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This paper extends a potential-based approach to active noise shielding with preservation of wanted
sound in three-dimensional settings. The approach, which was described in a previous publication
[Lim et al., J. Acoust. Soc. Am. 129(2), 717725 (2011)], provides several significant advantages
over conventional noise control methods. Most significantly, the methodology does not require any
information including the characterization of sources, impedance boundary conditions and sur-
rounding medium, and that the methodology automatically differentiates between the wanted and
unwanted sound components. The previous publication proved the concept in one-dimensional con-
ditions. In this paper, the approach for more realistic conditions is studied by numerical simulation
and experimental validation in three-dimensional cases. The results provide a guideline to the
implementation of the active shielding method with practical three-dimensional conditions.
Through numerical simulation it is demonstrated that while leaving the wanted sound unchanged,
the developed approach offers selective volumetric noise cancellation within a targeted domain. In
addition, the method is implemented in a three-dimensional experiment with a white noise source
in a semi-anechoic chamber. The experimental study identifies practical difficulties and limitations

in the use of the approach for real applications. © 2014 Acoustical Society of America.

[http://dx.doi.org/10.1121/1.4892934]

PACS number(s): 43.50.Ki, 43.40.Sk, 43.55.Dt, 43.55.Br [BSF]

I. INTRODUCTION

Active sound control (ASC) is a technique for altering
acoustic field to a wanted one in a given region of space by
means of an active control boundary established by control-
lable secondary sound sources. A typical problem formula-
tion for ASC involves a domain to be protected from an
external unwanted field (noise) by introducing special con-
trol sources positioned on a boundary surface. The problem
becomes more complicated if an internal wanted field is
present and completely mixed up together with the noise in
the domain. An obvious question in the case with wanted
sound is how to obtain such separate cancellation of noise
only from the total field measured at the boundary surface.
Some available noise abatement techniques, for example,
those developed by Kincaid et al.,'? require a detailed
knowledge of the sources and nature of noise. A number of
publications are also devoted to the optimization of the
strength of the spatially distributed controls in order to mini-
mize a quadratic pressure cost function.™*

In recent years, different approaches have been sug-
gested to realize real-time active noise control (see, e.g.,
Refs. 5-10). Most of them exploit the least mean square
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(LMS) algorithm. Its application becomes problematic if the
wanted sound component is present. In this case the use of
LMS requires additional information on the wanted sound.
For some applications it might be achieved via directional
measurements.”'? There have also been a few attempts to
apply the virtual sensing and surface integral control to
tackle this problem.®” All of them are based on trying to pre-
dict the wanted sound component and, therefore, are quite
limited because the wanted ingredient cannot completely be
separated from the total acoustic field.

The potential-based approach proposed can provide a
convenient universal algorithm for the ASC problem in a
quite general formulation associated with the unknown
wanted sound and also unknown boundary conditions. The
method requires no detailed knowledge of either the sound
sources or boundary conditions, including reflection coeffi-
cients that characterize the domain termination, to cancel out
only the unwanted component. If the shape of the domain is
complicated, the solution based on the developed technique
allows us to choose a convenient boundary surface. The only
input data needed for the control are the acoustic quantities of
the field measured on the perimeter of the boundary surface.
The measured quantities can pertain to be the overall field
composed of both the adverse noise and wanted sound, and
the methodology will automatically distinguish between the
two.'"!'? In the current stage of the theoretical development,
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the potential-based approach allows one to obtain the general
solution to the ASC problem for arbitrary geometries, proper-
ties of the medium, or boundary conditions.'>'*

The method developed by Jessel and Mangiante,
and Canevet,17 hereby called the JMC method, also requires
only information at the perimeter of the shielded domain for
global noise absorption when only the unwanted noise is
present in the protected domain. The main difference
between the approaches based on the potential-based method
and JMC is that only the former provides the advantages of
preservation of the wanted sound and volumetric noise can-
cellation through an entire shielded domain when the total
field composed of both the wanted sound and noise is meas-
ured at the boundary. One should note here that apart from
the JIMC, there are a number of other noise abatement techni-
ques, which provide for the cancellation of noise in selected
discrete'®'” or directional areas.”” In contrast to many other
active noise control techniques, the potential-based ASC can
naturally be realized in a discrete form'? via the Difference
Potential Method (DPM) formalism. From the standpoint of
practical implementation, this is a clear advantageous
because a realistic ASC system would require a discrete col-
lection of control sources.

