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There has recently been an increasing interest in the generation of a sound field that is audible in one
spatial region and inaudible in an adjacent region. The method proposed here ensures the control of
the amplitude and phase of multiple acoustic sources in order to maximize the acoustic energy
difference between two adjacent regions while also ensuring that evenly distributed source strengths
are used. The performance of the method proposed is evaluated by computer simulations and
experiments with real loudspeaker arrays in the shape of a circle and a sphere. The proposed method
gives an improvement in the efficiency of radiation into the space in which the sound should be
audible, while maintaining the acoustic pressure difference between two acoustic spaces. This is
shown to give an improvement of performance compared to the contrast control method previously
proposed. © 2010 Acoustical Society of America. �DOI: 10.1121/1.3438479�

PACS number�s�: 43.38.Hz, 43.38.Md, 43.60.Fg �AJZ� Pages: 121–131
I. INTRODUCTION

There has been considerable research into the “active
control of sound”1 both for controlling unwanted noise and
for producing a desired sound field. In the second case, ar-
rays of sound sources controlled by various beamforming
methods2,3 have been commonly used to generate a desired
far field directivity pattern. Such arrays were also investi-
gated by Druyvesteyn and Garas4 with the objective of pro-
ducing adjacent regions of audibility and inaudibility. With
the objective of using multiple acoustic sources to generate a
sound field which audible in one region and inaudible in
another, Choi and Kim5 introduced the concept of regions
referred to respectively as a “bright zone,” with high acoustic
energy, and a “dark zone” where the acoustic energy is low.
In their research, two methods are described–one is to maxi-
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mize the energy in the bright zone with given input source
power and the other maximizes the ratio between energies in
the bright and dark zone. Much of the previous research has
been focused on the development of personal audio
systems4,6 where the intention is to generate a field that is
audible to one listener but inaudible to nearby listeners. Re-
cently, for example, a practical implementation of a personal
audio system, a so called “active headrest,” has been intro-
duced by Elliott and Jones.6 In addition, a sound focused
personal audio system using acoustic contrast control has
been realized by Chang et al.7

This work considers the generation of a sound field that
maximizes the energy difference between two spatial re-
gions. The proposed method ensures the control of the am-
plitude and phase of multiple sources in order to maximize
the acoustic energy difference between two selected acoustic
spaces. This method also makes use of a “tuning factor” to
adjust the balance between two important performance mea-

sures; the acoustic energy difference and the efficiency of
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radiation of multiple acoustic sources into the first acoustic
space in which sound should be audible. Similarly to the
method adopted by Choi and Kim,5 it is assumed that the
sound field is generated by multiple monopole sources. In
this paper, we will refer to Choi and Kim’s method as
“acoustic contrast maximization” while the method proposed
here involves “acoustic energy difference maximization.”
The main difference between the two methods is that Choi
and Kim’s5 acoustic contrast is the ratio of the mean square
pressures between bright and dark zones, while the method
proposed here focuses on the difference between the mean
square pressures between the two acoustic spaces. These two
approaches are investigated and compared using simulations
and practical experiments. It is shown that the proposed
method can give an improved performance for the efficiency
of radiation into the space in which the sound should be
audible while maintaining the acoustic pressure difference
between two acoustic spaces. The proposed method also re-
quires simpler computations �which also avoids ill-
conditioning problems� than those associated with the con-
ventional acoustic contrast control method. In addition, the
required source strengths are distributed evenly among the
sources so that physical realization of the system requires
loudspeakers of lower maximum capacity.

This paper begins with the definition of the given acous-
tic problem. Free-field monopole simulations based on the
theoretical formulation are used to verify that the proposed
method can produce good performance. Experiments are un-
dertaken in an anechoic chamber and enable a realistic evalu-
ation of the method. A system comprising an array of 40
loudspeakers arranged on a sphere was used in the experi-
mental work. All of the theoretical formulation, simulations
and experiments of the proposed acoustic energy difference
method are compared with the previously proposed acoustic
contrast control method.

