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An optimal design technique of loudspeaker arrays for cross-talk cancellation with application in
three-dimensional audio is presented. An array focusing scheme is presented on the basis of the
inverse propagation that relates the transducers to a set of chosen control points. Tikhonov
regularization is employed in designing the inverse cancellation filters. An extensive analysis is
conducted to explore the cancellation performance and robustness issues. To best compromise the
performance and robustness of the cross-talk cancellation system, optimal configurations are
obtained with the aid of the Taguchi method and the genetic algoi@#v). The proposed systems

are further justified by physical as well as subjective experiments. The results reveal that large
number of loudspeakers, closely spaced configuration, and optimal control point design all
contribute to the robustness of cross-talk cancellation syst@@$§ against head misalignment.
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I. INTRODUCTION Elko in Bell Labs have conducted a series of less elaborate
but insightful analysis of the robustness of the CCS. In their
Spatial audio or three-dimensioné8D) audio has re- first papet' on this topic in 1998, robustness of a simple
ceived much attention in many emerging applications such agx2 CCS was investigated using weighted cancellation per-
computer multimedia, home theater, video games, digitalormance measuréat the pass zone and stop zone, respec-
television, etc. Despite the rapid development of the technoltively). In their second pap&rin 1999, robustness of ax2
ogy, cross talk has been a plaguing problem when loudspealeCs was again examined using a different measure that fo-
ers are used as the means of rendering. Binaural audio siguses more on numerical stability, as reflected by matrix con-
nals containing directional cues are to be reproduced, at th@ition numbers, with respect to data and/or system perturba-
ears of a listener, that he or she would naturally hear. Howtions during matrix inversion. Both approaches wind up with
ever, excess cross talk can smear these cues and adversgptimal loudspeaker spacing inversely proportional to fre-
effect the localization of sound imageS reprOduced by |0quuency_ Parallel to the previous work, the present paper ex-
speakers. It is thus desirable to preprocess the loudspeaksiores the robust issue in a more general context. Using mul-
signals by using the so-called cross-talk cancellation systefigrive array configurations, more than two loudspeakers are
(CCS so that the sound from the loudspeakers to contralatysed to provide additional degrees of freedom for control of
eral ears is minimized, if not completely eliminated. the sound field. In the optimization procedure, channel sepa-
Several CCS have been proposed in the past. The idea pdtion and beamwidth are employed as a more intuitive ro-
CCS was first introduced by Baueand later put into prac- pystness measure against head misalignment. The optimiza-
tice by Atal and Schroedérand Damaske and MelletThe  tion leads to an optimal loudspeaker ~configuration
limitation of these early systems is that head movement awaydependent of frequency. An alternative approach was de-
from the sweet spot greater than about 75 to 100 mm woulge|oped by Takeuchi and Nelson to enhance the robustness
significantly degrade the spatial effect. Cooper and Bauclyf ccs against head movement away from the sweet spot. In
suggested a propagation matrix based on the spherical hegghir system, two loudspeakers are closely spaced to form
model” A similar method by Gardner approximates the ef-\yhat they call the “stereo dipole® This idea was further
fect of the hgacg with a low-pass filter, a delay, and a simplgyytended by the same researchers to be the optimal source
gain.” Blumlein,” and Cooper and BauCk showed that, un- - distribution (OSD) system:* Their robust analysis of CCS
der the assumption of left—right symmetry, a “shuffler”filter a5 4150 based on numerical stability in relation to the errors
can be used to simplify the implementation of CCS. Notejy magrix inversion. The performance of CCS deteriorates
that, if the position of the listener changes over time, thery,e to these errors resulting possibly from head misalign-
ipsilateral and contralateral transfer function will not be sym-rant and the HRTE modeling variations. Inversion of an
metrical, but will vary to reflect the head-related-transfer;|_conditioned systemwith a large matrix condition num-
functions (HRTF) for the listener’s new position. A head- ey jeads to loss of dynamic range and lack of robustness to
tracking CCS was reported in the work of Kyriakakisal.  phead misalignment. The authors attempt to pinpoint an opti-
to cope with head movement of the listefté?.Ward and  q configuration of a 22 CCS in which loudspeaker spac-
ing is the primary design parameter such that the trade-off
dElectronic mail: msbai@mail.nctu.edu.tw among dynamic range, robustness, and control performance
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are best reconciled. Their analysis also yielded optimal loud- éééééé
speaker spacing inversely proportional to frequency. Since Ty T
the spacing thus found is frequency dependent, a multidrive
configuration of the OSD, comprising pairs of loudspeakers
with different spacing, was suggested to deal with cross-talk
cancellation in different frequency bands. Apart from the ro-
bustness measure and analysis techniques, the present paper
differs from their approach in that our approach is a direct
multidrive (more than two loudspeakegrarray configuration,
which requires no crossover circuits that may introduce dis-
tortions at the crossover frequencies. In this array configura-
tion, the additional degrees-of-freedom in control of sound
field provided by the beamformer can be exploited to the
greatest extent.

