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ABSTRACT

Standard surround systems for generation of isolated wideband
soundfields employ uniformly-spaced array of speakers in the
horizontal plane. For these systems, the evaluation of sound
reproduction with height is important due to listener’s variable
heights. Previous work demonstrated that controlling both the
speakers’ location and their complex weights using two-stage
Lasso-LS pressure matching optimization allows isolated sound
reproduction with limited number of speakers within the speakers’
plane. This work demonstrates that deployment of this technique
can also give up to 24dB in suppression of sound at heights
between zero and one meter from speakers’ plane over single-stage
LS using e.g. 90 speakers in a semicircular array.

Index Terms— Isolated sound fields, Lasso-LS, listeners’
height, personal sound system, wideband.

1. INTRODUCTION

Isolated sound reproduction has attracted significant
research attention in the last two decades due to its broad
range of applications. Examples are the provision of private
sound spaces in communal areas such as dance areas,
museums and planes. In such scenarios, the personal sound
spaces are desired to be flexible to people’s variable heights.
In addition, in some cases e.g. in plane scenario it is
desirable to provide isolated sound zones for both choices of
sitting and lying down. Thus, an array design with limited
number of speakers which provides high performance
multizone sound system with height is of interest here.
Several sound reproduction methods have been recently
proposed based on active sound control strategies [1]. Using
this technique, the speaker weights are calculated to control
the acoustic energy within bright and dark zones [2] [3] or to
least squares (LS) pressure match the desired and
reproduced soundfields within control zones [4], [5]. Similar
scenarios are investigated in [6]-[8] for the generation of
personal soundfields. Moreover, broadband beamforming
techniques are used in [9] to provide a robust solution to
manufacturing tolerances for focusing the sound to the user.
Finally, the number of speakers required for wideband
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isolated sound generation was minimized in [10], [11] by the
present authors through the control of both the speaker
locations and their complex weights in a two-stage Lasso-LS
pressure matching approach. As the personal spaces should
be flexible to users of different heights, the evaluation of
sound system at those heights is of paramount importance in
real world scenarios. In this paper, the performance of the
horizontal non-uniform array design using Lasso-LS
algorithm is evaluated in terms of sound suppression at
various heights in comparison to a regularly-spaced array.
The robustness to limited height variation makes the
horizontal sound systems usable for all listeners without the
addition of more speakers at other heights.

This paper is structured as follows: In section 2 the
isolated soundfields reproduction is presented and then the
Lasso-LS algorithm for the speakers’ positions and
weightings optimization is outlined. Section 3 provides the
simulation results for evaluation of the multizone system
performance at variable heights using Lasso-LS in
comparison to the LS approach. Section 4 concludes on the
work with a discussion of the results.

2. ISOLATED SOUNDFIELDS REPRODUCTION

The aim of this section is to generate a desired field for
every source in one active zone and to suppress it effectively
in the other N-1 zones (silent zones) while all control zones
are located in the same plane as virtual sources and speakers.
It is assumed here that the sound field propagates under free
field conditions and the virtual sources and speakers are
considered to be point sources. In the following analysis the
aim is to generate S isolated sound fields (s=1,...,S) for
wideband sources (with constituent frequencies fg,
g=1,...,0) in N zones. The radius and angle of the sth
source is rgand fy, respectively and L speakers are located
on a semi-circular array.

Fig.1 illustrates the task scenario with the reproduction
zones located at radius R; from the origin and the nth
zone’s angle given by ¥, . All zones are located within a
circle of radius R, surrounded by an array of L speakers
placed on a semicircle of radius R. Each zone is of radius 7,
with a covering of M matching points distributed uniformly
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Fig.1. Diagram of reproduction of isolated sound fields with
height in a multizone system using an arc of speakers.

over a Euclidean grid. For each source frequency, fg¢, a
pressure matching approach is performed to control the
complex sound pressure at the MN matching points within
the zones. While the pressure amplitude is directly
controlled within the N zones, the pressure outside of the
control zones is limited by control of the total speakers’
power. Assuming a time dependencye’/®!, the pressure
Ps,q(Ty>Pm>zm) produced by the speakers at a given
matching point m is given by [4]:

L
Py g Umsbmszm) = D W g (0).hg (m, 0)
=1
where Ws,g(?) is the /th speaker weight for reproduction
of the sth source at frequency fq and hq(m,{) is the three-
dimensional Green’s function which relates the pressure
amplitude of the /th speaker and the pressure at the
matching point m according to:

(1)
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where 7;—’7; = \/(xl _xm)2 +(J’l Vm )2 +(Zl —Zm )2 ,
kq = "2zfq /¢ is the acoustic wave number and ¢ the speed
of sound propagation in air. =(r,97,z;) and

Fon=(Im>@m>Zm) are respectively the vector positions of
the speakers and matching points in cylindrical coordinates.
The desired sound_)ﬁeld Ds,q (¥, @ z;) of a virtual
source s located at 7= (7y,0;,25) to be reproduced e.g. in
the first zone is then given by:

h,(m,s),m=12,...M
Dsyq (rm9¢mﬂzm)={ 1

(3)
a.hq (m,s),m=M +1,..

