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AHHoTanus: PaccmarpuBaeTcs NpUMEHEHHE NapayUICIbHBIX BBIYHCICHHH B OBICTPBIX JeCTHHYHBIX RLS-
aITOPUTMAaX aJaNTHBHON (GuibTpanun. B anropurmax nCmonb3yeTcst CKONB3AIIee OKHO MPH OLCHKE KOPPETAIHOHHOM
MaTpHUIBl aIANTUBHOTO (prutbTpa M (WIM) AMHAMHUYECKas! PeryJsipH3alys 3TOH MaTpuisl. [IpuBeeHbl BEIYNCIUTEb-
HBIE MIPOLEIYPHI AITOPUTMOB M CTPYKTYPHI aIalTUBHEIX (QMIBTPOB Ha UX OCHOBE. Takme (QMIBTPHI IpefHa3HAUCHBI
JUIsl 00pabOTKM HECTAIMOHAPHBIX CUTHAJIOB B MPHJIOXKEHMSX, HE TPEOYIOIIMX BBIYMCICHUS BECOBBIX KO dUIIMEHTOB
aJlanTUBHOTO (PUIIBTPa B IBHOM BHUJE.

B Hacrosiiee Bpemsl afanTHBHbIE (UIBTPHI MIMPOKO HUCIOJIB3YIOTCS B PAIUO3ICKTPOHHBIX YCTPOHCTBAX CHC-
TEM CBSI3U, PAAMOIIOKAINA B OBITOBON TeXHHUKH [1]. OObI4HO, B OCHOBE PabOTHI OOJBITMHCTBA aAaNTUBHBIX (QUIIBT-
POB HaxXOIMTCS MPOCTEHIMIA TPATUEHTHBIA AIITOPUTM 0 KPUTEPUIO HAUMEHBILIETO CPEAHEKBAIPATHUECKOTO OTKIIO-
HeHusi uiK ero Mojudukarmu. Takue anropuTMbl UMEIOT HAUMEHBIIYIO apU(QMETHIECKYIO CI0KHOCTh CPEIH ajro-
puTMOB anantuBHOM (uiabtpamun: 2N apudMeTnueckux onepanuii Ha ogHy uTepanuio, rae N — YHciIo BeCOBBIX
ko3 dunnentoB puiasTpa. Kpome TOro, OHM XapaKkTepu3yrOTCS alrOPUTMHYECKONW MPOCTOTOW — HECIOKHBIM MaTe-
MaTH4ecKUM onucanueM. OHAKO TPaJUEeHTHBIC ANTOPUTMBI 00JIaJal0T PSJOM M3BECTHBIX HEJOCTATKOB, KOTOPBIE
3aMETHO MPOSBJISIOTCS MPH 00pabOTKE HECTAIIMOHAPHBIX CUTHAJIOB.

PexypcuBHBIE aNropuT™MBbI IO KPUTEPHIO HauMeHbIIMX KBaapaToB (Recursive Least Squares, RLS) [2] saBnstroT-
csl OMHUMU M3 HanbOosiee 3Pp(HEeKTHUBHBIX aNTOPUTMOB aganTHBHOW (uibTparuu. OHKM 00eCcTIeYnBaKOT JyYIIHe MoKa-
3aTeNy KadecTBa (MEHBIIYIO UTUTENBHOCTh MEPEeXOIHOro Ipolecca ¥ MEHbIINE 3HaYeHHs OMNOOK B yCTaHOBHB-
HIeMCsl PeXHME) 10 CPaBHEHMIO C I'PaJMEHTHBIMU ainroputMamu. OJHAKO CIIOKHOCTh TaKMX aJTOPUTMOB paBHA

2 . .
O(N*) apudmernueckux oneparmii Ha oxay urepamuio wim O(N) omepanuii B BEIMHCIHTENBHO 3()()EKTHBHBIX

(6p1cTpBIX) Bepcusax. Hecmotpst Ha 310, RLS-anropuT™el Takke MPUMEHSIOTCS B aJallTUBHBIX (PHIBTPax, IIOCKOIBKY
COBPEMCHHBIE BBICOKONPOU3BOJAUTENBHBIE HU(POBBIE CUTHAJIBHBIE MPOLECCOPHI YK€ IO3BOJSIIOT PEATN30BBIBATH
CJIOKHBIE AJITOPUTMBIL.