In this paper, the performance and robustness issues of
CCS for various loudspeaker configurations are examined.

Traditional stereo CCS systems require that the listener is

positioned in the so-called “sweet spot” such that the listene/cOmposed of an illuminated zone for the ipsilateral propaga-
forms an equilateral triangle with respect to the loudspeaketion and a shadow zone for the contralateral propagation. The
pair. The loudspeakers, therefore, subtend an angle of 6¢P&n purpose of a CCS is to minimize, if not completely
from the listenef® Once the listener moves away from the ehmmatel, the cross talkg assqmated with the.contrlalateral
sweet spot, especially when moving sideway, the condition8ropagation. To accomplish this, therefore, unity gains are
for cancellation are no longer met and the spatial sound imdesignated to the control points in the illuminated zone,
ages are lost. The idea of sweet spot applies with differenf’hereas nulls are designated to the control points in the
degrees not only to stereo systems but also to other loughadow zone. For simplicity, we restrict ourselves to a one-
speaker configurations. dimensional array and define he_ad-related |mpulse responses
Following the analysis of performance and robustnes§HRIR), hmi(n), 1=m<M, 1<j<J, as the impulse re-
analysis, this paper is focused on the development of a CC&POnses corresponding to théh control point and thgth
using a loudspeaker array in an effort to best compromiséudspeake(n being the discrete-time indgxLet v;(n), 1
performance and robustness of the system. An array focusing | <J» Pe theJ input signals to the loudspeaker array. The
scheme is also exploited, based on the inverse propagati@}'tPut signalsfy(n), 1=m<M, received at the control
operator that relates the transducers to a set of chosen contRfints are given by
points1®1” Optimal design parameters of the array are found J
using the Taguchi methdd and the genetic algorithm fm(n)zz hmj(M*vj(n), 1s=msM, (1)
(GA).1%?%1t has been found in Refs. 11 and 13 that cancel- =1
lation is least effective because of the narrow sweet spot agheré® denotes the convolution operator. Fourier transform
the head moves sideway rather than when it moves in thef this equation leads to

INluminated zone Shadow zone

Sweet spot

FIG. 1. Allocation of control points for the CCS.

other directions. Hence, only lateral misalignment is investi- 3
gated in the present paper. As will be detailed later, the op- F (elo)= H (el®)W.(el® 1=m=M 2
timal configuration is the closely spaced array. Such system (&) 121 mi( &)V (&), ' @

is found to be more robust to misalignment of the listener’s
head. This finding is in agreement with the conclusion of . _ ‘
Ref. 21. The 3D audio system resulting from the above- f(€/“)=H(e*)v(el*), (3
mentioned optimization is then implemented on a multlme-Wi,[h V(ejw):[vj(ejw)]lsjsj and f(el®)

dia Pentium 4 personal computer. The proposed systems ar:e[Fm(ejw)]l<m<M being the column vectors of the Fourier

further justified by physical and subjective experiments. Feafran : :
o . . . sforms of the loudspeaker input signals and the repro-
sibility of the proposed CCS will be discussed in the Condu'duced signals, respectively. Overall, the transfer matrix

In matrix form

SIons. H(€!*) =[Hpj(e") J1=m=wm 1=j=2 represents the frequency-
domain multichannel propagation process from the array
Il. THEORY AND METHODS loudspeakers to the control points at the sweet spot.