In Ref. 21, the Difference Potential Method (DPM) was
employed to solve a one-dimensional ASC problem for the
linearized Euler equations. It was shown that the resulting
ASC attenuates the incoming noise while retaining the natu-
ral reverberation within an enclosure. The sensitivity analy-
sis to input errors was accomplished in Refs. 22 and 23. It
was also proven that the solution is applicable to resonance
regimes. Recently, the potential-based ASC technique has
experimentally been applied to multi-domain tests with
broadband signals in a one-dimensional enclosure (Refs. 24,
25, and 26). However, a three-dimensional implementation
is much more interesting from a practical point of view. This
issue is the primary objective of the current paper. The
unique feature of the proposed methodology to retain the
wanted sound unaffected is numerically demonstrated. The
capacity of the methodology to cancel unwanted noise across
a volume is realized in a series of laboratory experiments.
These results are another step toward developing the
approach for real applications, such as eliminating the exte-
rior engine and airframe noise inside the passenger compart-
ments of commercial aircraft, and the protection of a
predefined space against urban noise coming from the out-
side. In doing so, the controls will not interfere with the
wanted sound, such as communication among speakers in
the room. As we are in a stage of experimental investigation
of the method, a real-time control system has not been
implemented. The overall system is assumed to be linear
time-invariant and exactly repeatable. In addition, the con-
trol outputs are supposed to be accurately separable from the
input data. The experiments confirm that the potential-based
ASC method, validated in one-dimensional conditions,zz’25
can be extended to cover full three-dimensional acoustic
conditions and achieve global noise cancellation while pre-
serving the wanted sound.

For completeness of the presentation, the relevant theo-
retical findings from our previous work are summarized in
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the first part of the paper. The practical limitations of the
method used for ASC are clarified and the current difficulties
which require further work for real-time applications are
also discussed.

Il. POTENTIAL-BASED ACTIVE SOUND CONTROL
TECHNIQUE

The approach to ASC is based on surface potentials
which can be considered in discrete and continuous formula-
tions.”>?” In contrast to standard techniques, this approach
allows the existence of wanted sound in the protected domain.

Assume that the propagation of sound is governed by
the following equation:

LU =S, (1)

considered on the domain Dy. In particular, Eq. (1) can rep-
resent the Helmholtz equation or acoustics equations. The
boundary conditions for Eq. (1) are formulated implicitly as
the inclusion

U e Up, )

Here, Up, is a linear space of functions such that the solution
to problem (1), (2) exists and unique.

In order to consider the discrete formulation of the ASC
problem, some grid in the entire space is introduced. The
nodes belonging to the domain to be shielded form set M,
while the other nodes represent set M~ (see Fig. 1). The total
combination of the nodes gives us the set M". The primary
acoustic sources can either belong to M " or to its exterior
M. In this formulation, wanted sound sources Sy are inside
M, while sources S, situated outside M, are considered as
“unwanted.”

In the discrete formulation of the ASC problem it is
required to find such additional sources that the total field
from the primary and secondary sources coincides with the
wanted sound on grid set M.

The boundary value problem (1), (2) is assumed to be
approximated by the following:

LhU(h) _ S(h)

|m [m >

U eyl 3)

2y >

FIG. 1. Finite difference ASC problem, I': boundary, M™: discrete counter-
part of shielded domain, and M": MO\M*.
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Suppose that the right-hand side in Eq. (3) consists of wanted

: (h) (h) _
and unwanted primary sources S, and S, as well as con
trols G,

St = s 4 s 4 GO,

The general solution to the foregoing finite-difference AS prob-
lem can be obtained via the theory of difference potentials

G" = —(M)L,V™W, (4)

Here, 0(M) is the indicator function equal to 1 on the set M
which includes the grid boundary, and equal to 0 anywhere
else.

In formula (4), V% is an arbitrary function such that

v = g (5)

on the boundary I', where V ¢ Uf)h ). In practice, the grid
function Ul(-h) can be measured.

