l—pkzk Jx=B&. icQ, 3)

k=1
rae N — pasmepHocts mous; 0, M N, — IApamMerp M KPAaTHOCTb KOpHEH Mozenn Biomb Kk -i ocu; Q -
MHOTOMEpHasi CeTKa, Ha KOTOpoii onpeneseno nojie X .

Takum ob6pazoM, mojenb CII MOJHOCTBIO ONpejENseTcs BEKTOPOM IapaMeTpoB (pl,pz, ,pN) u

BEKTOPOM KpaTHOCTEH (nl,n2, ,nN) XapaKTePUCTUUECKUX KOPHEH.

N . 2 .
VYcranosaeHo, 4ro oOWMi BuJA HOpPMHMpPOBaHHOW K mucnepcur O, nons KO oxxomepnoit moxenn (2)
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2(n—t-1)

RO)=7 k! Sl )P k20 @
(e
_ (n+k-1y(2n—t-2) 20 (1—pz)2"_1
e g(n’f’k)_K!(n—l)’(n—ﬁ—l)’(n+k—K—l)" v on)= ( T

ITony4eHHbIE COOTHOLIEHUS MO3BOJISIIOT PaccuuTaTh Kd) st onHomepHoro CII ¢ KOpHSIMU MPOU3BOJIBLHOU
kparHoctd. [ns ompenenenus KO MHOromMepHOW Mozaenu A0CTaTOYHO TepeMHOXHuTh K@ onHOMEpHBIX cuctem

RN(E)=HR1(ki) U ompenenuTb KodduuueHt ﬂi oxHomepHOiT P, = o2 Y(p, ) U MHOIOMEPHOH MOJENH:
= Gt

o2
B; = ; HY(Pk,”k)'
O k=I

AHanmu3 TOKa3bIBaeT, YTO, BapbHPys IAapaMeTphl CBS3M W COOTHONICHHS KPAaTHOCTEH MOJIENH, MOXKHO
MOJTYYUTh IIUPOKUI CHEKTP PA3HOTHUITHBIX M300pasKeHU

3. AJITOpATM KBa3HONTHMAJILHON (PUIBTPANINH H300pakeHUH

W3BecTHbIC MOAXOABI K CO3JaHUIO PEKYPPCHTHBIX MPOIEIYP OICHUBAHUS H300paKCHUA HE MOTYT OBITH
HETNOCPECTBEHHO HCIIOJIh30BaHBI IPU 00pab0OTKE MHOTOMEPHBIX M300paxkeHui, onuchiBatonmxcs AP monensmu CIT
C KpaTHBIMU XapaKTEPUCTHYCCKHMMHU KOPHSAMH. B CBsS3M C 3TUM BO3HHKAeT 3a/Jaya CO3/IaHUs HOBBIX KJIaCCOB
PEKYPPEHTHBIX TPOLEAYp OICHHWBAHMA mocienoBarensHocTeil kaapoB CII Ha ¢oHe momex, IMEIOMHUX Majoe YHCIIOo
oTiepanii yMHOXKECHHS Ha OJHMH DJIEMEHT W300paKCHHS W, BMECTE C TeM, NPHUOIMKAIOMHXCS M0 3()(HEKTUBHOCTH K
ONITUMAJIFHBIM aJTOPUTMaM.

PaccmoTpuM 3amady MOCTPOEHHUS ONTHMAIBHOTO alropuT™Ma (GMIBTpanud. IS 3TOro HEOoOXOOMMO HAWTH
00mIyt0 BEKTOpHYIO (GOpMy TpEACTaBICHHUS MOJENeH ¢ KpaTHBIMH KOpHSMHU. [Ipu kpaTHocTH 2 TIO 00eUM OCsAM
MOJIeJTb MOYKHO 3alHCcaTh B CIEAYIOUIeH opme:

X, = AX_, +Bx,_, +VE& . (6)

e X, =(xk1,xk2,...,ka) E = (§k1’§k2’ ékN)T, A, B,V - wmatpnunsie kodddurments. ABTOpamu

HpeLIoKeHa MeToauKa onpeneieans matpunl A, B m V' Ha ocHOBaHMM COOTBETCTBYIOMIEH CKAISPHOW MOIEIH.