A. The propagation matrix

Assume that the process of sound propagation from thg' Inverse filtering with Tikhonov regularization

loudspeakers to the listener’s ears is linear and time invari- The CCS aims to cancel the cross talks in stereo loud-
ant. Viewed as a multichannel system, a propagation matrispeaker rendering so that the binaural signals are reproduced
relates the loudspeaker inputs and a set of chosen “contrat two ears like those from a headphone. This can be viewed
points.” These control points are allocated along the lineas a model-matching problem, shown in Fig. 2. In the block
linking two ears, as shown in Fig. 1. These control points areliagram x(z) is a vector ofH program input signal& being
crucial to the tailoring of the so-called sweet spot, which isthe ztransform variablg u(z) is a vector ofl =2 binaural
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Modelin, Matching ~ Desired jwy — H(ajo jo 211 1ygH/ Qi@
g g Do Clel) =[HH(e)H(el*) + g2 IHA (&), (1D

The frequency response matfXe!®) is then sampled a,

- d(z
Prosaminont Svnthes s Me) == equally spaced frequencies with discrete-frequency index
gram input  Synthesis
signals __matrix T C(k)=[HH(K)H(k)+ B?11 H"(k), k=1,2,..N..
26 Se) S | | | (12
u(2) . Plant transfer <) The impulse responses of the inverse filters can be calculated
IxH Bs‘i‘:;l‘:" CCS matrix = using the inverse fast Fourier transfor(i¥FT) of the fre-
C@) H(z) | quency samples of Eq.l2) with appropriate windowing.
- Circular shifts may be necessary to guarantee the causality of
IxI  v(z) Mxs 1) CCS filters; hence, the modeling delay™ in Fig. 1.
S”:‘;'ﬂ‘:"“t signals The present method differs from the foregoing conven-

tional approach in that, instead of “single-point” matching, a
FIG. 2. The _block diagram of a multichannel model-matching problem innumber of control points are distributed in the illuminated
the CCS design. zone and the shadow zone so that the sweet spot can be

widened. This is accomplished by choosing a more complex
signals,v(z) is a vector of] loudspeaker input signalf(z) ~ Matching model akin to the window design in the time-
is a vector ofM reproduced signalsi(z) is a vector ofM domain dlgltal'5|.gnal processing. An example of chqosmg
desired signals, ang(z) is a vector oM error signalsM(z) control points |s_|IIus_trated_as fpllows. Suppose we Wl_sh t_o
is an M x| matrix of matching modelH(z) is an MxJ choose three points in the illuminated zone and six points in
plant transfer matrix, an@(z) is aJx | matrix of the CCS the shadow zone f_or each ear._These control _pomts can only
filters. The termz™™ accounts for the modeling delay to be located at six discrete locations on each side of the head,

ensure causality of the CCS filters. It is straightforward to@S Shown in Fig. 1. In this scenario, we may choose<a 9
establish the following relationships: matching model for the left ear with the following pattern:

v(z)=C(2)u(z2), (4) M=[11100000Q, (13

{7 =H 5 where the subscrit stands for the left ear, and the ones and
(2)=H(2)v(2), 5) zeros correspond to the designated control points in the illu-
d(z)=2""M(2)u(z), (6) min_ated zone and the shadovy zone, respectively. Hence, the
desired signal for the left ear is

&2)=d(2)~(2). @ d=z"Mu=z"u_ u.u. 00000 Q"
Ideal model matching requires thd{z)C(z)=z "M (z). In (14)
general, H(z) is noninvertible because it is usually ill- - Atter the matching model is selected, the optimal CCS filters

conditioned and even nonsquare. To overcome this difficultyg5n pe calculated according to H40). The same procedure
we employ the Tikhonov regularization procedure in the ma-pyjies to the ear on the right side. In general, more points in
trix inversion procesé: In the method, one S?fks to MiNi- the shadow zone are needed than in the illuminated zone,
mize a frequency-domain objective functi@{e'”) defined  gjnce the performance in the former region is more critical to
as cancellation of cross talks. It should be noted that the in-
O(el*)=el(el)e(el®) + vH(el®)v(el?). (8  creased complexity of the sweet spot widening technique lies
purely in the off-line design procedure. The number of chan-

The regularization parametg weighs the input powev'™v  nels (1x 1) of the resulting CCS filter remains the same.
against the performance erref'e. The optimal solution