As shown, e.g., in Ref. 14 for the ASC solution, it is suffi-
cient to have an access only to the trace of the total acoustic
field on the boundary I'. In other words, no knowledge of the
actual sources (wanted and unwanted) is required. Thus, such
active controls are more practical than controls determined by
only unwanted field, which may not be separable from the
wanted sound. This capability is potentially very useful for
applications related to noise control and room acoustics, as it
enables protection of the predefined space against the noise
coming from the outside, while at the same time not interfer-
ing with the ability of the listener to listen to wanted sound
from different domains or communicate across the rooms.

To demonstrate the meaning of controls (4), assume that
the governing equation in (1) is represented by the Euler
acoustics equations with

0

51; + pCZVu = Pé‘zqwz +f}1;

ou V b,

S 6)
o p p

Here, f,, and f, are source functions for the continuity and
momentum equations, respectively.

In the continuous space, the counterpart of control (4) is
given by (see Refs. 21 and 28)

Gvol = un(r)é(r)v

byor = fip(I')6(I). Q)

Here, 77 is the external normal to the boundary I" of the pro-
tected domain, o(I") is the delta-function assigned to the sur-
face I', u, is a normal component of particle velocity to I,
p(I) is acoustic pressure. The values of both u,(I") and p(I')
can be obtained from measurements on the boundary, and
they normally correspond to the total sound field composed
of both the unwanted and wanted components.

Note that if the wanted sound is absent, then the ASC
solution will be equivalent to that given by the JMC
method.'®** It appears that the JMC solution applies to a
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broader range of conditions than the one under which it was
originally derived (see Refs. 15 and 30). In particular, it is
not limited by unbounded domains without wanted sources.
However, if the wanted sound is present then the JIMC-based
approach cannot be applicable if the controls operate on the
basis of the total field from both primary and secondary
sources.

Finally, it is worth noting that even though we have ex-
plicitly obtained the control sources, their subsequent opti-
mization or due allowance for diffraction effects may
require the solution of an additional problem (see Ref. 31). If
the shape of the protected region is complicated, then the
unique capability of the DPM to efficiently resolve the geo-
metric attributes becomes very important.

lll. NUMERICAL SIMULATION
A. Noise shielding

The general solution (7) is applicable in the general case
of full 3D flow field in theory. As shown in Ref. 31, to obtain
the ASC solution based on difference potentials in bounded
or unbounded domains, one needs to know only the normal
component of the particle velocity at the control boundary of
the shielded domain.

The following simulation case is done in a square duct
which is perfectly rigid to allow no energy losses through
the duct walls. The duct is 4m in length and 1 m in width
and height for the inner cross-section. The shielded domain
is defined to be three times longer in length than the height
of the square control surface, so that the measurement can
show clearly the effectiveness of the cancellation at positions
far away from the control sources. As illustrated in Fig. 2,
the noise source is situated outside of the duct at 1 m away
from the open inlet of the duct, whereas the shielded domain
stretches from the control surface “A” all the way to the left
end. The size of the domain is 3m in length. The noise
source is placed off center outside the duct to generate a
three-dimensional sound field more effectively. The system
can be either with or without a wanted sound. On the control
surface four discrete control units each consisting of a dipole
and a monopole source, are used.’” Theoretically, it has been

< anechoic boundary condition

* frigid walls S

_--noise source

2 -
control sources 2

FIG. 2. Configuration of the numerical model for ASC in an anechoic space.
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shown that at least four control units are required (three per
wavelength in each direction) for three-dimensional ASC to
achieve a level of 40dB attenuation on a relatively simple
active boundary surface.>