ITpn 00paboTKe HecTalMOHAPHBIX CHUTHAIOB OTMEUCHHYIO apu(MeTHdecKylo cioxkHocTb RLS-anropurmon
NPUXOJUTCS] YBEIIMUMBATh IIPUMEPHO B JIBa pa3a 3a CUET NPUMEHEHHs CKOJB3SIIEro OKHa (it oOecreyeHus cie-
JUIIUX CBOMCTB) IPH OLIEHKE KOPPEISALUOHHON MaTpPHIbl BXOJHOIO CHIHAJA aJIaiTUBHOTO (PUIIbTpa, peryispusa-
MK 3TOW MaTpuubl (Juis odecnieyeHus ee cTabMIIBHOTO OOpAllleHHs1) WM B YEThIPE pa3a MpU OJHOBPEMEHHOM HC-
MOJIb30BaHUU 000MX MpUEMOB. B cityyae MCIOIb30BaHMS IBYX WJIM YETHIPEX MPOLECCOPOB, BHIYMCIMTEIFHYIO Ha-
IPy3Ky Ha OJIMH MPOLIECCOpP B TAKMX aJITOPUTMaxX MOXKHO YMEHBIIHUTH, COOTBETCTBEHHO B JIBa WIIM YETHIpE pasza, pu
nocrpoeHuu RLS-anropuTMoB Ha OCHOBE MapaslIeNIbHBIX BBIYKCIEHU [3].

CymiecTByIOT Takxke ObICTpble RLS-anroputmsl, B KOTOPBIX BHYTPU K0 PEKYpCUBHOI 110 BpEMEHH HTEpa-
uu cogepkurcs N wreparuif, BHIUMCISEMBIX IPU HU3MEHEHHU TOpsaKa azantuBHoro ¢guisrpa or N=1 o
N=N. 3tu GUILTPEI HA3LIBAIOTCA JECTHUYHBIME [4]. B NeCTHHYHBIX (QUILTPAX NPUMEHEHHE CKOJB3SINETO OKHA
W3BECTHO JIMIIb JJISl HECKOJBKHX Pa3sHOBHIHOCTEH aJaNnTHBHBIX ajlropuTMOB. [IpuMeHeHHe peryispuzanuy WiIu
COBMECTHOE NMPUMEHEHHE PETYJISIPU3ALIY U CKOJIB3SILEro OKHA JUIsl TAKUX QJITOPUTMOB B JIMTEPAType HE BCTpeua-
J0CB.

B Hacrosmieii pabote paccMaTprBaeTCcsi IPUMEHEHHE CKOJB3SIIET0 OKHA M (MJIM) PEeTyJsIpU3aliy B JIECTHUY-
HbIX RLS-anroputMax, 6a3upyromuxcst Ha MapauIebHbIX BBIYUCICHHAX. JlaHHbIE alrOpUTMBI NIPH Pealu3alui B
apu(MeTHKe C IUIABAIOIIEH TOYKON U IIPH COOTBETCTBYIONIEH MHUIIMAIN3ALNHA MaTEMaTHIECKH 3KBUBAJIICHTHBI JpY-
ruM RLS-anroputmam u npyr apyry. PaccMaTpuBaroTCst anroputMsl AJsl OAHOKAHAIBHBIX aJalTUBHBIX (UIBTPOB C

KOMIUIEKCHBIMH BecoBbiM Kodhuimentamu N, (K), puc. 1. 3zecs X(K) — Bxomnoi, d(K) — tpeGyemsiii u y(K)
— BeIXOHHOM curnansl, (K) — curuan ommbok, K — MHIEKC IMCKPETHOTO BpEMEHH. ANTOPUTMBI U (QHIBTPOB €