Vop(€'“) of Eq. (8) is 1. OPTIMIZATION OF ARRAY CONFIGURATION
Vo €)= [HH(e1) H(&l*) FOR ROBUST CROSS-TALK CANCELLATION
+ B21] THH ()M (el)u(el), ) Many design factors are involved in the CCS, e.g., array

configurations, spacing and positions, number of control
Consequently, the CCS matrix can be readily identified as points in filter design, and so forth. Different configurations
Con rLaH o 2 111 aHy i o have effects with varying degree on the performance as well
C(e!®)=[H"(e'*)H(e"*)+ B ] "H (e)M(€! )ilo) as robustness of the CCS. To minimize the effort of trial and
error, a systematic design procedure of CCS based on the
In our approach, the parametgis frequency dependent and Taguchi method and the genetic algorith@A) is presented
constrained by a gain threshold appliedG¢e'”), e.g., 12  as follows.
dB. This is in contrast to the approach in Ref. 16, where aA T hi method
constantg applied to all frequencies. - raguchi metho
Traditionally, the desired signatiz) are just the binau- The Taguchi method is an experiment design procedure
ral signalsu(z). The matrixM(z) is an identity matrix of  well suited to multivariable optimization. The method is in-
order 2, i.e.M=I, and the frequency responses of the cor-tended for three engineering applications: system design, pa-
responding optimal filters are given by rameter design, and tolerance design. For our optimization
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TABLE |. Parameter design using the orthogonal array of the Taguchi N Ty Sy Iy y =

method. Nine observations and three factors for three levels are required. -? Z -? T T -3,,:
Factor
Run A B C Fitness
1 1 1 1 317.35
2 1 2 2 74.653
3 1 3 3 173.62
4 2 1 2 141.81
5 2 2 3 35.169
6 2 3 1 80.04
7 3 1 3 43.49 (@
8 3 2 1 90.706
9 3 3 2 206.65
Level U ’?’; \\\t\t
Factor 1 2 3 7z ,y 2 \'
IS O
= X3
A Closely spaced  Apart and facing ears Apart and facing front
B 5 control points 5 control points 2 control points
(2 points on the (2 points on the (one at each ears
illuminated zone, illuminated zone,
3 points on the 1 point at
shadow zong the head center,

2 points on the
shadow zong

C 2X6 CCS 23 CCS 22 CCS
()
. . . N N N N N N
problem at hand, we focus primarily on the parameter design N SN o oaom
with application in determining array configuration. s e

The greatest benefit of using the Taguchi method is that,
instead of an exhaustive search, much fewer experiments are
required in search of the optimal combination of design pa-
rameters. This is accomplished by means of orthogonal ar-
rays which are based on statistical experimental design
theory. To illustrate, we consider three factors and three lev-
els problem. Assume that no interactions exist and the varia-
tion is very small in each observation. The orthogonal array,
denoted ag o(3%), is shown in Table I, where the numbers ©
1-3 correspond to three discrete levels of the design factor,s_m. 3. Three configurations of loudspeaker arrdgsclosely spaced loud-
According to the table, only nine runs of experiment arespeakerssix loudspeakers in a row(b) two wide-apart three-element loud-
required, which is fewer than original 27 searches. Thespeaker arrayssubtending 605 facing the ears{c) two wide-apart three-
L9(33) orthogonal array is applied to the design of a robuslelement loudspeaker arragsubtending 60 facing the front.
CCS. The parameters to optimize inclu@e the configura-
tions of loudspeaker array§B) the distribution of the con- contralateral ear. As shown in Fig. 4, the fact@) is cat-
trol points; and(C) the dimension of the CCS matrix. As egorized into three level$C1) represents the case of x8
shown in Fig. 3, the factofA) is categorized into three lev- CCS in which six loudspeakers are driven with different sig-
els: (Al) represents the case in which the loudspeakers areals to reproduce the binaural signél? filters are needed
closely spacedsix loudspeakers in a row(A2) represents (C2) represents the case of &3 CCS in which only a
the case in which two three-element loudspeaker arrays atéree-element array is considered in the CCS design to focus
wide apart(subtending 60°and facing the eargA3) repre-  on the ipsilateral ear and nullify the beam at the contralateral
sents the case in which two three-element loudspeaker arragar loudspeakers. The<d CCS design procedure is applied
are wide apari(subtending 60°and facing the front. The to each side of the ear to reproduce the binaural sigisats
factor(B) is categorized into three level@1) represents the filters are needed(C3) represents the case of x2 CCS in
case of five control points in which two points are placed inwhich only two stereo loudspeakers are driven with different
the illuminated zone and three points are placed in th&ignals to reproduce the binaural signafeur filters are
shadow zone(B2) represents the case of five control points needegl
in which two points are placed in the illuminated zone, one  Both performance and robustness are considered with
point is placed at the center of the head with 0.5 weightingappropriate weightingV in the objective function
and two points are placed in the shadow zof®3) repre-
sents the case of two control points in which one point is
placed at the ipsilateral ear and one point is placed at th&@o assess the performance and robustness, the channel sepa-