For effective attenuation the distance between sources is
recommended to be less than 4/2.** That is, the wave length
should be longer than twice the diagonal distance of the
sources, which translates into

c
<z
! 2L

here L is a diagonal distance of the sources, i.e., \/2/_3 in
Fig. 3. Hence, the range for the test frequency should be
f<210Hz in the simulation. In addition, the size of the dis-
crete surface element (effective surface area of each source
unit), i.e., 1/4 m? in Fig. 3, should also be smaller than
2% /4n.*33% This implies a further condition that f< 194 Hz
in our particular test case. However, to ensure that a three-
dimensional sound field is produced in the simulation, a test
frequency of 250 Hz is chosen. This is higher than the cutoff
frequency of the (1,1) mode of the square duct, so that the
higher order (1,1), (1,0), and (0,1) modes as well as the fun-
damental mode will all be excited. The frequency is higher
than the upper bound frequency of 194 Hz that was derived
from the set-up of the control sources, which means that the
effectiveness of the control may be reduced. However, it is
more important here to use a higher frequency to demon-
strate the three-dimensional applicability of the method. The
one-dimensional effectiveness of the method has already
been demonstrated in our previous publication.”” The num-
ber of control sources is kept to four in the numerical simula-
tions as that coincides with the number of controls used in
the experiment in Sec. I'V.

In practice, to maximize the efficiency of attenuation in
3D space, the optimum distribution of the control sources on
boundary surfaces has to be defined. Optimization of the
control sources with respect to different criteria has been
studied by Loncaric and Tsynkov in Refs. 36 and 37. The

Control ;

Control

Control 3

FIG. 3. Optimized positions for the distribution of the controls on a square
plat boundary surface where the reference point is defined to be in the center
of the square.
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distribution of four sets of controls on a square boundary sur-
face can be optimized by putting each set at a position deter-
mined by the length of each edge times 1/+/3 in Fig. 3.

At each control point on the boundary surface the total
sound pressure and particle velocity of the initial sound are
measured before calculating the ASC solution. Based on the
measurement the ASC solution, (7), defines the strength of
control sources which are also situated at the measuring
point. When the proposed solution is applied, the result
shown in Fig. 4(a) and 4(b) confirms that it is able to cancel
the unwanted noise through the entire shielded domain. In
the figure, the sound pressure is shown along the cross-
sectional x-y plane of the duct. The attenuation estimated by
the simulation is from 30 to 68 dB when the controls are acti-
vated on the control boundary at 250 Hz. In the simulation
the propagation of unwanted noise is clearly not unidirec-
tional because of the three-dimensional reverberation. The
simulation confirms that the method is applicable to such
reverberant cases in 3D space.

Figure 4(a) and 4(b) also shows the important point that
the initial sound field does not change outside of the shielded
domain, where x > 0.8 or x < —3m, while the controls are
activated. This particular feature is potentially very useful
for real time realization of the control system, since the noise
field without the controls can be measured directly outside
the shielded domain but in the close neighborhood of the
boundary even when the controls are on. Moreover, this
shielding method can be seen as a safer method since the
sound field remains the same (and not increased by the con-
trols) outside the domain while the ASC solution is applied.

The result of the sound pressure distribution on the x-y
plane illustrated in Fig. 4 shows that the whole aimed do-
main is shielded when the controls are switched on. This
ability of global noise cancellation and preservation of
wanted sound based on the method has been theoretically
proven in Refs. 14 and 21.

B. Preservation of the wanted sound

To demonstrate the distinct capabilities of the potential-
based noise control methodology further, an additional simu-
lation is carried out in which a wanted sound source is
placed inside the shielded domain. For the study the same
configuration of the numerical model illustrated in Fig. 2 is
used except the addition of a wanted sound source situated at
the position x =—3, y=—0.5, z=—0.5 to generate a wanted
sound component inside the shielded domain as shown in
Fig. 5. Again, we assume that the noise, the wanted sound,
and the properties (e.g., reflection properties) of the walls are
unknown.

The control sources for ASC are placed on the boundary
surface of the protected volume. In order to determine the
strength of the control sources, the sound pressure and parti-
cle velocity of the total acoustic field (the sum of the adverse
noise and wanted sound) are measured at the boundary.
Then, the strength of the acoustic monopole and dipole is
derived as shown in the above section using Eq. (7). The key
point is that there is no need to distinguish between the
wanted sound and the noise explicitly in the measurements.

Lim et al.: Three dimensional active noise shielding
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FIG. 4. Sound pressure distribution (a) of noise and (b) of the sum of noise and control output at 250 Hz on x-y plane, where —4 <x <3, -2<y<2,z=01in

3D space.

