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ABSTRACT

Methods for generating multizone soundfield have a wide
range of applications. The desired dominant frequency bands
to be generated and perceived, however, are not the same
for different applications. Previous work proposed a low
complexity algorithm for multizone wideband sound field
generation using a frequency variable dictionary in a Lasso-
LS optimization. This work demonstrates the flexibility of the
novel algorithm in imposing variable number of active speak-
ers to provide the desired reproduction accuracy at variable
frequency bands. The deployment of this technique can lead
to the customization of multizone sound system design based
on both signal frequency content and listeners’ perception.

Index Terms— Frequency-based customization, fre-
quency variable dictionary, Lasso-LS, multizone system,
soundfield.

1. INTRODUCTION

There have been various studies of sound field generation over
one area in space including wavefield synthesis [1], Ambison-
ics [2] and least squares (LS) approach [3], [4]. The idea of
a personal sound space was first introduced in [5] and then
further developed using acoustic contrast maximization (CM)
[6], [7], cylindrical harmonic expansions [8], [9], beamform-
ing technique [10] and LS pressure matching (PM) approach
[11]. The multizone sound system has been employed for a
number of applications such as a monitor display [12], a mo-
bile device [13], an airplane seat head rests [14] and in an
automobile cabin [15].
It has been discussed in [16] that for multizone wideband
sound field generation, a large number of speakers is required.
A Lasso-LS PM approach was developed in [17], [18] to min-
imize the number of speakers required for sound reproduction
through the control of both speaker locations and weights. Ef-
fectiveness of such horizontal personal sound system was then
investigated in [19] for listeners of variable heights. To re-
duce the complexity of speakers’ subset selection in the Lasso
stage, the implementation of a novel efficient harmonic nested
(EHN) dictionary was then proposed in a Lasso-LS PM opti-
mization [20]. The multizone sound reproduction techniques
have been similarly employed for a range of applications,
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Fig. 1. Multizone sound field generation

while the customization of design based on desired frequency
content could lead to a more cost effective design.
This work investigates the capability of EHN Lasso-LS algo-
rithm in controlling the multizone sound system performance
across frequency. The flexibility of a sound reproduction al-
gorithm to adjust the frequency contents reproduced within
the active zone(s) and suppressed within the silent zone(s)
makes the system design efficient for the desired application.
This paper is structured as follows: Section 2 defines the mul-
tizone problem and section 3 outlines the speaker weights es-
timation. Section 4 then presents EHN dictionary for Lasso
subset selection and section 5 discusses a Lasso-LS algorithm
using an EHN dictionary. Section 6 provides simulation re-
sults for the proposed technique, while section 7 concludes
with a discussion of the results.

2. MULTIZONE SOUNDFIELD REPRODUCTION

Assuming free field conditions, a 2.5 dimensional multizone
system is investigated while virtual sources and speakers are
considered to be point sources, and that all zones, virtual
sources and speakers are located in the same plane. In the fol-
lowing analysis the aim is to generate S isolated soundfields
s=1,...,S for wideband sources (with constituent frequencies
fq, q = 1, ..., Q) in N zones. Fig. 1 illustrates the task sce-
nario with the reproduction zones located at radius Rz from
the origin and the nth zone’s angle given by ψzn .
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Fig. 2. A Lasso-LS Optimization algorithm using an efficient harmonic nested dictionary for subset selection

For every source angle θs, a linear array of L speakers is em-
ployed to generate multizone soundfield. The radius of the sth
source is given by rs and the `th speaker is located at radius
r` and angle φ`. Each zone is of radius rz with a covering
of M matching points. The speaker weights Ws,q(`) can be
estimated using a PM approach given by [11]:

Ds,q ≈ HqWs,q (1)

where Ws,q is the L by 1 vector of speaker weights Ws,q(`),
Ds,q is the MN by 1 vector of desired sound pressures at the
matching points and Hq is the MN by L matrix of the 2-D
Green’s function.

3. SPEAKER WEIGHT ESTIMATION

3.1. LS Weight Estimation

The regularized LS approach provides a robust solution to (1).
In this method, for generation of a frequency fq of source s
the speaker weights Ws,q(`) are determined by minimizing
the squared error between the desired and reproduced field
with a power constraint:

Ŵs,q := argmin
Ws,q

[
‖HqWs,q − Ds,q‖22 + δ‖Ws,q‖22

]
(2)

where ‖.‖2 is the `2-norm, δ is the LS penalty parameter and
‖Ws,q‖22 is the total speaker weight power.