f = performance- W< robustness. (15
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TABLE Il. The results of optimal parameters obtained using the Taguchi
method. The numbers in the second column are obtained by summing the
fitness functions of the corresponding parameter levels. The optimal combi-
nations of parameters of the robust CCS are closely spaced loudspeakers,
five control points(with two points on the illuminated zone, three points on
the shadow zoneand with an X6 CCS matrix.

Levels of
parameters Average of objective function Chosen level
Al 317.35+74.653+173.62=565.623 Closely spaced
A2 141.8135.169+80.04=257.019
A3 43.49+90.706+206.65-340.846
B1 317.35+141.81+43.49=502.65 5 control points
(@ B2 74.653+35.169+90.706=200.528 (2 points on the
N Ty = B3 173.62+80.04+206.65-460.31 illuminated zone,
2B B B 3 points on the
e shadowzong
C1 317.35-80.04+90.706=488.096 X6 CCS
Cc2 74.653-141.81+206.65-423.113
C3 173.62-35.169+43.49=252.279

against lateral misalignment of the listener’s head. The re-
sults with the weightingV=10 are summarized in Table II.
From Table II, the optimal parametefwith maximum val-
ues of objective functionof the robust CCS are found to be
closely spaced arrays, five control poiritao points on the

® illuminated zone, three points on the shadow 2pr@d a
3 N 2X6 CCS matrix.
—— =
B. The genetic algorithm
The above-mentioned Taguchi method is more suited to
design parameters with finite number of discrete levels. In
©

FIG. 4. The dimension of the CCS matrif@) a 2<x6 CCS in which six
loudspeakers are driven with different signals to reproduce the binaural sig
nals.(b) a 2x3 CCS in which only a three-element array is considered in the g
CCS design to focus on the ipsilateral ear and nullify the beam at the
contralateral ear loudspeakers. The2CCS design procedure is applied to
each side of the ear to reproduce the binaural sigrialsa 2<2 CCS in
which only two stereo loudspeakers are driven with different signals to
reproduce the binaural signafeur filters are needed

a,

ration is calculated using the interaural transfer functions
(ITF9)
HLR HRL
ITF =5—, ITFr=——0, (16)
- HLL R HRR

Microphone
where H g and Hgi, are the contralateral frequency re-

@
sponses;H, | and Hryr are the ipsilateral frequency re-

sponses. The performance function is defined as the channi

separation at the nominal position, and the robustness func

tion is defined as the lateral beamwidth when the channe ®)
separation drops below20 dB. The lower the channel sepa- FIG. 5. The photo of the experimental arrangeméar.The robust CCS

r_ation, the better is the per.formance of Cross'tal_k cancellagith an loudspeaker arragh) The 1/2-in. condenser microphone embedded
tion. The larger the beamwidth, the more robust is the CCS the manikin's ear.
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the sequel, an alternative approach that is useful for optimi-
zation of continuous parameters is exploited to find the best
configuration of the CCS.

