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ABSTRACT

In this paper we presenta novel adaptve filtering schemefor
Stereophoni@coustic EchoCancellation(SAEC). The proposed
schemes basedon the adapive parallel subgadiert projection
techniques(Yamadaet. al., 2002) comhbined with the input slid-
ing technique (Joncaur and Sugiyama, 1998, Sugiyama,Joncair,
Hirano, 2001). The schemeusesinformationbothin the current
andpreviousperiodsof theinputsliding techniquesimultaneously
while the original technique just usesinformationin the current
period.Rolustnesso noiseis achiezedby introducingthestochas-
tic propertysets. Moreover it requiresonly linear computationh
compleity becaseit is freefrom solving systemof linearequa
tions. Thenumericalkexampleshawvs thatthepropcsedschemean
achieve, evenin noisy situation,muchfastercorvergenceaswell
aslower miss-identificatiorof echopathsandhigher ERLE than
thecorvertional technique.

1. INTRODUCTION
Stereophoni@cousticecho cancelerd SAECRs)becomeone of
the keys in successfutealizationsof high quality hands-freesys-
tems, suchas adwancedteleconferencingcarphones,homeen-
tertainmentetc. In ateleconferencevith several talkers, for ex-
ample,the auditoryimagesin percepual spacewould help usto
localize eachtalker. The principal part of SAECRIs illustrated
in Fig. 1. Sincethe 2 echopathsusually carry highly cross-
correlatedsignals,the normal equationto be solved for the min-
imization of the residualechois oftenill-conditioned or hasin-
finitely mary solutionsdepenling on the transmissiorchanrels.
In otherwords, straightforvard generalizatiorof monauralecho
cancelerto stereophnic one suffers from lacking suficient con-
dition to determinethe unique pair of echopaths,which is the
so-callednon-unquenessroblem[1-6]. A greatdeal of effort
hasbeendevotedto achieve theunique pair[3, 6-9]. In particular
it wasreportedthat applying a periodically delayedinput to the
NLMS helps SAECRsachieve lower miss-identificationof echo
pathswith littl e audibledegradation[6, 7]. This simplemethodis
calledinput sliding technique. Somecorvergerce analyseof the
techniquehave also beenreported[10,11]. From anotherpoint
of view, the statisticalnatureof the input signalsdepemis on the
acoustigpathsin thetransmissiomoom, which mayvary with am-
bienttemperaturestc.,or may be dynamically modifiedby move-
mentof objects;e.g.,humanbodiesor doors[12]. Thereforefast
trackingis strongly required. Moreover, becauseof the 2 audio
channés, we have to identify theimpulseresponsgof all 4 acous
tic paths from 2 loudspealersto 2 microphaes,by adaptinghe4
echocancelersThereforeheadaptve algorithm,emplo/edin the
system,must be of low computationalcompleity. Establishing
suchanefficient algorithmis the majorinterestin the studyof the
SAECRS9[13].

The NLMS algorithmhasbeenwidely usedin acousticecho
cancelerdueto its simplicity androbustnesso noise. However,
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unforturatelyit shavs slow convergence gvenin the singlechan-
nel case for a coloredinput signallike a speect{14]. To improve

corvergencespeedthe use,in placeof NLMS, of moresoplisti-

catedalgorithm, APA [15,16], would be coneeivable. However,

APA causesugecomputationbcostfor high dimensionakaffine
projection,morewer, the performanceof morethantwo dimen-
sionalaffine projectionis severely influencedby noise(see[17]).

On the otherhand to resole thesedifficulties, an adaptve filter-

ing algorithmbasedon the adaptiveparallel subgadient projec-
tion (PSP)tedniques was recently established17]. The algo-
rithm is compuationally efficient androbust to noise,andin ad-
dition, exhibits dramaticallyfastandstablecorvergerce. In [18],

the straightforvard applicationof the algorithmin [17] to Stereo-
phoric AcousticEchoCancellation(SAEC)waspresentedwhich

exhibits fastandstablecornvergenceevenin noisysituation.How-

ever [18] doesnot utilize the preprocessin@f the input sliding

techniqe unlike[6, 7,10,11].