This is possible because the sources of the wanted sound and
unwanted sound are on different sides of the boundary of the
shielded domain. The measurement of the particle velocity
at the boundary is able to capture this information inherently.
When the control devices are applied, the dipole source pro-
vides the necessary directional element that allows the can-
cellation of sound from outside the shielded domain (the
unwanted sound) but not from the inside (the wanted sound).
Figure 5 illustrates the general configuration of the simula-
tion model on the x-y plane with sound pressure distribution
when the controls are turned off.

Figure 6 illustrates the sound pressure distribution, at
250Hz, in the case described above in Fig. 5. The light and
shade in Fig. 6(a) show the initial sound pressure when the
noise and wanted sounds are both switched on, while the con-
trol sources are still off. Figure 6(b) represents the net sound
pressure field when the noise is canceled out after the activa-
tion of the AS control sources. For comparison, the original
wanted sound is separately measured at the same reference
position when both the AS control and unwanted noise sour-
ces have been turned off. This is shown in Fig. 6(c). The result
upon shielding and the original wanted sound along x axis
(y =0) in the shielded domain are overlaid in Fig. 6(d) to give
a clearer view. Obviously, when the unwanted noise becomes
stronger relative to the wanted sound, the error between them
increases due to the decrease in signal to noise ratio.

wanted sound source

L noise source
rigid walls

2

measuring surface

anechoic boundary conditions

FIG. 5. Configuration with unwanted and wanted sound sources in a 3D
space on x-y plane.
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However, even at a signal to noise ratio of —10dB, the ampli-
tude error has been reported to be theoretically less than 1 dB
in the authors’ previous study on one-dimensional AS prob-
lems.* Fig. 6(d) shows the similarity between the original
wanted sound pressure—and the result ¢« when the controls are
switched on. In the simulation, a challenging condition is set
up by introducing a significantly bigger unwanted sound pres-
sure than the wanted one (about 10dB higher), so that the
results can give a reliable guidance of the attenuation that can
be achieved in practice when the wanted sound has been seri-
ously contaminated by strong unwanted noise. Figure 6(d)
also shows that, on the whole, the total sound field with the
potential-based control sources resembles closely the original
wanted sound field at each measuring position everywhere in
the shielded domain.

The similarity between the net sound field shielded by
the AS control sources and the original wanted sound field is
also evaluated by the cross-correlation of the two results.
When the AS control sources are switched on, the cross-
correlation of the wanted sound and the shielded total sound
pressure (unwanted noise, wanted sound, and sound field
with the controls) is 0.998. The ideal cross-correlation of
two identical signals is 1.0. This is almost achieved in the
simulation, which shows that the shielded net sound field
with the controls on matches the original wanted sound field
very well. The numerical simulation clearly proves that
wanted sound can be very effectively protected by the active
controls based on the proposed method even in a three-
dimensional problem where both wanted sound and
unwanted noise are unknown, while noise is significantly
suppressed by the AS control sources.

IV. EXPERIMENT

The performance of the active shielding technique in
three-dimensional is tested in an experiment. The solution
for the ASC problems either with or without the wanted
sounds has previously been experimentally validated in a
one-dimensional duct, and the results were reported in Refs.
22 and 25. Following those works, this experiment extends
the methodology to a three-dimensional problem. In the
experiment we concentrate our effort in a case without
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FIG. 6. Sound pressure distribution in a space, where —4 <x <3, =2 <y <2, z=0 at 250 Hz: (a) the sound pressure of noise and wanted sound without con-
trol, (b) shielded total sound pressure (the sum of noise, wanted sound and control output), (¢) wanted sound pressure, and (d) —: wanted sound pressure, and

e: shielded total sound pressure along x axis (y = 0) in the shielded domain.

wanted sound in a three-dimensional space. For the three-
dimensional case, two-dimensional arrays of actuators and
microphones are required on the boundary surfaces to realize
the shielding of a given volume. The key factors investigated
in this realization of the three-dimensional ASC are the
physical size, number, and positioning of the control sources
(actuators) and monitoring microphones. In the experiment
they are optimized in order to achieve the best noise cancel-
lation in the shielded domain. The experimental model stated
in this section is accurately designed and tested. It is based
on the difference potential theory which is studied in Sec.
III. For example, source positions, measuring method, and
the number of controls are strictly defined using the original
theory.