1. Encoding and decoding

In the method of GA, all parameters are encoded into

®

"
binary strings called thehromosomesThe resolution of a
parameter is dependent on the amount of bits per string and
9

search domain. For instance, we wish to find the optimal © (
spacing X & [Upmin,.Umax (Umin @and Upnay being the lower FIG. 6. lllustrations of four loudspeaker array configuratio@s.Configu-
limit and the upper limit of the search spaaa the loud-  ration 1: closely spaced22 CCS.(b) Configuration 2: wide apafsubtend-
speaker array. This parameter is then mapped to an unsignéd 609 2x2 CCS.(c) Configuration 3: closely spacec® CCS.(d) Con-
integer in[0,2], wherel is the number of bits. Thus, the figuration 4: wide-apartsubtending 60°2x6 CCS.

resolution of this coding scheme is

3. Reproduction, crossover, and mutation

Umax— Ui -
= (17) Reproductiordirects the search of GA towards the best
2-1 individuals. During the process, the reproduction probability
of the chromosome is determined by the fitness function.
2. Fitness evaluation First, the chromosome of the present population is repro-

duced in the next generation according to the reproduction
In the GA optimization, the objective one seeks to probability S;

achieve is termed the fitness function. A chromosome with
high fithess has higher probability to survive the natural se- f;

lection and reproduce offspring in the next generation. The S_EPu £ (19
fitness function is the performance functi@hannel separa- k=1
tion) and the robustness functidheam width with appro-  whereP, is the population size.
priate weightingw Crossoverexchanges the contents of chromosomes via
probabilistic decision in the mating pool. It is done in three
f = performance- W< robustness. (18  steps. First, the crossover ratl, is defined(in general,

]

100

.:.
Y (cm)

8 8 88 o8N 583 8
8 8 8 8 o x 8 8 &

-8

FIG. 7. The contour plots of beam patterns at 1 kHz of various CCS configurat@n€onfiguration 1.(b) Configuration 2.(c) Configuration 3.(d)
Configuration 4(e) Configuration 3 with the optimal’26 CCS obtained in the GA procedure.
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FIG. 8. Channel separations of the left ear obtained using #®QCS for the wide-apart configurations. The solid lines represent the natural separations and
the dotted lines represent the separations with cross-talk cancell@idrne channel separation with no displacemént.The channel separation with 5-cm
displacement to the leftc) The channel separation with 10-cm displacement to the (@ffThe channel separation with 15-cm displacement to the left.

0.8<C,=1 and we choos€,=0.85) and two chromosomes set to be 1, the optimal design parameters of the robust CCS

in the present population are selected randomly. Second, @btained with the aid of the GA procedure are 0 cm spacing

splice point at the chromosomes is selected randomly. Thirdclosely spaced arrayssix control points(one point in the

the chromosomes codes after the splice point are inteifluminated zone and five points in the shadow zoread a

changed. 2X6 CCS matrix. This result is consistent with the optimal
Normally, the chromosomes become increasingly homoeonfiguration obtained previously using the Taguchi method.

geneous as one particular gene begins to dominate after sev-

eral generatlor)s and. eventually quds .tolpremature.conver\—/' NUMERICAL AND EXPERIMENTAL

gence. To obviate this problermutationis introduced into INVESTIGATIONS

the GA procedure. Let the mutation ratio bg (in general,

0=<M,=<0.01 and we choosé/,=0.008). The mutation In the paper, the performance of CCS and the associated

point is determined randomly and carried out by alternatingobustness against head misalignment is examined via nu-

the gene from zero to 1, or vice versa. Note, however, thamerical and experimental investigations. Only lateral mis-

mutation should be used sparingly. The GA would behavealignment is considered because it affects the performance of

like a random search if the mutation rate were too high. the CCS more significantly than the other types of
The aforementioned GA procedure was applied to optimisalignment®?* The objective performance index is chan-

mize the design of the robust CCS. The design parametersel separation as defined previously. The experimental ar-

we wish to optimize are similar to those in the Taguchirangement is shown in Fig. 5. A loudspeaker array is

method, i.e., the spacing between loudspeaker arrays, the distounted on a computer monitor. The distance between the

tribution of the control points, and the dimension of CCSarray and the manikin is 80 cm. The loudspeaker array is 10

matrix. When the robustness weighting of fithess function iscm higher than the ears of the manikin. A 1/2-in. condenser
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FIG. 9. Channel separations of the left ear obtained using ¥#2QCS for the closely spaced configuration. The solid lines represent the natural separations
and the dotted lines represent the separations with cross-talk cancelfatidhe channel separation with no displaceménk.The channel separation with
5-cm displacement to the lefic) The channel separation with 10-cm displacement to the(ffThe channel separation with 15-cm displacement to the left.

microphone is fitted inside the ear of the manikin. The samtion 2. In configurations 3 and 4, the<® CCS is simulated.
pling rate is 51.2 kHz. The CCS matrix of inverse filtering is The six loudspeakers are driven by independent signals.
calculated by using Eq10). The length of each filter is 512 Similar to configurations 1 and 2, the only difference be-
samples and the modeling delay is 256 samples. The tween configurations 3 and 4 is whether the loudspeaker
overlap-addmethod is employed to perform block convolu- cjysters are placed side by side or apart. For simplicity, the
tion efficiently?® loudspeakers are assumed to be point sources and the head
A. Numerical simulations diffraction as well as room reflection is neglected.