In this paper we presentan efficient robust filtering scheme,
for SAEC, basedon the adagive parallel subgadient projection
(PSP)techniquescombinedwith the input sliding technique The
schemesimultaneouslyusesinformation both in the currentand
previous periodsof the input sliding techniquewhile the original
methodin [6, 7] just usesinformationin the currentperiod. Ro-
bustnesdo noiseis achiezed by introducirg the stochastigprop-
erty sets.Moreoverit requiresonly linearcomputationatomple-
ity becaseit is freefrom solvingsystemf linearequationsThe
simulationresultshavs that the propsedschemeachieves, even
in noisy situation, excellentimprovements in Echo ReturnLoss
Enhanement(ERLE) and miss-identificationas well asin con-
vergencespeed.

2. PRELIMINARIES

2.1. Notations

Let N andR denotethe setsof all non-ngative integersandreal
numkersrespectiely. DefinealsoN* := N\{0}. Letk € N
dende the time index. We usethe length(M € N*) of theim-
pulseresponss of transmissiorroom andthe length(V € N*)
of the impulseresponse®f receving room. For simplicity, we
alsousethe samenotation N for the lengthof thefilters. Given
N € N*, H := R?V is areal Hilbert spaceequippe with the
inner produwct (x, y) := 'y, Y,y € H, andits inducednorm

lz|| = (mtm)l/Q, Vx € H, wherethe superscript standsfor
transposition.For ary nonemptyclosedcorvex setC' C H, the
projectionopeitor Po : H — C'is definedby ||z — Pc(z)||
= minygcc || — y||, V& € H. Thenotation|S| standsfor the
cardinality of a set.S. Vectorsand matricesare representedy
bold-faced lower-caseanduppercasecharactersespectrely. By
thetalker's speectsignalsy, := [sx, Sk—1..-.,Sk_a11]t € RM
(k € N) andthei-th transmissiorpath8 ;) € R (i = 1,2), the
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Fig. 1. Stereophoni@cousticechocancéer (SAECR); Unit 1
is a modificationunit (seeFig. 2). Without the unit, this figure
illustratesa standardsystemof SAECR.

inputto the i-th microphore is generatechSu,(f) = 8100 (i =
1,2). Definethe i-th input vector sequene (ul(:)>k c RY
€N

. . . . t
asul) = [u,(j),u,(jll,...,ufﬁNH] € RY, k € N. For
r € N*, we useU](f) = [u,ﬁ”,ul(fll,...,ul(flTH] € RNV,

Supposehathy;) € R™ standsfor the i-th receving echopath

to be estimatedandny := [ng,...,nx_r11]" € R", Vk € N,
is the obsered noise vector at the microphae in the receving
room. Then the data processvector (dx), .y C R" is mod-

eledasd;, := [dk,...,dk,T_H]t = U}zh* + ng, Vk €N,
t
whereh* := [h{})*. hiy']" € H andU, == [U,(Cl)tU,(?t] €
R2V*7 L eth; € RY be(theimpulseresponsef) thei-th echo
canceleran estimateof hZ‘i) for i = 1,2. Thenwe define,with

t t1t
h = [h(l)tvh(a)t}t € H anduyg (1) 7“1(62) c H

[ut
the estimationresidualfunctionse;, : H — R by ex(h) :
ubh —dy, VkeN.

2.2. Non-Unigueness Problem in Stereophonic Acoustic Echo
Cancellation

We focus, without loss of geneality, on the identificationof the
echopathsfrom all the loudspeéersto anarbitraryspecifiedmi-
crophore in the receving room. The ultimate goal of SAEC is
to identify the possiblychangingh® € H evenin the noisy sit-
uations. For simplicity, however, in the following two subsee
tions, we review the problemonly in noisefree situations;i. e.,
nr = 0,Yk € N. In this case,becauseve canobsere only

(ul(f)) and(dx ),y all whatwe candois to find a pointin
keN

Vi={heH: ex(h) =0, Vk € N}. @)

Unfortunately V is, in generalnot a singleton which is the nor+
uniqueressproblem

2.3. Input Sliding Technique

In this sectionwe introducetheinputsliding techniqe [6, 7]. Let
Q,T € N* (Q > T) dendetheone-gcle periodfor modifications
andthe transitionperiodfor smoothnesrespectiely. Definethe
periodicallydelayedsignal®

)

ﬂg) = Ck“l(cl) + (1 —cr)uyy,

@)
Iwithout loss of geneality, we modify the input signal ul(cl) in the
first channel. In (2), we canalsouseary other modified signalin stead

of uz(chr Notethat however, cardul invesigation shouldbe requiredin
ordernotto causea seriousaudble degraddion to the speectsignal
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Fig. 2. Themodificationunit. TheUnit 1 in Fig. 1 is replacecdoy
this unit.