II. PROBLEM DEFINITION

Figure 1 describes the concept of the proposed control
scheme. The volumes of the two acoustic spaces, between
which the difference of acoustic energy is to be maximized,
are represented as V1 and V2. Even if the design of the acous-

FIG. 1. Definitions of acoustic parameters in an acoustic field: V1 and V2 are
the volumes of the first and second acoustic spaces, q�yn� is the source with
volume velocity at the location yn, p�xm� is the pressure at xm in acoustic
spaces, and Z�xm �yn� is the acoustic transfer function from the source at yn

to the pressure point in acoustic space at xm.
tic spaces influences the direction of sound, it is not investi-
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gated in this paper. The final goal of the control method is to
reproduce audible sound in the first acoustic space while
maintaining silence in the second acoustic space. The com-
plex magnitude of pressure at position xm in the first acoustic
space represented by p�xm� �m=1, . . . ,M� is assumed to have
a time dependence of ej�t. The volume velocities �source
strengths� of the sources at yn�n=1, . . . ,N�, are denoted by
q�yn�. The acoustic transfer function between the source at yn

and the pressure at xm is described as Z�xm �yn�. Conse-
quently, the pressure vector, pT= �p�x1� p�x2� ¯ p�xM� �
can be related to the source strength vector, qT

= �q�y1� q�y2� ¯ q�yN� � by

p = Zq , �1�

where the matrix of transfer functions is defined by

Z = �
Z�x1�y1� Z�x1�y2� ¯ Z�x1�yN�
Z�x2�y1� Z�x2�y2� ¯ Z�x2�yN�

] ] ]

Z�xM�y1� Z�xM�y2� ¯ Z�xM�yN�
� .

With this notation, the magnitude squared of the complex
pressure which is proportional to the acoustic energy density
is written as

e1 =
1

V1
�

V1

p�x��p�x�dV1�x� . �2�

When the volume V1 is approximated by discrete samples
which are closely spaced compared to the wavelength of the
sound, the volume integral can be represented by the discrete
summation using the matrix combination as shown in Eq.
�3�. Thus,

e1 	
1

M


k=1

M

p�xk��p�xk� =
1

M


k=1

M

�Zkq���Zkq�

= qH� 1

M


k=1

M

Zk
HZk�q = qHR1q , �3�

where p�xk�=Zkq and Zk= �Z�xk �y1�Z�xk �y2�¯Z�xk �yN��
which means the kth row of the matrix Z and � denotes the
complex conjugate and H denotes the complex conjugate

transpose. The matrix R1= 1
M



k=1

M
Zk

HZk can be interpreted as

the spatially averaged correlation matrix of transfer functions
defined on the sampled points in the first acoustic space. The
individual correlation matrix of transfer functions, Zk

HZk is
represented by

Zk
HZk = �Z��xk�y1�Z�xk�y1� ¯ Z��xk�y1�Z�xk�yN�

] � ]

Z��xk�yN�Z�xk�y1� ¯ Z��xk�yN�Z�xk�yN�
� .

�4�

Consequently, the acoustic energy in each acoustic space can

be represented respectively by
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e1 = qHR1q, e2 = qHR2q , �5�

where R2 is the spatially averaged correlation matrix in the
second acoustic space. In addition, the energy of all the
sources is represented by eq=qHq.

III. CONTROL METHODS

A. Acoustic contrast maximization

The proposed acoustic energy difference maximization
method, is compared with Choi and Kim’s5 acoustic contrast
maximization method. When the spaces in which the sound
field is audible and inaudible correspond to the first and sec-
ond acoustic spaces in Fig. 1 respectively, the cost function
to be maximized in the acoustic contrast maximization
method can be expressed by

Jc�q� =
e1

e1 + e2
=

qHR1q

qH�R1 + R2�q
, �6�

which can be rewritten as

qH�R1 + R2�qJc�q� = qHR1q . �7�

The source strength vector q which makes the cost function
Jc�q� maximum can be obtained by the partial derivative of
Eq. �7� with respect to the source strength vector q. This is
given by

�Jc�q�
�q

qH�R1 + R2�q + Jc�q�
�

�q
�qH�R1 + R2�q�

=
�

�q
�qHR1q� . �8�

The optimized source strength vector qc makes the cost func-
tion Jc�q� extreme, such that �Jc�q� /�q=0, and using the
gradient property with respect to a complex vector
parameter8 Eq. �8� can be rewritten as Jc�qc���R1+R2�qc��

= �R1qc��. Consequently, it follows that

Jc�qc�qc = �R1 + R2�−1R1qc. �9�

Equation �9� has the same form as a generalized eigenvector
and eigenvalue problem written as �qc=Aqc where, Jc�qc�
and �R1+R2�−1R1 are replaced by the eigenvalue � and the
matrix A respectively. Consequently, the optimized source
strength vector qc is the eigenvector of the matrix �R1

+R2�−1R1 that corresponds to the largest eigenvalue and the
maximum of the cost function, Jc�qc�.