JICHCTBUTEIFHBIMH BECOBBIMH KOX((GHUIMEHTAMH SIBJSIFOTCS YaCTHBIMH CIIyY9asMH pacCMaTPHUBAEMBIX alTOPHUTMOB
NpU 3aMEHE BCEX KOMIUIEKCHBIX MEPEMEHHBIX M apu(PMETHUYECKUX OINepaluii Ha JIeHCTBUTENbHbIE TIEPEMEHHbIC U
oTepanuy.
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OC00EHHOCTBIO  JIECTHHY-

x(k) x(k—-1) x(k-2) x(k-N+2) x(k-N+1) HBIX aJaNTUBHBIX  (DHUIBTPOB
SBJISIETCS. OTCYTCTBHE B HHUX

BBIYHCIICHUSI BECOBBIX KO3(bhH-

ny (k—1) IIMEHTOB B SBHOM BHje. HTe-
peCyeMLIM BBIXOJIHBIM CUTI'HA-

-1 -1
z z

BGE-) | BGE-D | BGE-D

X X X JIOM TakuX (PUIBTPOB SIBISACTCS

curHan ommoOku. [Ipumepamu

v v v HUCMOJIb30BAHUS aJJalTUBHBIX

| 2 | (GWIBTPOB, B KOTOPBIX HHTEpE-
CYEMBIM CHUTHAQJIOM  SBISAETCS

(k) . X(k) JIUIIb CHTHAJI OIIHOKHU
:@ > a(k) ak)=dk)-yk), wmoryr

Vnpagnenune CIIy’)KAThb 3aJlaydl TOJaBJICHHUA

—| AZ[aHTI/IBHHﬁ aIrOpUTM | CUT'HAJIOB  DJICKTPHUYCCKOTO U

akyctudyeckoro 9xa. Cymect-
BYIOT JIBa OCHOBHBIX THIIA JIECT-

Puc. 1. AjantuBHBIN QUIBTP
HUYHBIX ~aJaNTHBHBIX  (DHIIBT-
pOB, B mporecce paGoTh KoTopeix Bhiucsorcest anpropu omm6kn a(K) = d(K) —hy (K —1)x, (K) u arocrepuo-

pr ommGkn €(K) =d(K) —hy (K)x, (K). 3necs hy (K) 1 X (K) — BekTOpBI BeCOBBIX KOIDHIMEHTOB 1 BXOI-

HOT'O CUTHAJA.
Hcnonp3ys mnpuemsl, aHajoruusele [3, 4], MOXHO MOJY4YHTh PsA TNapajuIeNbHBIX JEeCTHUYHBIX RLS-

AJIrOPUTMOB. Ipu 3TOM HEO0XO01MMO copmupoBaTh BEKTOPBI xg (k) =
=[x - x4k - .p0] . de(0=[ud(k-1).d()00]  n  vampury S, =
=diag(—-1, 1, =1, 1). 3mecs L — gmcmo orcueros, ompenenseMoe IIMHON CKOJNB3AMIETO OKHA. Ilapamerp

L .
u=A1,rne 0<<A<1 — napamerp skcrnoHeHIMaIbHOro B3BeuBanus, {P(K) — curnan nuHamMudecKkoi peryss-

puzamym [2]. BapuaHThl adroputMoB (¢ OECKOHEYHBIM OKHOM, CO CKOJNB3SIINM OKHOM, C OSCKOHEYHBIM OKHOM U
peryisipusanueil, Co CKOJIB3SMIMM OKHOM U peryisipu3anueil), onpelesioTcs HaTMdueM COOTBETCTBYIOIIUX ABYX
WIM YEeThIPEX KOMIIOHEHT B yKa3aHHbIX Bekropax nmpu F =1, F =2 wm F =4. Bekrops! omu6ox juHeiiHOro

TpeICKa3anust aé(”)(k), a?:(n)(k), e,];(n)(k) , ek,):(n)(k) u monenmpoanms 6.1 (K), e (K) raixe cocrost us

OJTHOM, IBYX WM YETHIPEX KOMIIOHEHT.