Fig. 3. A geometricinterpretationof the original input sliding
technigwe in thenoiselessituation.

where(ck ) ken is theperiodicsequenceefinedas,for0 < k < @,

L, 0<k< 9T
Q=T Q
r 1—0, Q2 <k§2,T 3)
O‘>17 Q7%<k§Q7

where— meansthe smoothtransition. (cx)o<k<¢ IS extendel
periodicallyfor £ € N. Thusﬂ,(;) alternatvely chargesbetween

theoriginalsignalu,(cl) andthedelayedsignalu,(cl_)l. The modifi-
cationunit is depictedn Fig. 2.
Define the solution space,constructedby the delayedinput

signals) = {h EH: Uth —dy =0, Vk € N} ,whereu, :=

t ]t ~
{(ufjJ ,(u](f)) } anddy, := u.h* (seeSec.2.2). Sincethe

simpleuseof theinputsliding techniqueaccouns theonly current
information,the echocancelersapproactto thetargeth* through
anindirectway asshawvn in Fig. 3. The simultaneousiseof in-
formationbothin the previous and currentperiodscould leadto
fastercorvergenceto thetarget h*. In the following section,we
presentan efficient robust adaptve schemebasedon the adaptve
parallelsubgradent projectiontechniques[17] with theinputslid-
ing technique.

3. EFFICIENT ROBUST ADAPTIVE FILTERING
SCHEME FOR INPUT SLIDING TECHNIQUE

Let (ffk) C R?M*" and (Ek) C R” dendethemodified
keN keN

signalsequencecorrespadingto (Uy),, . and(dy),.c\, respec-
tively. We definethe stochastiqropertyset

Crl(p) == {h e H:gi(h) == |ex(R)|> —p <0}, (4
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Fig. 4. Thetime interval of modification.

whereey (h) = f]Zh — Ek andp > 0. Forgiven@, T' € N*,
letS(p) = {keN: 202 < < 2@-T1 ', ¢ N*, denote
the setof all thetime indexesin the p-th interval of modification
asshavnin Fig. 4 (S(0) := 0).

Forgivenqg € N*, definetheindex setsly, := {k,k —1,....k
—q¢+ 1} ¢ NandJ, C S(p(k)), wherep(k) := | (2k+1)/Q],
vk € N. Also definetheweightw ™ > 0, V. € I U Ji, Vk € N,
tosatisfyy", ., wi® + 3, , w =1,vk € N. Theproposed
adaptve filtering schemas givenasfollows.

Scheme 1 For anarbitrary givenho € H, define(hs), .y C H
by

hry1 = he+ g Z wfk)PI(fz(h )(hk)
eIy, ¢ k
(k) p(®) _
+ Y wPY (b)) —hi | Yk EN(S)
LeJy,
whee

—9u.(hy)+(hy—h)* Vg, (hy)

18t (hi){UU +8I}E,(hy,)

it h ¢ H- (ht),
otherwise

h+ Vg.(hi),

(8) —
PH:(hm (h) =
h,

(6)

0}, >0is
the stepsize

H (y) :={z € H: (x —y)'Va.(y) + 9.(y)
theregularizationparameterand i, € [0, 2M )]
where M is definedas

<
is

2
(k)

2
(k) || p(&)
Yier, W (he)=hk| +X,e5, Wi PH;(hk)(hk)*hk

2

P
H, (hy)

®p@®
Yier, we Hj(hk)( K+ e,

ifhi & Nierouny He (Pr),
1, otherwise

(k) p(8)

w, 2 hp)—hy
e (hk)( k)—hy

(NOTE: If 6 = 0, P}(fi(h )(h) is reducel to the exactprojection
L k
from h ontotheclosedhalf-spaceH,” (hy); i. e.,P;fl * )(h)

L k
=P, (hi) (h)). Clearly, by (5) and(6), thealgorithmis freefrom
the computationkload of solving a systemof linear equatiors to
updatetheestimateh 1 from hy, unlikethe APA scheméor r >
2. Moreover a simpleinspectionof the summationin (5) implies
thatthealgorithmis well suitedfor ¢+ |.Ji | concurrenprocesses.
(NOTE: It is nothardto seethatthemethodin [6, 7] isthesimplest
case,wherew,(ck) =1, w™ =0 Me#£ k), r=1,p=0).A
geometridnterpretatiorof Schemel is givenin Fig. 5.