NM

where hq(m,s) relates the pressure amplitude of the sth
source and the pressure at the matching point m, the first
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Fig.2. Speaker locations for (a) single-stage LS and (b) two-
stage Lasso-LS, sources located at &1=—15" and &> =15°. The
number of speakers used in the reproduction of two wideband
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Fig.3. Sound field visualization using (a) single-stage LS at
speakers’ plane, (b) two-stage Lasso-LS at speakers’ plane (c)
single-stage LS at height z. =1m from speakers’ plane and (d)
two-stage Lasso-LS at height z. =1m from speakers’ plane. Two
wideband sources are located at 9j=—15"and 6> =15°. (Single
frequencies of fj= 300Hz and fp= 2.5kHz are shown for
clarity). In both methods the number of speakers is identical, i.e.
L=1a=90.

zone is covered by the first M matching points and
a =0.001 is the sound field attenuation in inactive zones.
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Fig.4. (a) The mean error vs height at low frequency fj= 500Hz and (b) the mean error vs height at high frequency f,= 5kHz for
sourcel at @1=—15" with zonel as the target zone for this source and zone2 as the corresponding silent zone. In the Lasso-LS algorithm,
the speaker locations at horizontal plane are selected considering two wideband sources located at §;=—15° and &> = 15°. The number

of active speakers in both methods is identical i.e. L =Lg =90.

The speaker weights, Ws,g(¢) are estimated using a two-
stage Lasso-LS algorithm for speaker location and weight
estimation in wideband sound reproduction [10].

2.1. Two stage, Combined Lasso-LS Optimization
In this paper, a two-stage Lasso-LS algorithm [10] is
employed to optimize the speakers’ positions and weightings
for the generation of wideband soundfields. A first-stage
Lasso [12] optimization was employed to select the most
efficient locations from L. potential positions in terms of
achieving the lowest reproduction MSE for a limited number
of speakers. A second stage regularized LS estimation was
then employed for complex weighting optimization as it is
theoretically guaranteed to result in the lowest MSE for the
selected set of speakers

In the first stage of the Lasso-LS algorithm, SQ Lasso
problems are solved to determine all active speakers used
for reproduction of § wideband sound fields (s=1,...,5)
with constituent frequencies fg, g=1,...,0. In this paper
the center band frequencies of one-third octave bands [13]
from 100Hz to 16kHz were used to select active speakers in
the first stage Lasso algorithm. The first-stage Lasso penalty
parameter A1 determines the number of selected active
speakers. The larger the first-stage penalty parameter, 11, is
made, the lower the number of speakers selected. The
solutions of the Lasso problems are used to calculate the
total speaker weights vector WY as explained in [10]. The
locations of the active speakers to be used in the second
stage are then extracted on the basis of the nonzero entries
of WY . The number of those nonzero entries in WY thus
determines the number of active speakers, L, , to be used in
the second stage. In the second stage, the non-uniformly
spaced arc of L, active speakers are utilized for sound
reproduction of all constituent frequencies, [y,
u=1,..,Uof S wideband sources using LS optimization.
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The number of LS problems to be solved for generation of S
isolated audio signals is thus SU. The penalty parameter 67
limits the power of the second-stage LS solution.

2.2. Reproduction Error

In order to compare the error performance of different
methods, a reproduction mean error (ME), Es,q, generated
by every source s at frequency fg in each zone at height z.
from speakers’ plane is calculated as:

Bvg=[] Psavd ) pigtrdzplls @)

where A is the area of each zone and Ds,q (r,¢,z=0) and
Ps,q(r,@,z=z.), 0<r<R., 0<¢<2x are respectively
the desired soundfield in the area A4 at speakers’ plane and
the reproduced soundfields in the area A4 at height z. for the
sth source at frequency fq.