9 Clearly, the optimum
solutions to Eq. �9� are frequency dependant.

B. Acoustic energy difference maximization

There is a crucial conceptual limitation associated with
the cost function of the acoustic contrast maximization
method. The maximized contrast, which implies maximized
energy “ratio” between two spaces, cannot always provide
the desirable optimum solution which has the maximum nu-
merator and the minimum denominator. The maximization of
contrast tries to find the minimum denominator which most
readily maximizes the cost function even if the numerator

has a very small value.

J. Acoust. Soc. Am., Vol. 128, No. 1, July 2010

d 04 Jul 2011 to 152.78.242.89. Redistribution subject to ASA license
A good alternative cost function is provided here to
overcome this limitation. The basic concept for the cost func-
tion proposed here is not the “ratio” but the “difference”
between energies of the two acoustic spaces. This is effective
simply because the maximized difference implies the maxi-
mization of the “minuend” �energy in the first space� and the
minimized “subtrand” �energy in the second space�.

This is illustrated in Fig. 1 which shows the generation
of the maximum sound level in the first acoustic space and
minimum level in the second space. The proposed cost func-
tion which represents normalized energy difference consid-
ering both acoustic energy difference and source energy is
written as

Jd�q� =
e1 − �e2

eq
=

qH�R1 − �R2�q
qHq

. �10�

A tuning factor �, which is a positive real number, is inserted
in the cost function to enable the adjustment of the relative
importance between acoustic energy difference and the effi-
ciency of radiation of the multiple sources into the first
acoustic space in which the sound should be audible. For
example, the maximization problem of the cost function with
small � puts more weight on the maximization of the energy
in the first acoustic space, qHR1q normalized by the source
energy, qHq in Eq. �10�. This is in turn related to the effi-
ciency of radiation of the sources into the first acoustic
space. On the other hand, the maximization problem of the
cost function with large � is weighted more on the minimi-
zation problem of the energy in the second acoustic space,
qHR2q. Consequently, the tuning factor � introduces flexibil-
ity into the acoustic energy difference maximization method
that allows solutions to be “tuned” considering the energy
quantity in the first acoustic space and energy difference be-
tween the two spaces. The optimal tuning factor to maximize
the acoustic energy difference can be defined using a curve
of acoustic energy difference with respect to the tuning factor
or by using conventional optimization techniques.10

The optimized source strength vector qd to maximize the
cost function in Eq. �10� can be calculated in the same man-
ner as the acoustic contrast maximization method. The
source strength vector qd is obtained from the partial deriva-
tive of Eq. �10� with respect to the source strength vector q
when the cost function Jd�q� has the extreme value.

Jd�qd�qd = �R1 − �R2�qd. �11�

The optimized complex source strength vector qd which
maximizes the cost function Jd�qd� is obtained from the ei-
genvector of the matrix R1−�R2 that corresponds to the
largest eigenvalue of this matrix.

C. Comparison between acoustic contrast and energy
difference maximization

The source strength vector obtained from the acoustic
contrast maximization method cannot guarantee that the
sound energy in the first acoustic space is audible. In other
words, the radiation efficiency, or the ratio between the en-
ergy of the sources and the energy in the first acoustic space,

is not considered within the cost function in Eq. �6�. The
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acoustic potential energy of the total zone of interest is the
energy sum of the bright zone and the dark zone.5 Thus the
acoustic contrast maximization method only gives the solu-
tion for the maximized ratio of energy between the first
acoustic space and the total spaces of interest while the
sound in the first acoustic space may not be of sufficient
amplitude to be audible. However, the acoustic energy dif-
ference maximization method ensures that the energy in the
first acoustic space is considered in the cost function given
by Eq. �10�.