3.2. Lasso Weight Estimation

One approach to find the LS-optimal speaker locations is to
derive a sparse solution to multizone PM problem. To repro-
duce the desired sound field for each frequency, fq of source
s, the Ls,q speakers from Lc candidate speakers must be ac-
tivated. The speaker weights are calculated from Lasso algo-
rithm [21] as:

W̌s,q := argmin
Ws,q

[
1

2
‖HqWs,q − Ds,q‖22 + λ‖Ws,q‖1

]
(3)

where ‖.‖1 is the `1-norm and λ is the preselected Lasso
penalty parameter. Larger values of λ produce fewer nonzero
speaker weights and equation (3) can be solved using a coor-
dinate descent method in the Frequency domain [22].

4. EHN DICTIONARY FOR LASSO SUBSET
SELECTION

The major difficulty of Lasso subset selection is the compu-
tational complexity. The employment of a variable (time de-
pendent) dictionary algorithms has been suggested in [23],
[24] to reduce the computational complexity by applying the
optimization only over previously unselected vectors. For
wideband sound reproduction, the implementation of a novel
frequency dependent dictionary termed as efficient harmonic
nested (EHN) dictionary is proposed in [20] to reduce the
complexity of the speaker location search. To form the EHN
dictionary, a harmonic nested array is primarily employed to
associate every frequency band to an optimal candidate set
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Fig. 3. The MSE vs. the number of active speakers.
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Fig. 4. Lasso Penalty Parameter vs. the number of speakers.

of speakers [25]. Removing the previously selected locations
from the corresponding candidate subarray then further opti-
mizes the dictionary.
It is considered that the bth nested array candidate positions
corresponding to source s are stored in set cs,b. The bth active
subset, as,b, comprises of active speakers selected from the
bth modified location set, ĉs,b, and its size is |as,b| = Ls,b.
The bth common subset, vs,b, is formed as

vs,b = (

b⋃
i=1

as,i) ∩ cs,b+1 (4)

The modified set of the (b+1)th candidate array, ĉs,b+1, is
then derived as:

ĉs,b+1 = cs,b+1 − vs,b (5)

The number of candidate positions on subarray ĉs,b+1 is
|ĉs,b+1| = (Lc − Us,b) when |vs,b| = Us,b. The union of
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Fig. 5. The MSE vs. frequency. A larger number of speakers
are selected for sound reproduction at frequencies over 3kHz.
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Fig. 6. The MSE vs. frequency. A larger number of speakers
selected for sound reproduction at frequencies under 3kHz.

the selected active sets across B frequency bands b=1,B and S
sources is then stored in set aΣ.

aΣ =
⋃
b,s

as,b (6)

The number of all selected speakers is La = |aΣ|.

5. A LASSO-LS OPTIMIZATION ALGORITHM
WITH AN EHN DICTIONARY

A Lasso-LS algorithm using an EHN dictionary (Fig.2) is pre-
sented here for wideband sound field reproduction with an un-
derlying assumption of fixed virtual sources. In the first stage,
the LS-optimal speaker locations are selected from EHN dic-
tionary across all frequency bands, b=1,..,B using Lasso al-
gorithm. For the first nested array (b = 1), Lasso minimizes
the sum of the squared errors between the desired and repro-
duced pressures over the first harmonic nested candidate set,
and penalizes it over the same set. From the second set for-
ward b ≥ 2, the bth set of speakers’ weight corresponding to
source s is calculated from the minimization of the sum of the
squared errors between the desired and reproduced pressures
over the bth harmonic nested candidate set, cs,b and penalized
over the bth modified candidate set, ĉs,b as:

W̌cs,b := argmin
Wcs,b

[
1

2
‖Hcs,bWcs,b − Ds,b‖22 + λb‖Wĉs,b‖1

]
(7)

377



x(m) 

y(
m

) 

(a) EHN Lasso-LS, f=1kHz
x(m) 

y(
m

) 
(b) LS, f=1kHz

x(m) 

y(
m

) 

(c) EHN Lasso-LS, f=4kHz

x(m) 

y(
m

) 