In Schemel, the monotoricity ||hr+1 — h*|| < ||k — h*||
isguaraneedif h* € (., , H, (h&)[17,Propositioni]. Un-
derthepracticalassumptiorf thenoiseproces®f zeromeani.i.d.
Gaussiarrandomvariables\'(0, o), a systematiadesignof the
stochastiqropertysetCy(p) wasproposedasedon the follow-
ing simpleformulaefor p thatrely only onr andonthevariance

o? of thecorruptingnoiseprocesgn ) . ;.
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Fig. 5. A geometricinterpretationof Schemel. k: currenttime
index, k’: atime index in the previous periodS(p(k)). For each
time k, hj, monotorically apprachego theintersectiorof Ci (p)
andCy/ (p).

Example 1 [17] (Designof Stodastic PropertySets)o: := (r +
V2r)a? > pa = ro? > p3 := max{(r — 2)o>,0}.

4. NUMERICAL EXAMPLE

To comparethe performanceof Schemel to the NLMS [6,7],
basedon the structureof input sliding techniqe, for estimating
h* € H := R%'2 (N = M = 256), a simulationtestwas per
formedunder thenoisesituationof SNR= 101log,, (E {2} /E
{nk}) = 25 dB, wherez; := ujh* andE denotesxpectation
In the modificationunit, we set@Q = 800 and7T = 80. We uti-
lized amales speectsignal,which wassampledat 16kHz,asthe
input (sx),cy- For the NLMS algorithm, the stepsizewassetto
0.2 by following arecommendationgivenin [6, 7]. For afaircom-
parison(see[19]), the propogdschemeemplo/ed pi, = 0.4 My,
Vk € Z, p = ps (seeExamplel) andr = 1. For the present
numericaltest, we focus on the specialcases:(a) ¢ = 5 and

Ty = {k —Q/2—j};_y Vk € N,and(b) ¢ = 10 and.Jy = 0,

Vk € N. Weletw® :=1/10, Vk € N, Vi € I U Ji, Vk € N.
(NOTE: Proposedb) correspondto the straightforvard applica-
tion of adaptve PSPalgorithm [17] to input sliding technique,
on the otherhand, proposeda) usesthe informationboth in the
currentand previous periodssimultaneously). For a fasterand
more stablecorvergence the regularizationparamete was set
t0 1.0 x 10~2 bothfor the NLMS andfor Schemel.
Weevaluatethesystenmismatchdefinedas|| h* — hs | / ||h*]?,
Vk € N, aswell as

St
Zf:1 (2 — uﬁhi)Q

Fig. 6 shaws thatthe proposé schemeoutperfams the NLMS
basedmethod Furthermorewe obsere thatit is effective to use
the databothin the previous and currentperiodssimultaneosly
for fastercorvergerce.

ERLE(k) := 10log,,

5. CONCLUSION

In thispaperwe presenanefficientrobustadarivefiltering scheme
for theSAECproblem.Theproposedgchemes basedntheadap-
tive parallelsubgradent projectiontechniquescombired with the
input sliding technique. The schemecould approaé to the target
echopathsdirectly becaseof the simultaneousiseof information
bothin the currentandprevious periodsof the input sliding tech-
nigue, while the original techniquejust usesinformationin the
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Fig. 6. Proposedschemerersis NLMS basedon the struc-
ture of input sliding techniqie underSNR: 25dB. For afair
comprison, step size is setto 0.2 (NLMS) and 0.4M,
(Proposed). Weletr = 1, p = p3, (@) ¢ = 5 and

Jr={k—=Q/2—j};_4 (b)g=10andJ; = 0.

currentperiod. The numeical exampleshaws thatit canachieve,
evenin noisy situation,muchfastercorvergerce aswell aslower
miss-identificationof echopathsandhigher ERLE thanthe con-
ventionaltechnique.
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