There are also advantages of computational efficiency
and robustness associated with the energy difference maxi-
mization method. Thus the optimum solution for the acoustic
contrast maximization method is obtained by the eigenvector
corresponding to the largest eigenvalue of �R1+R2�−1R1

while the solution of the proposed method is obtained from
the largest eigenvalue of R1−�R2. The matrix inversion in
the contrast maximization method which has an associated
computational burden is replaced by simple matrix subtrac-
tion in the energy difference maximization method. Further-
more, if the matrix �R1+R2� is an ill-conditioned matrix with
a large condition number, its inversion can cause compara-
tively large numerical rounding errors with small errors in
the elements of the matrix.11 The matrix ill-conditioning is
caused by not only the zone selection but also by similarity
of the elements of the matrices as the transfer functions are
similar in case of the low frequencies excitation with large
wavelength. In addition, the matrix R1−�R2 preserves the
characteristics of Hermitian matrices R1 and R2. The eigen-
values of the Hermitian matrices are “perfectly well
conditioned”11 which means any perturbations in the ele-
ments of a matrix lead to perturbations in the eigenvalues

FIG. 2. Simulation configurations: �a� 2–D circular array composed of 10 m
two acoustic spaces located in the middle of the array. Acoustic space 1 is
that are roughly the same size. However, the matrix �R1
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+R2�−1R1 can be ill-conditioned and small perturbations in
the matrix can give very large perturbations in the eigenval-
ues. This is especially critical when the transfer functions are
measured with small errors. When the transfer functions are
measured with slight errors, they cause large errors in obtain-
ing the optimum solution. Thus the proposed method can
provide a good alternative when the correlation matrix of
transfer functions is ill-conditioned.

Consequently, the energy difference maximization
method provides computational efficiency by replacing the
matrix inversion with the matrix subtraction and computa-
tional robustness by avoiding matrix ill-conditioning prob-
lems.

IV. MONOPOLE SIMULATIONS

All sources used in the simulations are simple free-field
monopoles. Consequently, the simulations assume the free-
field Green function to be the transfer function which is
given by Eq. �12� when the wave number is k and the air
density is �. Thus

Z�xm�yn� =
j��

4�

e−jkD

D
, �12�

where D= �xm−yn�. All sources radiate single frequency
sound at 100, 200, and 300 Hz in the simulations. One of the
reasons that the frequencies of interest are limited to 100,
200 and 300 Hz pure tones is to obtain comparable simula-
tion results with experiments using real loudspeakers ap-
proximately regarded as monopole sources in the low fre-
quency range below 300Hz. Controllability of the sound field
below and above this frequency range is in any case very

le sources; �b� 3–D spherical array composed of 40 monopole sources with
sented by solid line and acoustic space 2 is depicted by dashed lines.
onopo
limited because of the distances from the sound sources to

Shin et al.: Maximization of acoustic energy difference
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the acoustic spaces to be controled and the gaps separating
the sound sources3,12 The 2-D circular and 3-D spherical
source array simulations have been undertaken to illustrate
the performance of the acoustic contrast and energy differ-
ence maximization methods. The optimized source strength
vectors by the acoustic contrast maximization method are
obtained from the cost function in Eq. �6�. The resultant
source strength vector using the acoustic energy difference
maximization method is obtained from the cost function in
Eq. �10� with the specified tuning factor �. The value of � is
chosen to ensure the maximum spatially averaged sound
pressure difference between the two acoustic spaces. All
simulation results are obtained with the temporal sampling
rate of 48 kHz and the spatial sampling rate of 2 cm inter-
vals. The source strength vectors have been normalized to
ensure that qHq is equal to 1 in all cases because all of the
results produced by simulations and experiments can be rea-
sonably compared when the overall power of the source
strength vector is constant.