(d) LS, f=4kHz

Fig. 7. Sound field visualization and speaker locations. Black
crosses and a red circle mark respectively the speakers and
the virtual source. L = La2

= 17

where Wcs,b , Hcs,b and Ds,b are respectively the speakers’
weight vector, the 2-D Green’s function matrix and the de-
sired sound pressures’ vector corresponding to the bth har-
monic set and source s and λb is the Lasso penalty parameter
for the bth harmonic set. The Lasso penalty parameter λb
determines the number of selected active speakers, Ls,b for
every frequency band b. To achieve desirable sound repro-
duction accuracy within different frequency bands, penalty
parameters are tuned to select the required number of speak-
ers.
A second stage regularized LS estimation is then employed
for weight optimization as it is theoretically guaranteed to re-
sult in the lowest MSE for the selected set of speakers. In
this stage, the non-uniformly spaced linear array of La active
speakers is utilized for sound reproduction of all constituent
frequencies, fq, q = 1, ..., Q of S wideband sources. The
penalty parameter δ limits the power of the LS solution.

6. SIMULATION RESULTS

The simulations targeted generation of a wideband sound field
within an area, zone 1 and suppressing it effectively in zone
2. The wideband source angle was θs = 180◦ with a source
radii of rs = 0.5m. The zones were located at Rz = 1m
from the origin and the number of matching points in each
zone of radius rz = 0.2m was Mz = 263. A linear speaker
array perpendicular to the x axis was employed with its center

located at radius r` = 0.5m and angle ϕ` = 180◦. Zone 1 is
located at ψz1 = −15◦ and Zone 2 with a target sound attenu-
ation of 60dB located at ψz2 = 45◦. There are B=4 harmonic
nested subarrays of Lc = 15 positions at every subarray. In
the Lasso stage, the centers of octave bands (from 1kHz to
8kHz) were used to select active speakers.
Fig. 3 demonstrates the performance of the described mul-
tizone system using L=5-15 speakers. The EHN Lasso-LS
lower error reduction rate with the number of speakers in
comparison to the LS is due to the deployment of speakers
with the major contribution in multizone sound reproduction.
Fig. 4 illustrates the Lasso penalty parameter values used to
impose sparsity versus the number of active speakers. Figs.
5 and 6, investigate two scenarios for EHN Lasso-LS and the
LS performance assessment using different number of active
speakers across optimized frequency range (1kHz-8kHz). In
the first scenario (Fig. 5), the number of selected speakers in
EHN Lasso-LS approach at frequencies 1kHz, 2kHz, 4kHz
and 8kHz were respectively 3, 5, 10, 7 which resulted in up to
8dB lower error at frequencies over 3kHz. In the second sce-
nario (Fig. 6) the number of selected speakers in EHN Lasso-
LS approach at frequencies 1kHz, 2kHz, 4kHz and 8kHz were
respectively 9, 8, 4, 3 leading to up to 5dB lower error at
frequencies under 3kHz. The total number of speakers se-
lected in both scenarios and the LS method were the same
(L = La1

= La2
= 17). A fair comparison with similar

array lengths and comparable total speakers’ power in Figs.
5 and 6 illustrate up to 24dB and 22dB superior performance
of EHN Lasso-LS over LS approach in scenarios 1 and 2 re-
spectively. Fig. 7 illustrates the resulting soundfield of EHN
Lasso-LS, and the LS approaches for the second scenario at
frequencies f = 1kHz and 4kHz. The results demonstrated
the capability of the proposed EHN Lasso-LS approach, in
contrast to the LS, in adjusting the number of speakers to de-
liver a desired reproduction accuracy across frequency.

7. CONCLUSIONS

To provide an efficient sound system design of speakers’ lo-
cation and weight, frequency-based customization should be
considered. An efficient harmonic nested Lasso-LS algorithm
was employed in this paper for multizone wideband sound
field generation. The ability of this approach in adjusting the
performance of sound system across frequency was then in-
vestigated.
The results show that the EHN Lasso-LS technique enables
multizone sound generation with up to 24 dB improvement in
the MSE over LS optimization using e.g. 17 speakers. The
flexibility of the EHN Lasso-LS approach, in contrast to the
LS, in selecting the required number of speakers based on the
desired reproduction accuracy at variable frequency bands is
also demonstrated. Extensions of this approach to the gener-
ation of personal spaces based on applications and listeners’
perception will be a topic of future work.
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