. . . N The following contour plots inx—y coordinates com-
Before embarking on the experimental investigations, a . ) :
. ) LS . . U ' “pare the beam patterns for the right-ear signals resulting from
numerical simulation is carried out to gain more insights into

the loudspeaker array configurations in relation to the robustt-he foregoing loudspeaker configurations. Only the results of

gwe right-side control are shown. The head and the six loud-

configurations shown in Fig. 6. In configurations 1 and 2, the>Peakers are indicated in the figures. The results of configu-
2x2 CCS is simulated, where only one control point isations 1 and 2 are shown in Figgayand(b), respectively.
placed in the illuminating zone and another in the shadowf he configuration when all loudspeakers are closely placed
zone. There are six loudspeakers in each configuratiof€sults in a wider beam. In contrast, many grating lobes with
where three out of the six loudspeakers form a cluster. Th@arrow beamwidth can be seen in the pattern produced by
loudspeakers in the same cluster are driven by the same inplite wide-apart configuration. This shows that the closely
signal, as indicated by the same pattern of shading. The twgpaced configuration is more robust than the wide-apart con-
clusters are placed side by side in configuration 1, while thdiguration in cross-talk cancellation, albeit the two CCS per-
two clusters are placed apdsubtending 60°in configura-  form equally well.
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FIG. 10. Channel separations of the left ear obtained using the optimal closely spa6eco@figuration designed using six control poiitse at the
ipsilateral ear and five at the contralateral)e@he solid lines represent the natural separations and the dotted lines represent the separations with cross-talk
cancellation(a) The channel separation with no displaceméntThe channel separation with 5-cm displacement to the(i®ffThe channel separation with

10-cm displacement to the lefd) The channel separation with 15-cm displacement to the left.

The results of configurations 3 and 4 are shown in Figslaterally displaced from the nominal location in the ideal
7(c) and(d), respectively. Inspection of these figures revealdistening scenario. The experiment was performed in an
that performance of the two CCS is better than configuraanechoic room, where a CCS bandlimited to 6.4 kHz was
tions 1 and 2. The wide-apart configuration performs bettetested.
than the closely spaced configuration, especially at low fre-  The channel separations of the left ear obtained using
qguency. However, the closely spaced configuration appeatse 2<2 CCS are shown in Fig. 8 and Fig. 9 for the wide-
to be more robust than the wide-apart configuration in crossapart and closely spaced configurations, respectively. The
talk cancellation. solid lines represent the natural separations and the dotted

The last four beam patterns are based on the CCS desidines represent the separations with cross-talk cancellation. In
with only one control point at each ear. Figur@)7/shows the  low frequencies, due to diffraction effect, there is almost no
beam pattern of configuration 3 for the optimak@ CCS  natural separation below 400 Hz in the wide-apart configu-
obtained in the aforementioned GA procedure. Six controtation (Fig. 8 and below 900 Hz in the closely spaced con-
points are used in the design: one at the ipsilateral ear anfijuration(Fig. 9). Head shadowing effect becomes visible in
five at the contralateral ear. As compared to the previousigh frequencies, where the wide-apart configuration offers
configurations, the sweet spot of the CCS has been effedgetter natural separation than the closely spaced configura-
tively widened using the control point technique without sig-tion. The peaks at higher frequencies result from the inver-
nificant compromise of cancellation performance. sion of the notches in the ipsilateral responses. Inspection of
the results indicates that thex2 CCS is not very robust. The
performance degrades by 20 dB above 1.5 kHz as the head is

In this section, experiments were conducted to examindisplaced leftward by more than 5 cm irrespective of which
how channel separation degrades when the listener’s headésnfiguration is used. Nevertheless, the closely spaced con-