A. 2-D circular source array simulation

The configuration of the 2-D circular source array simu-
lation is illustrated in Fig. 2�a� with 10 monopole sources
located on the circumference of the circular shape. The two
acoustic spaces given by squares of 0.36 m2 �0.6
�0.6 m2� are located in the middle of 2-D circular source
array with 0.4 m separated gap. The size of the acoustic
space is chosen to include the size of the human head. The
locations of the acoustic spaces are determined to obtain the
maximum distance from every loudspeaker in the spherical
array. The shortest distance from every loudspeaker to both
acoustic spaces is around half of the longest wavelength
�3.43 m at 20 °C� of the 100Hz excitation signal with the 0.4
m separated gap determined by considering the size of the
simulated and measured plane �2�1.48 m2�. The two maxi-
mization control methods �for acoustic contrast and energy
difference� are applied to obtain the source strength vectors.
The 10 monopole sources in the circular array are shown in
Table I with the sources numbered from 17 to 26. The simu-
lated acoustic plane is the rectangular area that includes the
two acoustic spaces and matches with the experimented
acoustic plane covered by the microphone array. The results
of 2-D circular source array simulation are shown in Fig. 3
with a gray scale map which represents the pressure field
inside the simulated plane. In the gray scale map, the higher
acoustic pressure is depicted as a lighter shade and the lower
is darker ranging from 50 dB to 100 dB. Figure 3 shows the
comparison between the conventional acoustic contrast
maximization method �a, b, c� and the proposed energy dif-
ference maximization method �d, e, f� at the three excitation
frequencies, 100 Hz in �a�, �d�, 200 Hz in �b�, �e�, and 300
Hz in �c�, �f�.

B. 3-D spherical source array simulation

The 3-D simulation configuration is shown in Fig. 2�b�
with 40 monopole sources located on the surface of a sphere.

3
The two acoustic spaces given by the cubes of 0.216 m
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�0.6�0.6�0.6 m3� including the size of a human head are
located in the center of spherical source array with 0.4 m
gap. Table I gives all of the coordinates of the monopole
sources. The simulated acoustic plane described in Fig. 2�b�
is the same as that for the 2-D circular array configuration
shown in Fig. 2�a�. For the simulation arrangement shown in
Fig. 2�b�, the optimized source strength vectors are again
derived from the two maximization control methods. The
results are shown in Fig. 4, which represents the acoustic
pressure field within the simulated plane as gray scale maps
on a decibel scale.

TABLE I. Coordinates of sources in the 3D spherical array simulation and
experimental setup when the center of the sphere is set as the origin
�x ,y ,z�= �0,0 ,0�. The sources numbered from 17 to 26 are used in the 2D
circular array simulation and experimental setup.

Source No.

Coordinate
�m�

x y z

1 0 0 1.8
2 0.9463 0 1.5312
3 0.2924 0.9 1.5312
4 �0.7656 0.5562 1.5312
5 �0.7656 �0.5562 1.5312
6 0.2924 �0.9 1.5312
7 1.61 0 0.805
8 1.2387 0.9 0.9463
9 0.4975 1.5312 0.805

10 �0.4732 1.4562 0.9463
11 �1.3025 0.9463 0.805
12 �1.5312 0 0.9463
13 �1.3025 �0.9463 0.805
14 �0.4732 �1.4562 0.9463
15 0.4975 �1.5312 0.805
16 1.2387 �0.9 0.9463
17 1.7119 0.5562 0
18 1.058 1.4562 0
19 0 1.8 0
20 �1.058 1.4562 0
21 �1.7119 0.5562 0
22 �1.7119 �0.5562 0
23 �1.058 �1.4562 0
24 0 �1.8 0
25 1.058 �1.4562 0
26 1.7119 �0.5562 0
27 1.5312 0 �0.9463
28 1.3025 0.9463 �0.805
29 0.4732 1.4562 �0.9463
30 �0.4975 1.5312 �0.805
31 �1.2387 0.9 �0.9463
32 �1.2387 �0.9 �0.9463
33 �0.4975 �1.5312 �0.805
34 0.4732 �1.4562 �0.9463
35 1.3025 �0.9463 �0.805
36 0.7656 0.5562 �1.5312
37 �0.2924 0.9 �1.5312
38 �0.9463 0 �1.5312
39 �0.2924 �0.9 �1.5312
40 0.7656 �0.5562 �1.5312
Shin et al.: Maximization of acoustic energy difference 125
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C. Discussions

The performance of the proposed acoustic energy differ-
ence maximization method is compared with the conven-

FIG. 4. Simulation results of 3–D spherical array. Pressure fields in the simu
��a�, �b�, and �c�� and the proposed acoustic energy difference maximization

FIG. 3. Simulation results of 2–D circular array. Pressure fields in the s
maximization method ��a�, �b�, and �c�� and the proposed acoustic energy dif
and �d�� is 100 Hz, 200 Hz for ��b� and �e��, and 300 Hz for ��c� and �f��.
200 Hz for ��b� and �e��, and 300 Hz for ��c� and �f��.