The sound generation system consists of loudspeakers,
power amplifiers, digital signal processing (DSP) modules,
and a PC with multi-channel sound cards. The audio data
measured on the active surfaces are fed into the control sys-
tem through an Alesis Digital Audio Tape Protocol (ADAT)
converter first. The converted data are sent to a Multi-
channel Audio Digital Interface (MADI) converter. After all
these conversions, the resulting data are stored in a computer
through MADI card and can be used for further DSP manip-
ulation. The data received in the computer are then incorpo-
rated into the ASC algorithm together with the calibrated
loudspeaker transfer functions and directivity to generate the
desired sound signals, which are then saved as phase-
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synchronous audio data files, which can be played back
using a multi-channel audio editor. In the system, after the
filtering process the signals are led to the ADAT matrix
which splits them to provide each input channel of a render
with an output signal. After played back by the render, the
separate audio signals are converted to MADI and sent to the
MADI-ADAT converter via RME HDSP sound cards with
64 channel outputs in MADI format and then ADAT-audio
converter successively.

To estimate the actual accuracy of the control system
in the experiment, the phase error in degrees between the
input signal and the DSP apparatus is determined through a
set of preliminary measurements. Figures 7(a) and 7(b)
show such an error measured over a range of frequencies
up to 1.5 kHz with swept sine excitation. The results shown
in Fig. 7(a) demonstrate experimentally that the error in the
control system at the frequencies chosen for the test, i.e.,
above 90Hz, is largely below 0.15 degrees in phase.
Therefore, according to the theoretical sensitivity analysis
reported in the earlier publication Ref. 23, an AS system
with these errors should allow us to achieve about
50-55dB attenuation.”” This is indeed consistent with the
attenuation we obtained in the numerical analysis. The cor-
responding time delay error, which can be caused by the
DSP apparatus, is below 8 usec. if the frequency is above
60Hz in Fig. 7(b). This has been measured at a sampling
frequency of 44.1 kHz.

Lim et al.: Three dimensional active noise shielding
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The sound generating system consists of loudspeaker
arrays and power amplifiers. A driver is chosen to guarantee
good stiffness, dynamic stability, and low distortion degree.
The driver shows a quite stable linear frequency response
especially in the test frequency range, i.e., below 500 Hz.
The sensitivity errors of each driver are about 1dB in the
range between 90 and 250 Hz and about 3 dB between 80
and 1500Hz. A —3 dB cut-off frequency and the resonance
frequency appear at 80 Hz. The sensitivity of a driver is
82 dB at 2.83 v/1 m. The effective piston area of the driver
is 0.003 m% Each set of the control is designed with a
dipole and monopole source. In addition, a loudspeaker is
also used as an external noise source. Each secondary
source set is constructed with thick medium-density fiber-
board (MDF) enclosures and clamped directly on the
supporting metal bar.

A shielded domain is defined in a cube with 1.5m in
each side length. The three sides of the domain are terminated
by two rigid walls and a floor. The other sides are acoustically
transparent and allow propagation of three-dimensional sound
fields through them. The cube sits on the floor of a semi-
anechoic chamber. In this setup the effect of reflection on the
walls does not need to be considered separately as it is consid-
ered automatically.'**! This capability belongs to the original

/ semi anechoic ch(nn%

control sources

1igid walls

| =

[
|
1
[
[
1

nature of the method. Therefore, we believe that the method
is practically applicable in a wide range of applications even
with randomly incoming reflected sound.

To make the experimental model more general, and to
take advantage of the potential-based method’s ability to work
without precise knowledge of system conditions, the acoustic
properties of the walls and floor are not known in the experi-
ment, and are not needed in the potential-based approach. To
generalize the experiment further, the position of the noise
source is supposed to be unknown. The noise is generated by
a broadband white noise signal containing an equal amount of
all frequencies in the range between 50 and 250 Hz. Figure
8(a) illustrates the positions of an unwanted noise source out-
side of the domain and control sources on the boundary surfa-
ces. Figure 8(b) shows the general configuration of a two-
dimensional active boundary surface consisting 12 control sets
arranged at the control points in the realization.