B. Physical tests

2810 J. Acoust. Soc. Am., Vol. 117, No. 5, May 2005 Bai et al.: Optimal loudspeaker array for robust CCS



BT T T ] s AR
30} ® \‘c\ - - & 330 ° \\\‘ e - p" 1
0 fe e® - @ - 30} o0 e ¢ o |
70t - - @ . 270} - 0@ -
240t= o & ‘\"o\ 1 . Mop @ o o - @ -
S 210t ® A A ) 210 s A
i e = 4 *.‘
£ o . . v é 180} . - » J
£ g wmp - - & 1
§ O oot ; § *
.. L = L s '
3 120+ . ' , = i 3 120 .\\ [ ] ,,. B
< ey 2 90t - @
R - & - . 2 R 1
o B o @ = . .
fr ... ®. *  Averageerror=41.9° ] & ‘x Average error =41.1
o @ @ ] v @ 1
0 ] L 1 L 1 I '. ! L 1 L I ] 0 L " L . . ! - . = - : L
0 30 60 90 120 150 180 210 240 270 300 330 360 0 30 8 0 10150 180 20 240 70 20 30 360
Target it (dsg) Target azimuth (deg)
@ @
T T T 3 T T T T T T T T T 7 $U_I ' ' ' I ' “‘ ' ' ' ' ' "ll—
360F = “
%, o 1[0+ Y PR . §
30t e P = - o .‘\
. - 300+ . . ’ @ 4
30+ a ® @ @ - - W
W, gF - e » @ 4
770} e '@ - Pl
w0 @ e - ®
T M0p & @ = e kS E Y
8 B -\, ° 1ot . . N
b - @ - . 'g #
= - g o o "
g 180 -. = @ e ] -
= %, S s0fs ® .
S 580} m s = - B
3 S 1w e e e |
L ooom LT E = Cigm
2 120 @ = w0l . D e |
= L _ T e
90 ... 0 @ ¢ @ - o
0 @ - e @ | . Average error = 36.9
o .. Average error = 42.5° N @ - e = @ 1
N @ - @ 1 0 9 |
N, . | e . . 0 0 6 9 120 150 180 210 240 270 300 31 3
0 30 60 90 120 150 180 210 240 270 300 330 360 ;
Target azimuth (deg)
Target azimuth (deg) (b)
(®
T T T 77
[0 ' " - 4 T
. * . 300+ . @ @ = 1
00} Y B
“\ ,'. 270 L] ‘ " -
70t . .
.. 3 20 °o® - - |
ey 40F e P e X g 32 -
& : < 20f [} s e i
& 10k @ e s N i 'g -~
i 4 180 - O -
g ,. 150Fs Tw ) .
o - @ : 3 :
3 o0 10 ® . @ & e 1
& 0 @ - o - . = S
2 St - 1] e ¢ e 1
S w0 e e P @ . 1
e ) Average error = 34.2 B0 @ @& - = o 1
W @ & - @ | o i Average error =32.8
% N @ e ® @ =
N @ - (] 1 ¢ |
D- - “Q ] Dll 1 1 L L . L L L L L 1]
L L L 1 L L 1 L L 0 30 60 90 120 150 180 210 240 270
0 30 60 90 120 150 180 210 240 270 300 330 360 sl 20 vl
Tarmebariimutin(iles) Target azimuth (deg)
© ©
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figuration in Fig. 9 appears to be slightly more robust than w0 T 1]
the wide-apart configuration. In Figs(d and(d), the wide- 0@ .. @ - o .
apart CCS almost lost entire performance above 1 kHz, and
; 0@ e @ ¢ @
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TABLE IIl. Comparison of the CCS configurations. Performance is the conventional wide-apart stereo loudspeakers are common-
average channel separation throughout 20 kHz. Robustness is the Iaterﬁ|ace in PC multimedia and TV applications, but are not
displacement(in 5-cm incrementsof the head that allows for decay of fecti fi ti in th text of 3D diovi  re-
channel separation within 5 dB. The numbers corresponding to the rows JFhec 'V? conngurations In the contex 0 ?_u D re.
performance and robustness are experimental data. production. The new loudspeaker configuration proposed in

this paper provides a useful alternative.

2X2 CCS 2X2CCS 2X6CCS  2X6 CCS

close apart close apart
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