126 J. Acoust. Soc. Am., Vol. 128, No. 1, July 2010
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tional acoustic contrast maximization method with three per-
formance measures. The first measure is the efficiency of
radiation into the first �audible� spaces. This measures the

plane with sources controlled by the acoustic contrast maximization method
od ��d�, �e�, and �f��. The excitation frequency for ��a� and �d�� is 100 Hz,

ated plane with sources controlled by the conventional acoustic contrast
ce maximization method ��d�, �e�, and �f��. The excitation frequency for ��a�
lated
meth
imul
feren
Shin et al.: Maximization of acoustic energy difference
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spatially averaged sound pressure level in the first acoustic
spaces produced by the same source power. This shows that
the sound radiated from the sources is audible in the first
space. The second measure is the spatially averaged sound
pressure level difference on a dB scale between the two
acoustic spaces. It gives an important measure for generating
the wanted sound field, described in Sec. II, when the first
measure has a sufficient value. The third measure is the stan-
dard deviation of the magnitude of the source strength vec-
tor, which is directly related with the dynamic range of the
loudspeakers implemented in real applications.

For the 2-D and 3-D simulations described above, the
performance of the proposed acoustic energy difference
maximization method is compared with that of the conven-
tional acoustic contrast maximization method. As shown in
Figs. 3 and 4, the proposed energy difference method pro-
duces a higher acoustic pressure from the sources to the first
acoustic space than the case when using the contrast control
method. It is because the energy difference can always be
maximized when the energy in the audible space is maxi-
mized, while the energy contrast can be maximized only with
the maximized ratio without consideration of the energy in
the audible space. Table II shows a comparison between the
two methods for the results of the monopole simulations. The
first criterion shows the spatially averaged sound pressure
level for each acoustic space on a dB scale. For the efficient

TABLE II. Results of monopole simulations. AC and AED are abbreviation
respectively. The spatially averaged sound pressure levels in dB scale withi

Applied method

2–D circular array

100 Hz 200 Hz 30
1 2 1 2 1

AC 56.5 2.6 78.3 30.3 89.4
�=987 �=330 �=

AED 76.6 44.6 88.5 59.8 90.0

FIG. 5. Spatially averaged acoustic pressure level of two acoustic spaces co
�
and �b� spherical arrays � : acoustic contrast maximization method, °: acoustic e
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representation of the sound pressure level within a certain
acoustic space, the spatially averaged sound pressure level is
defined as,

LV = 10 · log10� 1

V
�

V

�pV�2

pref
2 dV�

	 10 · log10� 1

M


k=1

M �p�xk��2

pref
2 � , �13�

where V is the volume of the selected acoustic space and pV

is the pressure in the space while pref means the reference
sound pressure of 20 �Pa. The volume integral can be rep-
resented with the discrete summation where the number of
samples in the acoustic space is M and the pressure is de-
picted as p�xk� at the location of xk. This is identically de-
fined in both simulation and experiment. From the spatially
averaged sound pressure levels in Table II, the proposed
method always gives higher pressure values in the first
acoustic space which implies a better efficiency of radiation
to the audible region for normalized q.

Based on Table II, as the performance measure, the spa-
tially averaged acoustic pressure levels of two acoustic
spaces with respect to the contrast and difference maximiza-
tion control methods are represented on a dB scale in Fig. 5.
In the case of the contrast maximization method, the spa-

Acoustic Contrast and Acoustic Energy Difference maximization methods,
h acoustic space denoted as 1 and 2 are listed.

3–D spherical array

100 Hz 200 Hz 300 Hz
2 1 2 1 2 1 2

49.7 51.7 �12.3 74.4 16.5 89.9 38.8
�=1830 �=274 �=102

52.0 81.1 43.3 96.5 63.5 99.5 65.7

nding to the excitation frequencies based on Table II in case of �a� circular
s of
n eac

0 Hz

1580
rrespo

nergy difference maximization method�.
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tially averaged sound pressure level differences on a dB
scale, which means the ratio, between the two acoustic
spaces are always higher than those produced by the acoustic
energy difference maximization method. However, the spa-
tially averaged sound pressure levels in the first spaces under
the control of acoustic energy difference maximization are
always higher than those under the contrast control method
although the power summations of the controlled source
strengths in both methods are set at unity. Therefore, the
efficiency of radiation into the first �audible� acoustic spaces
is higher when the proposed acoustic energy difference
maximization control method is applied. In addition, it main-
tains the pressure differences between two acoustic spaces at
more than 30 dB.