3. SIMULATION RESULTS

The speakers’ complex weights are calculated using pressure
matching approach to generate S=2 isolated wideband sound
fields within N=2 zones located in the same plane as virtual
sources and speakers. The sound reproduction performance
is then evaluated in N=2 zones at heights Z. =0—1.5m
from the speakers’ plane using the single-stage LS and two-
stage Lasso-LS algorithms. The zones are located
at R, =1.7m from the origin and zone angles are ¥, = —45°
and V¥;2=45". The speakers and sources radii are
considered to be s =R=35m and S=2 sources are located at
01=—15° and 6> =15°. The number of matching points
used in each zone of radius 7,=03m is M, =111. The
sound field attenuation of 60dB is considered in the silent
zone (o =0.001). One-third octave bands with centre band
frequencies from 100Hz to 16kHz were used in the first
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Fig.5. (a) The mean error vs frequency within control zones at speakers’ plane (b) the mean error vs frequency within control zones at
height z. = 1m from speakers’ plane and (c) total speaker weight power vs frequency for sourcel at 9;=—15" with zonel as the target
zone for this source and zone?2 as the corresponding silent zone. In the Lasso-LS algorithm, the speaker locations at horizontal plane are
selected considering two wideband sources located at 9;=—15" and 6é>=15. The number of active speakers in both methods is

identical i.e. L =Lg =90.

stage Lasso algorithm and SQ=46 sets of active speakers
were selected out of L.= 580 candidate positions. The
unified 46 sets of speakers give a total of Lz =90 active
speakers which their locations are shown in Fig. 2(b). For a
fair comparison between the single-stage LS and two-stage
Lasso-LS algorithm in terms of wideband sound
reproduction, the same number of active speakers selected in
the Lasso-LS algorithm was employed in the LS method
(L=90) at a comparable total speakers’ power. Speakers
used in the single-stage LS were arranged in a uniformly-
spaced array as demonstrated in Fig. 2(a). The Lasso-LS
soundfield illustrated in Fig. 3(b) is 37dB more accurate
than the LS soundfield in Fig.3(a) within control zones on
the speakers’ plane. At a height of z, =1m from the
speakers’ plane, the Lasso-LS reproduced soundfield in Fig.
3(d) is still 10dB more accurate than the LS soundfield in
Fig. 3(c).

Fig. 4 illustrates that the Lasso-LS ME for reproduction of a
low frequency fi= 500Hz (Fig. 4(a)) and high frequency
fr= 5kHz (Fig. 4(b)) within the control zones on the
speakers’ plane is up to 20dB and 24dB less than the LS
error. The superior performance of Lasso-LS over LS in the
active zone (zone 1) reduces with increasing height and
becomes comparable at z. =0.5m and <z, =0.25m
respectively for the frequencies fy= 500Hz and
fr= 5kHz . However, the Lasso-LS approach remains up to
10dB and 12dB more successful than LS in sound
suppression of frequencies fo= 500Hz and fr= 5kiz
respectively within the silent zone (zone 2) at heights
between Zo =0-1.5m from the speakers’ plane. Fig. 5(a)
illustrates that the Lasso-LS ME within the control zones on
the speakers’ plane is up to 37dB less than the LS ME across
frequency. Fig 5(b) demonstrates that at a height of
Ze =1m, although the two methods are becoming
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competitive in terms of sound reproduction within the active
zone, the Lasso-LS is still up to24dB more successful than
LS in suppression of sound in the silent zone. This is due to
the capability of the Lasso-LS algorithm to suppress sound
within the silent zone on the speakers’ plane directly and
suppression its leakage to the non-optimized area at height
Ze =0—1.5m indirectly with locating a limited number of
speakers on a horizontal plane at LS-optimal locations. Fig
5(c) shows the total speaker weight power resulting from the
LS and Lasso-LS techniques across frequency.

4. CONCLUSION

To implement a multizone sound system, listening height
should be considered in the reproduction of isolated
soundfields to make the personal sound system suitable to
listeners at different heights. In this paper, a semicircular
non-uniformly spaced array was employed with its speakers’
locations and weightings calculated on the bases of a two-
stage Lasso-LS optimization.

The results show that locating the speakers on a horizontal
plane at the LS-optimal locations not only improves the
performance of the multizone system by up to 37dB over a
single-stage LS optimization on the speakers’s plane but also
can give up to 24dB in sound suppression at heights between
zero and one meter from the speakers’ plane using e.g. 90
speakers. This makes the technique appropriate for realistic
soundfield installations without the addition of more
speakers away from the speaker plane.
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