Crnenyst pacCMOTPEHHBIM BBILIE NTPHEMaM, MOXKHO TOJIyYHUTh MapaJuIeIbHBIN JIECTHUYHBIN allrOPUTM, KOTOPBIH
nipuBesieH B Ta0x1. 1. COOTBETCTBYIONIME alTOPUTMY CTPYKTYPHI BHIYMCIICHHUS OIIMOOK ITOKa3aHbl Ha pHc. 2 ¥ pHc. 3.
B kauecTBe MHTEpeCyeMOro BBIXOJHOIO CHTHaja aJalTUBHOTO (uibTpa (CM. puc. 1) HCHOIB3yeTcss CUrHaji

ak)=aM" k), rme a™*V (k) —snement Bexropa a8 (K), 3aBucsmmit or X(K) . B ypaBHenmsx anmropurya
(ra6r. 1) T (k), T*™ (k) u ™ (k) — xosbduunentst orparerus, a E '™ (k) u E*™(K) - sneprum omm-
6OK JIMHEHOrO npenckasanus. Bepxuuii nungexc (N) cayxur 1 0003HAYCHNs BBIYNCICHUH], CBI3aHHBIX C H3Me-

HECHUEM IIOpsAKa (‘IH/IJ'IBTpa Kak N = 1, ooy N , @ BEpXHUE NHACKCHI f u b O3HA4YarOT BBIYUCIICHHUA, OTHOCAIINUECCA K

JMHEHHOMY IpejickazaHuio Brepen u Haza[ (forward prediction n backward prediction).
PaccMoTpeHHBIH alnropuT™M MOXeT ObITh MOAM(HUIMPOBAH 3a CUET MCIIOJIB30BAHMsI COOTHOLICHUH MEXIY arl-

PHOpH WM amocTepHopu ommbkamu B mapamienshsix RLS-amropurmax [3]: el ™ (K)=al™ (K)®™ (k 1),
V0= O, () =aP 00, o= e/ (k-]
a2 (0= (lof (] . o’ () = e (ol (o] u @ (k)=
=@ (k) — 2" (K)e2™ (k)/E"™ (k), @) (k)= (I)(F”)(k)[lF — 2" (k)u';(")(k)(I)(Fn)(k)/Eb(”)(k)] , THe

I — exunuunas marpuua, a (I)(Fn) (k) — marpuua oTHOLIEHHMIT MPaBIONOAO6HS.

C noMOIIbI0 YHOMSIHYTBIX HPUEMOB IIOJIy4EHO CEMb Pa3HOBUIHOCTEH MapauIeNIbHBIX JECTHUYHBIX alTOPHUT-
MOB: Ha OCHOBE allpUOPH H aIlOCTEPUOPH OMMOOK 0€3 0OpaTHBIX CBSA3EH M ¢ 0OpaTHBIMHU CBSI3MH, HA OCHOBE TOJIb-
KO anprOpH WM TOJIBKO allOCTEPUOPH OIIMOOK 0e3 00paTHBIX CBsi3eH U ¢ OOPATHBIMU CBSI3SIMH, a TAKXKE aITOPUTM
Ha OCHOBE UCIMOJb30BaHus QR-pa3noxkenus 0e3 onepariuii U3BJICUCHHUS KBAJAPATHOTO KOPHsL. JleTanu oTHOMMEHHBIX
QITOPUTMOB ¢ OECKOHEYHBIM OKHOM MOTYT OBITh HaiiieHbI B padboTe [4].
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Tabmuna 1. JlectHnunsni RLS-anropuT™ Ha 0CHOBE allpHOPH U allOCTEPHOPH OLITHOOK