TMokaszano, 4to Bce KOI(PQUIMEHTH B MPaBOW YaCTU YPABHEHWS, 33 UCKIIOUYEHHEM V , ABISIOTCSA MPOU3BEACHHEM
CKaJISIPOB Ha €IMHUYHBIC MaTpULBEL. YT0oOBI IprBecTH (6) K CTAaHIAPTHOMY BHUILY

i =5y, + W, (7)

BKJIIOYNM B BekTOp coctostanst Y, k -to u (k —1) -1o crpoku m3o6paxenus. ITocae storo nepenumenm (6) B popme
(7):

% | [A]B

X N VI{o| & '
Xy E|O Xy 010 gk—l
Momens HaOIIOAECHNI 3aINIIETCS B BUJIE:

Z,=Hy,+90, l=k—n,, (8)

rae ¥, — Genblii rayccosekuii mym ¢ mucnepeneit V3 H = (E | 0).
3anuch ONTUMAILHON KaIMaHOBCKOW Mpoueaypsl A oueHuBanus (7), (8) uzBectHa:
P,=SP.S"+WW, K =PH'(HPH +V,]". P=(E-KHP, ©)
ylo = 551—1 , yz ylo +K (Zl Hyla)' (10)
AHajormuHeiM  00pa3oM BO3MOXXHO O0OOIIeHWE JaHHOTO TOAXOoJAa Ha Ciydad Mojened ¢

XapaKTepUCTUICCKUMHU KOPHAMH JIF000H KPaTHOCTH.
PaccMoTpuM BO3MOXKHOCTH paJIMKaIbHOTO COKpAIIeHHS TPeOyeMOoro 4mcia omepanuii sl MPHBEICHHOTO

aJropurMma. Brimuiem siaeMeHThI BerHeﬁ IMOJIOBUHBI MaTPHUIIbI KI , IPEACTABJIAONINEC coboit KOoBapuaunu OIIHOOK
k k ~k o o o
OLCHUBAaHUA 8/ = .xé —.xé OJICMCHTOB TCKYLICHU CTPOKH. BLIHCJ'II/IM K -i1 snemenr k-i CTPOKU 1/1306pa>1<eH1/1$1 n

N N ~k _ ok | Sk
3amMIeM — mocieaHee  paBeHcTBO B (10) B cmemyromel  ckamspHOM  popme X, =X, +U,, THE
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M

2p vl k(_k =k

u, =V, P;\z; —x, ), tne M — pnuma ctpoxn msobpaxenns. JlaHHOE COOTHOLIEHHE MOKHO PACCMAaTPHBATh
Jj=1

k o
KaK OUCHKY BCJIMYMHBI U, C NOMOINBIO ONTHMAJIBHOTO HECPEKYPCHUBHOTO JIMHCUHOI'O (bPIHI)Tpa ((l)I/IJ'II)Tpa BI/IHCpa).

k k_ _k_ =k _ k_ =k, pak_ k, ok
TIpu 5TOM JUTst OUEHKH U, WCTONB3yioTes pasHoctn f; =7; — X, =X, — X, +0; =u; +6;.
Jlns mpeoOpa3oBaHMs BHHEPOBCKOH HEPEKYPPEHTHON OIEHKH B KaJIMAHOBCKYIO JOIYCTHM, 4TO MOJCIH

k
COCTOSIHMS M HaOJIIONEHNS VISl U, ONMCHIBAIOTCS CIEAYIOLMMHI yPaBHEHHSAMI:
u,=yu, , +vy,, f,=u,+6,, (1)

rae WHAEKC k OIIYIIECH JIA COKpaIlCHUsA 3allrucCu. CocraBum TCHIEPb YPAaBHCHUA KAaJIMAaHOBCKOI'O OLCHHWBAaHUA l/l( ,

COCTOSIIIETO U3 JBYX 3TaloB — (WIBTPAIMH U TOCIEIYIONET0 CIIaKUBaHUS JIEMEHTOB KaXIoW cTpoku. [lepBbrit
9Tamn padoThl CKAIIPHOTO aJrOPUTMa UMEET CIICITYFOLIHIA BUJI:

