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ABSTRACT

The condition number of the matrix of electro-acoustic head-
related transfer functions (HRTF) in a two-channel sound
reproduction system has been used as a measure of robust-
ness of the Atal-Schroeder crosstalk canceler. A compar-
ative study has been made using results produced by com-
puter simulations and HRTFs measured in an anechoic cham-
ber by means of a dummy head. It has been found that
acoustic scattering by the head has a very important and
beneficial influence on robustness, specially for large loud-
speaker separations. For narrow loudspeaker separations of
less than about40 degrees it is found that crosstalk cancel-
lation exhibits a large variation of alternating very low and
very high robustness. Also, simulations and measurements
have been made of the natural channel separation under the
same conditions. Scattering by the head is seen to provide a
good level of natural channel separation at high frequencies
and large loudspeaker angles. At low frequencies or small
loudspeaker angles natural channel separation is poor.

1. INTRODUCTION

The robustness of acoustic crosstalk cancellation systems
and the levels of natural channel separation already present
in the sound reproduction system (without dedicated signal
processing) has been studied as a function of frequency and
loudspeaker separation. The condition number of the matrix
of electro-acoustic head- related transfer functions (HRTF)
in a two-channel sound reproduction system has been used
as a measure of robustness of the Atal-Schroeder crosstalk
canceler for these systems [1]. Also, natural channel sep-
aration can be used as an indication of how cooperative is
the sound reproduction system with respect to the applica-
tion of digital signal processing for crosstalk cancellation.
A comparative study has been made using results produced
by computer simulations and head-related transfer functions
measured in an anechoic chamber by means of an artificial
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head and torso simulator. Transfer functions have been sim-
ulated in two ways: one which uses the sound pressure sig-
nal at two points in free space, set apart without obstruction
at the standard inter-aural distance [2], [3], [4], and another
which includes acoustic scattering from a rigid sphere to
model the presence of a human head [5]. The sound sources
are represented by simple acoustic monopoles in both cases.
The rigid sphere model has been kept as simple as possible
in order to emphasize the importance of scattering by the
head alone in the explanation of the results [6], [7]. An
HRTF data set has been measured for this work at Univer-
sidad Politécnica de Valencia (Spain), this has an angular
resolution of1 degree in azimuth on the plane of the head.
This set has been used to assess the robustness of crosstalk
cancellation and the levels of natural channel separation for
symmetrical arrangements of two loudspeakers with angu-
lar separations from0 to 180 degrees (plus or minus90 de-
grees) and frequencies up to8 kHz. These two aspects in-
vestigated here are related between them and they are also
related to other aspects of cross-talk cancellation and spatial
3D sound systems which have not been touched upon here,
such as size and shape of the zones of good sound repro-
duction [8], [9], [10] (also known as equalization zones or
sweet spots), subjective acceptability [11], [12] etc. Some
of these aspects and their relationships are the subject of
current research, and they are of prime interest in the design
of transaural systems for the reproduction of spatial sound.

2. CONDITION NUMBER FOR CROSS-TALK
CANCELLATION

Crosstalk cancellation in a two-channel, two-loudspeaker
sound reproduction system, aims to minimize the difference
between input signals and signals reproduced at the corre-
sponding ears. That is, it tries to make the following identity
hold as closely as possible:

I =

�
C11(!) C12(!)
C21(!) C22(!)

� �
H11(!) H12(!)
H21(!) H22(!)

�
; (1)



where the matrix with elementsCij(!) represents the elec-
troacoustic response of the sound reproduction system,H ij(!)
are the signal processing filters andI is the identity matrix.
Disregarding the problem of practical realization, the sig-
nal processing filters which lead to an exact solution of the
cross-talk cancellation problem are those corresponding to
the inverse of the electroacoustic response matrix:
�
H11(!) H12(!)
H21(!) H22(!)

�
=

1

D(!)

�
C11(!) �C12(!)
�C21(!) C22(!)

�
;

(2)

whereD(!) = C11(!)C22(!)� C12(!)C21(!).
A relevant question is that of robustness of the cross-

talk cancellation problem. This can be characterized by the
condition number of the electroacoustic response matrix, in
relation with the problem of solving a system of linear equa-
tions with this matrix. In the case of sound reproduction sys-
tems with two listening points (ears) and two loudspeakers,
the electroacoustic response matrix is square. This might
not be the case, and for greater generality, a pseudo-inverse
approach must be considered where the matrix to be in-
verted (or solved for the unknown filter response functions)
is eitherCH

C orCCH depending on the dimensions and
rank of the matrixC (subscriptH denotes hermitian trans-
pose). Thus, the condition number can be calculated as the
ratio of the maximum and minimum singular values, as fol-
lows:

� (C) = �max=�min; (3)

and, in linear algebra parlance, the condition number is a
measure of the sensitivity of the solution vector against per-
turbations in the matrix of the system or in the right-hand
side vector. Large condition numbers characterize ill-posed
problems, which lack robustness in the sense that their so-
lutions are highly sensitive to these perturbations.