The direction of the dipole source mounted on the bound-
ary defines the inside and outside of a shielded domain. For
this reason the direction of the dipole source must be perpen-
dicular to the boundary and pointed out from the shielded do-
main. The sound pressure and particle velocity are measured
on the perimeter of each control source set. The distribution
of four sets of controls on a square boundary surface can be

FIG. 8. Experimental setup.
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optimized by putting each set at a position determined by the
length of each edge times 1/+/3 (see Fig. 3). The measured
values, adjusted for the transfer-function of the signal genera-
tor, are used to calculate offline the control source signals
based on the difference potential theory.

In the measuring process, before obtaining the ASC sol-
utions for a given problem, directional and non-directional
components of the sound field are measured using a B&K
PULSE Sound & Vibration analyzer with the control sources
off. The former is the normal component of the particle ve-
locity u,, and the latter is the acoustic pressure p,, of the total
field at the boundary. Then, the directional component meas-
ured defines a non-directional control source which is a
monopole. The non-directional component measured is used
to define a dipole control source which is directional.

The source strengths of the controls b and ¢ normalized
to the reference signal V,..; are

ﬁ(}AS (ﬁDﬁ)AY

[;:
Hy '’ H,,

®)

Here b =b/V,op, § = qIVrefs Po = Dol Vier, and ity = o/ Vyof . Ay
is a surface area element, H, is the transfer-function of the
dipole source signal generator, H,, is the transfer-function of
the monopole source signal generator, and 77 is a unit normal
vector on the boundary surface in Eq. (7). Then, the control
source signals are saved as phase-synchronous.wav files which
can be played back using a multi-channel signal generator.

A typical example of the ASC results based on difference
potentials in a three-dimensional space is shown in Fig. 9. To
test the capability of the method in practical cases, a white
noise source is used in a room to generate a three-dimensional
sound filed in the experiment.

The listening position is located at the middle of the
shielded domain surrounded by the three active surfaces and
three hard walls. The distance between each control source
on a surface is 2/3 x 1.5 m. The frequency range is limited to
below 250 Hz in the experiment due to this distance between
control sources on each side of the cube.

The rigid line in Fig. 9 shows the initial sound pressure
distribution when the noise is activated, while the control sour-
ces are still off. The dotted line represents the distribution of
the net sound pressure when the noise is suppressed by the con-
trols. When the control sources are activated, the control sys-
tem attains attenuations of around 5 to 13dB in the middle of
the shielded domains at the frequency range of 80 to 220 Hz.

Because of the difficulty in dealing with a number of
bulky control sources and the complexity of three dimen-
sional sound fields, the result in this section shows lower ef-
ficiency in the overall attenuation, when compared with the
result achieved in a one-dimensional experiment and
reported in the previous publication, which was around 15 to
20 dB.** One of the main reasons can be found in the design
of the experimental model. That is, the control sources them-
selves cause disturbances to the sound fields. These distur-
bances near the active boundary surface were not considered
in the design of this experimental model.

Near 150 Hz, the control sources are about multiples of
a 3/4 wavelength from the hard surfaces where the sound
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FIG. 9. Plots of the result.

pressure is low. As a result, the output of the controls
becomes very small and noise shielding is not effective near
this particular frequency (see Fig. 9).

The experiment demonstrates that the potential-based ASC
automatically extracts all the necessary information about the
system and the unwanted noise itself from the measurements
performed at the boundary surface. The experiment proves the
potential possibilities of suppression of unwanted noise by the
active controls based on the proposed method even in a three-
dimensional space, although significant challenges remain in
how to account for the presence of the control sources.

V. CONTROL OUTPUTS

The proposed approach in this paper can be realized pro-
vided that the contribution of the control sources to the input
data can be separated. A natural question to follow up is if
the solution can still be obtained without such separation in
practice. Two simulated cases are examined to answer this.

Figure 10 shows the case when there is no wanted sound.
The result shows that the contribution of the controls vanishes
everywhere outside the domain in Fig. 10(b). The key factor is
the direction of the dipole source defining the inside or outside
of a domain. The output of the dipole source at the control
point exactly cancels any monopole source contribution out-
side the shielded domain. However, inside the domain the sign
of the dipole source is reversed, and the combination of the
dipole source and monopole source produces the sound field
that is 180 degrees out of phase with the noise and cancels the
noise inside the domain [compare Figs. 10(a) and 10(b)].