~ ~ ~ ~ uyy— ~ u u -1 pu Y! u u
U,y =Y U, u€:u32+P€V01(y2_uoé)’ P, :I-)oé(l-i_vel})ﬂ)’ PJZZJ/?Pé—l-i_VéZ 12)

HccnenoBanusi moKasajid, YTO INPH YBEIMYCHUM KPATHOCTH MOJENH TIOJIsI, HAWIydllIWe pe3yJbTaThl
MOJIy4ar0TCs IIPU COOTBETCTBYIOLIEM yBenuueHuu nopsaxka AP B moxenu (11). Ananus nmokasan, 4To MpeAIokKEeHHBIN
TIOJIXOJ] TIO3BOJISIET MOJYYUTh JITOPUTMBI (PHIBTPALIMK N300pakeHUH, 00bEM BBIYMCIUTEIBHON CI0XKHOCTH KOTOPBIX
CYIIECTBEHHO MCHBIIE, YEM Yy H3BECTHBIX. BBIUTPHIN B 4YHciie apu(METHUECKHX OINEpalyil M0 CPaBHEHHIO C
AHAJIOTHYHBIM ONTHMAIIBHBIM aJTOPUTMOM MOXeT ObITh oueneH mpumepHo B M pas, tne M — nnuna ctpoku
H300paKeHMSI.

Jnst ananmuza 3 GEeKTHBHOCTH MPEIOKESHHBIX allTOPUTMOB OBIITH TIPOBECHBI BhrunciaeHns Ha DBM. Ha puc.

. 2.2 .
1 npencraeineHbl rpaUKu 3aBUCHMOCTH OTHOCUTENbHOI aucmepcud omuGku ¢unbrpauuu O, /O or HOMepa j

dJIeMEeHTa B TOCJETHEeH CcTpoke m3o0pakeHus pazmepoMm 100x100 s7meMEHTOB TpPU HCIIOJIB30BAHUM BEKTOPHOTO
ONTUMAJHFHOTO (GWIbTpa (CIUIONIHBIC JWHWM) W KBa3HONTHMAJILHOTO CKaJSIPHOTO airoputMma (IyHKTHP) TPU TpeX

ornomenusx curian/mym SNR =1; 2; 5; xpatnocts Mozenu (1,1). Ha puc. 2 npuBenensl rpaduky 3aBUCUMOCTH

OTHOCHUTEIIFHOM TUCTIEPCHU ONIMOKHU (DHIBTPALINY IS CPEAHETrO 3JICMEHTA MOCICIHEH CTPOKH N300PaKeHHSI.

AHanmu3 MPOBEICHHBIX JKCIIEPUMEHTOB IMO3BOJISCT CHIENATh BBIBOJ, YTO JHMCICPCUS OIMMOKKA (DUIBTpaluu
ONTUMATIFHOTO W KBa3HONITUMAIBFHOTO allTOPUTMOB OTIIMYAETCs He Ooiee, yeM Ha 3-5%.

Takum 00pa3oM, HPEITIOKCHHBIH KBa3HONTUMAIBHBIN anropuTM olleHuBaHUs nByMepHbix CII Ha ocHOBe
MOJEJNU C KPaTHBIMH KOPHSIMH MO3BOJISIET CYILIECTBEHHO COKPATUTH BBIUMCIMTEIbHBIE 3aTPAThl IPH HE3HAYUTEIHLHOU
morepe 3pGEKTUBHOCTH 110 OTHOIICHUIO K CTPOTO ONTHMAIBHBIM IPOIIEIYPaM.

2 2
O O
2 2
N SNR=1
Ox| Ox f SNR=1
0,25 A
- SNR=2
SNR=5
/ /0101
0,05 f ; f f 1 0,00 f !
1 21 41 61 81 100 0,9 0,99 0,999
Puc. 1. Tucniepcust ourOKu GUIBTPAIIMN JICMEHTOB Puc. 2. Tucniepcust ommOKu GUIBTPAIIMN CPETHETO

HOCJ'ICIIHGﬁ CTPOKU DJIEMCHTA CTPOKHU
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1. Introduction

Recently, the information-extraction systems including the three-dimensional apertures of sensors for
detection of the desired signals have experienced increasing applications. Important classes of such systems include
the aerospace complexes for remote-probing the Earth and the radiolocation and sonar systems of various purposes.
For such systems, it is reasonable to describe the signals and interferences with the use of random fields (RF). In this
case, spatial variables accounting for the mutual arrangement of detectors are often discrete. Despite numerous
publications on the problem of statistical synthesis and analysis of mesh random fields, satisfactory solutions have
been derived for two-dimensional meshes alone.