Brruucnenus CcBUIKHA
Initialization : E "™ (0) = 52, E"™ (0) = 524", A™ (0) = 0, 4™ (0) = 0, (1.0)
a2 (0)=0.,eX™(0)=0.,T"™(0)=0,""(0)=0,7"(0)=0,n=12,...,N
For k=12,....K
10 (k) = x, (k) @ (k) = x¢ (K), £V (k) = x (K)S ¢, e (K) = X (K)Se, (D
‘“ F (k) =dg(k),ep’ (k) =d (K)Se
For n=12,...,N
E'™k)=2E" (k-1 +el™ (K)a™" (k) (1.2)
EP™ (k)= AE"™ (k — 1) + eb(n)(k)at;(n)H k) (1.3)
A" (k) = 24" (k —1) + 2™ (k = Da t ™" (k) (1.4)
k™ (K) =™ (k=1 +al" (K)e" (k) (1.5)
al"™K) =alP(K)+T f<“>*(k ~Da2™ (k-1 (1.6)
a2 (K) = op " (k- 1)+ T (k = Da f™ (k) (1.7)
aif™ (k) = e (k) + 7™ (k = Dar™ (k) (18
I f(ﬂ)(k) _ —A(n)(k)/Eb(n)(k -1 (1.9)
rb(ﬂ)(k) — _ AM* (k)/E f(n)(k) (1.10)
}/(n)(k)=—K(n)(k)/Eb(n)(k) (1.11)
e LMD (k)= e[ ™ (K)+ T ™" (k)e™ (k - 1) (1.12)
el;(nﬂ)(k) — b(n)(k “1)+ Pm* (k)eé(n)(k) (1.13)
el (k) =ef (k) + 7™ (K)eg™ (k) (1.14)
End for n
End for Kk

u){‘(l)(k) ®—> f(z)(k) U{,(Nil)(k)

x (k)

l_,b(l)*(k 1) T r*b(N l)*(k l)v

Ff(l)*(k 1){ ; /- 1)*(k l)f ;

o (k) >z @7—> a; k) a7 (k) -z

oy (k)

/=) /- \ /7" -

D

+V

Z

?_, f(N)(k)

+
— o) (k)

e

Yy +

+ AT 0P (k) + S a' V) + Il (k)

Puc. 2. IapasuieibHbIN JISCTHUYHBIN aqanTUBHBINA (GHIBTP HA OCHOBE allPHOPHU OIIHOOK

Ouenka apupMeTHIECKOM CIOKHOCTH anroputma (1abmn. 1) mpumepno B F pas Gosbine Takoil OLeHKH OfHO-
MMEHHOTO AJTOPUTMA ¢ OECKOHEYHBIM OKHOM, CIIOKHOCTh KoToporo pasHa 10N cioxenuit, 14N  ymHO)eHHH 1
3N nmenennii. Takoe yBeNTHMYEHUE CIOKHOCTH B CIIyYae MPUMEHEHUS CKOJB3SIIErO OKHA U (KMJIM) PETyIspU3aluu
MMEET MECTO B [IPEICTABICHHBIX B HACTOSILICH paboTe MOAU(UKALMAX APAIUICIBHBIX JIECTHUYHBIX aJITOPHTMOB H B
anropurMmax [3]. B ciayuae nmpuMeHeHHs MapauIeibHBIX BBIYMCICHHMN, HArPy3Ky Ha OJHMH HPOLECCOpP YAAeTcs, Kak
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YK€ 0TME€4aJIOCh, YMCHBIINUTL B F pa3, NOCKOJIbKY BCC BBIYUCIICHUS, CBA3aHHBIC C DJICMCHTAMU BEKTOpPa XF (k) , B

napaJuleJIbHBIX all’'OPUTMax HE3aBUCHUMBI JIPYT OT Jpyra.

B [2] 0Obi1a npogeMoHcTprpoBaHa 3G HEeKTHBHOCTh MPUMEHEHHST CKOJIB3SIIIEr0 OKHA M PEeryJisipu3aluy Koppe-
JISILIMOHHOW MaTPUIIBI aalTHBHOTO NPH 00paboTKe HECTAllMOHAPHBIX CUIHAIOB. AHAJIOTUYHBIE PE3YJIBTAThl CIpa-
BEUIMBHI U B CITydae NPUMEHEHUS JIECTHUYHBIX (UIBTPOB, TIOCKOJIBKY PAaCCMOTPEHHBIE B Pa0OTE aJlrOPUTMBI U CO-
OTBETCTBYIOIINE UM OJHOKaHAJIbHbIE BAPHAHTHI AJITOPUTMOB [2] MaTeMaTHYEeCKH SKBUBAJICHTHBI.