Table III shows the standard deviations of the magni-
tudes of the source strength vectors with respect to frequency
as the performance measure which is defined as,

	 = 1

N


k=1

N ��q�yk�� −
1

N


n=1

N

�q�yn���2

. �14�

It represents the magnitude range of controlled source sig-
nals which are directly related to the dynamic range of the
loudspeakers used. If this performance measure has a larger
value, the multiple source signals with larger magnitude de-
viation are applied so that it makes the real implementation
more costly. From the results in Table III, the proposed
acoustic energy difference maximization method always
gives a smaller value of the standard deviations of source
strength magnitudes than the contrast maximization method.

TABLE III. Standard deviations of the magnitudes o

Applied method

2–D circular array

100 Hz 200 Hz

AC 0.23 0.21
AED 0.13 0.15
FIG. 6. Experimental setup in an anechoic chamber composed of 40
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It is also much smaller in case of the spherical array case
than the circular one.

With the results from the performance measures de-
scribed above, the proposed acoustic energy difference maxi-
mization method gives higher efficiency of radiation into the
first acoustic space, in which sound should be audible, and
maintains more than 30dB pressure difference between the
first and second spaces even if it has a smaller value of
standard deviation for the magnitudes of controlled source
signals.

V. EXPERIMENTS

The experimental arrangement shown in Fig. 6 was con-
structed in an anechoic chamber in order to validate the 3-D
free-field sound generation13 and the performance of the con-
trol methods. The experiments were undertaken for both 2-D
circular and 3-D spherical arrangements corresponding to the
equivalent simulations. For the 2-D circular array experi-
ment, only 10 loudspeakers in the center circle are activated
while all 40 loudspeakers are used for the 3-D spherical ar-
ray. In correspondence with the monopole simulation, the
sampling rate adopted is 48 kHz for all of the signals to the
loudspeakers. The loudspeaker locations are described by the
coordinates of Table I. The radiation pattern of each loud-
speaker used in these experiments has been measured and
reported by Fazi et al.,14,15 and are similar to that of a mono-
pole source in the frequency range of interest from 100 to

obtained source strength vectors.

3–D spherical array

0 Hz 100 Hz 200 Hz 300 Hz

.20 0.14 0.13 0.13

.18 0.09 0.05 0.05
f the

30

0
0

loudspeakers with spherical array �a� front and �b� side views.
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300 Hz. It is thus expected that the monopole assumption in
the simulations is broadly applicable in these real experi-
ments.

In addition, as shown in Fig. 7, the experimental results
are measured by 30 equally distributed microphones in a line
array inside the spherical experimental arrangement. The gap
between two adjacent microphones is 0.051 m which is suf-
ficient to avoid spatial aliasing for frequencies of interest so
that the total microphone array length is 1.48 m. The line
microphone array is moved at discrete intervals of 0.05 m
over 2 m to measure a sufficient area which includes the
audible and inaudible acoustic spaces. In Figs. 2�a� and 2�b�,

FIG. 7. Measurement setup with linear array composed

FIG. 8. Experimental results of 2–D circular array. Pressure fields in the mea
��a�, �b�, and �c�� and the proposed acoustic energy difference maximization

200 Hz for ��b� and �e��, and 300 Hz for ��c� and �f��.
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the planes measured by the microphone array are depicted
and compared with the same simulated plane. The pressure
fields are measured with the same temporal sampling rate as
those of the source signals.