More complex models of time-dependent random fields defined on multidimensional grids, were considered
in a very limited number of publications. In this report we consider the significant class of the random fields models as
well as recurrent quasioptimal filtration algorithms built upon suggested model.

2. Models with Multiple Roots
The probabilistic analysis of RF is greatly reduced if the spectral density allows factorization. In order to
obtain the almost isotropic RFs, it is suggested to choose one-dimensional filters with multiple roots of characteristic

ng

equations 1— Zakjwk =0, where nk,k =1,N are the orders of autoregressions. Let us now consider the one-
J=1

dimensional autoregressive sequence:

n
X; = Z(iji_j +B§i’ i:n+1,n+2,...,M R (2)
j=1

In the case of multiple roots the equation may be written in the operator form (1 - pz_lyXi = B&l , where 1/ p is

the n-multiplicity characteristic root, z7' s the shift operator. The multidimensional divisible RF is achieved by the
following autoregressive equations:
N

H(I—PkZ]:lTkxl-’:B{&_,i’, I_EQ 3)

Here N is the dimension of the field, p, and n, are, correspondingly, the parameter and multiplicity of the model

roots along the k -th axis. Accordingly, the model of multidimensional Rf is completely defined by the parameters
vector (pl, Poys s P N) and the multiplicities vector (nl,nz, ,nN). Detailed examination of properties of the

model could be found in [1, 2]. The analysis shows, that the variation of the link parameters and the according
multiplicities allows to obtain the wide range of different-type images.

3. Algorithms of Adaptive Filtration of Images

Consider the task of obtaining of the almost optimal recurrent filtration algorithm for the aforementioned
class of models. The strictly optimal recurrent algorithm is based upon the well-known vector Kalman procedure. In
the simplest case of multiplicity 1 along both axes, the state and observation models can be represented as

y, =8y, +WC,, 7, =Hy,+9,, l=k-n, 4)
where the state vector y, includes k -th and (k —1) -th lines of th image.

The writing down of the corresponding vector Kalman filtration procedure is straightforward:

B,=SP,S"+WW . K =RH'(HRH +V,]'. P=(E-KHP, )
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Vo =8V ¥ =Y, 1K, (Zz - Hylo)' (©)
The amount of computations for the above algorithm can be radically reduced. Let us select the £ -th element

of k -th line of the image and then rewrite the last equation in (6) in the following scalar form: )Ac,f( = )Acak[ + IZ(k , where

_ M

ﬁ;‘ = V;zPJ (Zf - )?3];) and M is a line length. This correspondence may be treated as an estimate of uf with
j=1

an optimal Wiener filter. The transformation of the non-recurrent Wiener estimation to recurrent Kalman form can be

achieved under the following assumptions: the state and observation models for u;‘ have the form of

u,=yu, ,+v,, f,=u,+0,, where the index k is omitted. The equations of Kalman estimation of u,,

consisting of two stages —filtration and interpolation along the current line. The advantage of suggested procedure
over optimal vector algorithm is about M multiplications less per line.

The dependencies between the normalized minimal variance O 32 /o 5 of the estimation error and the number
of element j of the last line of the 100x100 image (solid line — vector optimal filter; dashed line — quasioptimal scalar
filter) is shown on Figure 1. The Figure 2. illustrates the correspondence of between the O 3 /o f and the model

parameter, for the middle element of the last line. The graphics are adduced for three signal-to-noise ratios.

o,
oll SNR=1 PG

N X
. /0,30 -
9 - 7 0,20 4

™ o

J
0,05 : ; : : 1" 0,00 | j
1 21 41 61 81 100 0,9 0,99 0,999
Figure 1. Figure 2.
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