MogayiipHast CTpYKTypa JECTHUYHBIX (HILTPOB (puc. 2 u puc. 3) odecrieunBaeT ux 3PpPEeKTUBHYIO IPOrpaMM-
HYIO WM alapaTHylo peann3anuio. PaccMoTpeHHble necTHUYHbIe RLS-anropuT™Mbel MOTYT IPUMEHSTECS B PHIIO-
KEHHSIX, IJIe HHTEPECYEeMbIM BBIXOJHBIM CUTHAIOM aJallTUBHOTO (DHJIBTpA SBISCTCS JMIIb CUTHAT OMIMOKU MoJe-
aupoBaHus. [IpeacTaBieHHBIE B pabOTe AITOPUTMBL — 3TO PE3YJIBTAT NAbHEHIIEro pa3BUTHs NPUKIATHON OUOIHO-
TEKH aJITOPUTMOB U TIporpamm [5].

=

eV (k) e (k) o e e (k)
0% (k)
X, (k)
rf(l)*(k)
GU(k) > 2 — Pk M) e (k)
Y * Y Y Y
7" (k) 7@ (k) y (k) y (k)
1)
e (k)
+ AL P k) + AT ek + A e (k) + S
d.(k) 2 2 el (k) )y 20 el (k)

Puc. 3. [TapanienbHbIi JICCTHUYHBIA aIalTUBHBIA (DMIIBTP HA OCHOBE allOCTEPUOPH OMINO0K
Jlutepartypa
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Today, adaptive filters are intensively used as the portions of equipment in communication systems, radars and
consumer electronics. The examples are electrical and acoustic echo cancellers, communication and acoustic chan-
nel equalizers, noise cancellers, adaptive arrays etc. Generally, the adaptive filters use the computationally simplest
gradient least mean squares criterion algorithm or the different versions of the algorithm. However, the simplest
adaptive filtering algorithms are characterized by a number of known performance drawbacks that become visible in
case of non-stationary signal processing.

Recursive Least Squares (RLS) algorithms [1] are among of the most effective adaptive filtering algorithms.
The algorithms provide better performance namely shorter transient response and smaller errors in comparing with
gradient algorithms. The arithmetic complexity of RLS algorithms exceeds the complexity of gradient algorithms.
Despite of that, RLS algorithms are also used in adaptive filters because the modern digital signal processors have
enough resources for the implementation of complex algorithms.
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In case of non-stationary signal processing the RLS algorithms complexity has to be doubled due to the appli-
cation of a sliding window or regularization in correlation matrix estimation. In sliding window and regularization
case the algorithms complexity is increased four times in comparing with the growing window RLS algorithms. If
two or four processors are used to implement the modified algorithms, the computational load per processor in de-
creased two or four times if RLS algorithms are built on the base of parallel computation principles [2].

The given paper presents the application of the sliding window or (and) regularization in lattice RLS algo-
rithms [3]. The new algorithms development is based on the mentioned parallel computations. Following the papers
[2, 3], seven sorts of new parallel lattice algorithms were developed. They are a priori and a posteriori error algo-
rithms with and without feedbacks, only a priori or only a posteriori error algorithms with and without feedbacks,
and square root free QR decomposition algorithms. Full computational procedure of a priori and a posteriori error
algorithm without feedbacks and the architecture of an adaptive filter for the error computation are presented in the
paper. Evaluation of the algorithm complexity is presented as well.

The modular architecture of the new parallel lattice algorithms assures effective software or hardware imple-
mentation. The algorithms can be used in the applications of adaptive filters, where only modeling error signal is
used as a desired output signal. The examples of the applications are electrical and acoustic echo cancellation.

The algorithms, presented in the paper, are the result of the permanent development of applied library in adap-
tive signal processing [4]. Presently the library consists of about 300 different adaptive filtering algorithms, some of
which were described in [1-3].
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