2.1. Condition number results

Figure 1 shows contours of the reciprocal condition num-
ber for cross-talk cancellation at two points in free space
separated the standard interaural separation2a = 0:175 m.
Regions of low robustness (shown in white) are found at
very low frequencies, also for very small loudspeaker sepa-
rations, and for particular combinations of loudspeaker an-
gle and frequency (of which several families exist) which
make the cross-talk path exactly proportional to the direct
path, which, in turn, render a singular cross-talk matrix.
For instance, in this free space (non-scattering) case, and
at a loudspeaker separation of90 degrees, the frequencies
of low robustness appear at frequencies for which the in-
teraural separation2a = 0:175 m is a multiple of half a
wavelengthn = �=2. These are frequencies which are mul-
tiples ofc=4a � 980 Hz. This expectation corresponds very

well with the results shown in Figure 1. And in fact, is a
condition which remains approximately valid (for these ex-
tremely wide loudspeaker angles and at low frequencies)
even when a rigid sphere or a head simulator is present,
compare with Figures 2 and 3. In general, the similarities
with this non-scattering case can be extrapolated approxi-
mately to the other cases for all loudspeaker angles at low
frequencies, and for all frequencies at small loudspeaker an-
gles.
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Fig. 1. Reciprocal condition number for cross-talk cancel-
lation at two points in free space, separated the standard
interaural distance2a = 0:175 m.
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Fig. 2. Reciprocal condition number for cross-talk cancel-
lation at two points on a rigid sphere of diameter2a =
0:175 m.

Figure 2 shows contours of the reciprocal condition num-
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Fig. 3. Reciprocal condition number for cross-talk cancella-
tion with the Bruel & Kjaer Head and Torso simulator mea-
sured at 1 degree intervals.

ber for cross-talk cancellation at two opposite points on a
rigid sphere of diameter2a = 0:175 m. The most notable
effect is a general increase in robustness at high frequen-
cies and wide loudspeaker separations. Regions of low ro-
bustness persist at low frequencies and small loudspeaker
separations. Figure 3 shows contours of the reciprocal con-
dition number for cross-talk cancellation with the Bruel&
Kjaer Head and Torso Simulator measured at1 degree in-
tervals. These corresponds acceptably well with the predic-
tions from the rigid sphere calculations. The rigid sphere
model is shown to provide a remarkably good agreement
with these experimental results. The main difference be-
ing a somewhat higher increase in robustness at high fre-
quencies and wide loudspeaker separations. Among other
reasons, this difference appears because of the presence of
pinna simulators in the experiments which are absent in the
scattering calculations.

3. NATURAL CHANNEL SEPARATION

The aim of cross-talk cancellation is, of course, to make
the matrix product in (1) as close as possible to the identity
matrix. This is not normally achieved exactly in practice.
One possible measure of the goodness of this approximation
is channel separation defined as follows:

Si(!) =
jCiiHii+CijHjij

2

jCiiHij+CijHjj j2 ; i; j 2 f1; 2g; i 6= j; (4)

which measures the transfer of energy from the direct (de-
sired) signal relative to the cross-talk (unwanted) signal for
each ear.

An important characteristic of a sound reproduction sys-
tem is itsnatural channel separation, that is, the amount of
channel separation already present in the system even with-
out specially designed signal processing filters (whenH is
the identity matrix). Natural channel separation can be de-
fined as follows:

Si(!) =
jCiij

2

jCijj2
; i; j 2 f1; 2g; i 6= j: (5)

In general, sound reproduction systems with high levels
of natural channel separation are expected to produce better
results when signal processing is incorporated in them for
improvements.
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Fig. 4. Natural channel separation at two opposite points on
a rigid sphere of diameter2a = 0:175 m.

3.1. Channel separation results

Figure 4 shows contours of natural channel separation at
two opposite points on a rigid sphere of diameter2a =
0:175 m. A region of poor channel separation (less than
5 dB) appears at low frequencies or small loudspeaker sep-
arations. Channel separation increases progressively as fre-
quency and loudspeaker separation increase. However, this
increase is not monotonic. Note, for example, the appear-
ance of bands of alternating high and low channel separation
at high frequencies and very wide loudspeaker separations.
These are characteristic of the angular dependence of scat-
tering of sound by a rigid sphere (as shown, for instance, in
Figure 8.4, page 420, in [5]).

Figure 5 shows contours of natural channel separation
at the ears of the Bruel& Kjaer Head and Torso Simulator
measured at1 degree intervals. The general behaviour re-
sembles that obtained with the rigid sphere model. Higher
levels of channel separation are obtained at high frequencies
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Fig. 5. Natural channel separation at the ears of the Bruel &
Kjaer Head and Torso simulator.

and large loudspeaker angles. Also, bands of alternating low
and high channel separation are hinted, which are similar to
those predicted by the rigid sphere model.

4. CONCLUSIONS

Sound reproduction systems using two closely separated loud-
speakers must be carefully designed with respect to loud-
speaker separation in order to avoid an ill-conditioned sys-
tem response. A band of very high robustness over a wide
band at high frequencies can be found at an angular sep-
aration around10 degrees (left and right loudspeakers at
plus and minus5 degrees, respectively). However, the ro-
bustness of cross-talk cancellation with this arrangement re-
duces very quickly for frequencies below2 kHz and at all
frequencies when the loudspeaker separation deviates from
the optimal value of around10 degrees. Additionally, nat-
ural channel separation is shown to be typically low, spe-
cially at low frequencies. Sound reproduction systems using
two loudspeakers separated by more than about40 degrees
(loudspeakers at more than plus and minus20 degrees) tend
to be naturally robust. This occurs mainly as a consequence
of acoustic scattering by the head. At this loudspeaker sep-
arations, and for frequencies higher than about500 Hz (cor-
responding to acoustic wavelengths smaller than the average
radius of the human head), acoustic scattering has the ben-
eficial effect of marking perceptually important differences
in the signals reproduced at the left and right ears. This
is explained by the fact that when the loudspeaker arrange-
ment is sufficiently wide, the left ear lies in the illuminated
field of the left loudspeaker, but in the shadow field of the
right loudspeaker, etc. This condition in itself, already pro-

duces a good level of natural channel separation which is
very beneficial because it requires less effort from the cross-
talk cancellation filters.
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