Therefore, the contribution of the dipole and monopole
sources based on solution (7) in the absence of any wanted
sound is summarized as follows:

Pm + pa(q—) = —pa, inside shielded domain

and

Pm + pa(q+) = 0, outside the domain.
Here p,, is the pressure of adverse noise.

Lim et al.: Three dimensional active noise shielding
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FIG. 10. Sound pressure distribution of (a) noise and (b) control output without noise in a space, where —4 <x <3, =2 <y <2,z=0 at 250 Hz.

In cases where there is no wanted sound to be preserved,
as in Fig. 10(b), the simulation result shows that the controls
do not make any additional sound field anywhere outside of
the shielded domain. Hence in this case, it could be possible
to measure the sound field without the controls near the out-
side boundary of the shielded domain even when the controls
are on.

In a further simulation, wanted sound pressure with
magnitude twice that of the unwanted noise is introduced
into the space, so that the output of the controls can be

investigated to show its relationship with either the wanted
sound, noise or none of them in each domain (inside, or out-
side the shielded domain). In the shielded domain the same
conclusion of Fig. 10 is applicable to the case with wanted
sound, as illustrated in Fig. 11. The plots shown in Fig. 11
are brought from the result described in Sec. III B. Figure 11
shows that the output of the controls produces the sound field
180 degrees out of phase with the noise inside the domain ei-
ther with or without a wanted sound. However outside
shielded domain, unlike the conclusion of the case without a
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wanted sound, the output of the controls now duplicates the
wanted sound field. It makes the sound outside the shielded
domain to be 6 dB louder after the controls are switched on.
Hence, even in the case with wanted sound, it may still be
feasible to deduce the sound field without contribution from
the controls by having the value of the measured sound field
near the outside boundary of the shielded domain when the
controls are on.

The results above show that it may be possible to deter-
mine the original sound field without switching off the con-
trol sources, which could then lead to a real time realization
of a practical adaptive active shielding methodology. A
proper mathematical framework for this will be developed in
a further work.

VI. CONCLUSIONS

The practicality of active shielding based on the method
of difference potentials has been demonstrated and validated
with broadband acoustic sources in a three-dimensional
space. It has been shown that attenuation of around 12dB
has been achieved in the experiment in a large volume of a
shielded domain. Apart from the practical difficulties associ-
ated with the realization of control source arrays on the
boundary surface, the results of the experiment and numeri-
cal analysis show that the method can provide an effective
solution in a three-dimensional space through a broadband
spectrum of low frequencies.

The physical size of the control sources has been considered
as one of the reasons that limit the performance of the system.
This is a common problem in most existing active control meth-
ods. The size of a control source is still a factor restricting the
effective frequency range for suppression of noise. In addition to
the suppression of noise, the proposed method has been shown
through numerical simulations to effectively preserve the
wanted sound separately from the total fields composed of noise
and wanted sound, in three-dimensional spaces where the sys-
tem characteristics are not known. The results clearly demon-
strate the potential advantages of the method under these
extended experimental conditions. All the current set of experi-
ments has been limited to a non-real-time control system. The
proposed approach has only been tested in experiments where
the contribution of the control sources can be completely sepa-
rated. However, the numerical simulation and theoretical studies
have shown that, in cases where there is no wanted sound, the
proposed approach in its present form can be applicable in real-
time system since the noise field without the control outputs can
be measured directly in the close neighborhood of the boundary.
In cases with wanted sound, additional on-line calculations will
be required for the separation of control outputs from input data.
Future research will focus on the development and study of the
real-time active control, and on the extension of the method to
the case with three-dimensional wanted sound field.
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NOMENCLATURE

b,  Force per unit volume
¢ Speed of sound

L  Operator
@vo:  Volume velocity per unit volume
t Time

u Particle velocity
p  Air density

SUBSCRIPTS

a Adverse sound (noise)
d Dipole

m  Monopole

|m  Value at node m

D  Value in a domain D
h  Discrete counterpart

SUPERSCRIPTS

™ Discrete function
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