Figures 8 and 9 show the results of the measured pres-
sure fields of real 2-D and 3-D experiments. The acoustic
contrast maximization method and the proposed energy dif-
ference maximization method are again compared at the fre-
quencies of 100, 200, and 300 Hz. The results of experiments
are very similar to those of simulations in the form of the
pressure distributions since the assumptions regarding the
free field radiation of the monopole sources are very nearly

0 condenser microphones: �a� front and �b� side views.

plane with sources controlled by the acoustic contrast maximization method
od ��d�, �e�, and �f��. The excitation frequency for ��a� and �d�� is 100 Hz,
of 3
sured
meth
Shin et al.: Maximization of acoustic energy difference 129

 or copyright; see http://asadl.org/journals/doc/ASALIB-home/info/terms.jsp



Downloade
satisfied in this experiment. However, the equivalent pressure
values inside the acoustic spaces are not exactly matched
with the simulations due to background noise, the mis-
matches of the sound source locations between simulation
and experimental setups and the mutual mismatches of mag-
nitude and phase of the real loudspeakers. Especially, the
performance in the experimental results is highly dependant
on the mutual identity of the characteristics of all loudspeak-
ers as well as the individual characteristics of the loudspeak-
ers installed in the array structure. Although the loudspeakers
used in the array have acceptable individual characteristics,
all of the loudspeakers should be identical in their magnitude
and phase response with respect to the frequency range of
interest. These can cause the mismatches between the results
of simulation and experiment as well as the monopole as-
sumption in the simulation results. In addition, in the case of
the contrast control method, it is not easy to achieve agree-
ment with the optimum solution from the theory because
slight errors between theory and the real experiment cause
large errors due to the ill-conditioned matrix inverse prob-
lem. The spatially averaged sound pressure levels, in each

FIG. 9. Experimental results of 3–D spherical array. Pressure fields in the
maximization method ��a�, �b�, and �c�� and the proposed acoustic energy dif
and �d�� is 100 Hz, 200 Hz for ��b� and �e�� and 300 Hz for ��c� and �f��.

TABLE IV. Results of experiments. The spatially averaged sound pressure

Applied method

2D circular array

100 Hz 200 Hz 3
1 2 1 2 1

AC 49.2 56.5 68.4 64.8 75.9
AED 68.3 66.1 84.5 67.3 77.1
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acoustic space with each control method, were measured and
are listed in Table IV. These results show that the proposed
acoustic energy difference maximization method has a desir-
able performance at the frequencies of interest. As shown in
Fig. 10 based on Table IV, the proposed acoustic energy
difference maximization method always gives a greater pres-
sure difference between the two spaces and a higher pressure
level in the first acoustic space. This implies a better effi-
ciency of radiation from the sources to the audible space,
together with evenly distributed source strength vectors
shown in Table III which means less costly implementation
with real loudspeakers although the experimental results
given by the contrast maximization method in Table IV are
considerably degraded by comparison with the monopole
simulations in Table II due to the limitations of the sound
sources.

VI. CONCLUSIONS

A multiple source control method is introduced that en-
ables the maximization of the acoustic energy difference be-

sured plane with sources controlled by the conventional acoustic contrast
ce maximization method ��d�, �e�, and �f��. The excitation frequency for ��a�

in dB scale within each acoustic space denoted as 1 and 2 are listed.

3D spherical array

z 100 Hz 200 Hz 300 Hz
2 1 2 1 2 1 2

65.7 52.7 55.2 66.1 62.7 74.5 62.6
64.5 72.4 68.9 95.8 74.0 90.4 67.1
mea
feren
levels

00 H
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tween two adjacent spaces. The proposed method is com-
pared with a previously suggested method for the
maximization of acoustic contrast. The relative performance
of the methods has been evaluated by using free field mono-
pole simulations and real experiments with a loudspeaker
array. Improvements are observed from the previous method
on the basis of various performance criteria, such as pressure
difference between two acoustic spaces, efficiency of radia-
tion and source strength distribution. In addition, a computa-
tional robustness and a reduction in errors are ensured since
the method proposed does not include any ill-conditioning
problems caused by a matrix inversion and the retrieval of its
eigenvalues and eigenvectors from a non-Hermitian matrix.
This is especially helpful when the acoustic transfer func-
tions are measured because small measurement errors in the
elements of the matrix can cause unexpectedly large errors in
the results. Experimental results also show the advantages of
the proposed method from the practical point of view. Con-
trol sources distributed in the three dimensional structure
show better performance that those in the two dimensional
case. The proposed method therefore provides a good alter-
native to the previous method in practical applications.
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FIG. 10. Spatially averaged measured acoustic pressure levels of two acous
control method, °: energy difference maximization method�.
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