Sound manipulation: Theory and Applications
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ABSTRACT

Sound manipulation is to control sound field using multiple sound sources for appropriate purposes. In linear acoustics, a
sound can be constructed by superimposing several fundamental sound fields such as a planewave and sphere shape sound field.
That is how we manipulate sound field. In this paper, we introduce the theory of sound manipulation and its applications from
the examples of the generation of fundamental sound field: a circle, a ring shape sound field and a planewave field.

1. Objective

Sound waves propagate in space and time. How
sound wave propagates depends entirely on the spatial
characteristics of impedance. The impedance can be
characteristic impedance of medium or the boundary
impedance that describes how the sound reflected,
scattered, diffracted, refracted, or transmitted. This
implies that we can also manipulate sound waves by
controlling impedance in space. Simple example would
be the sound waves, propagating in a wave guide, which
is bounded by a rigid wall that has infinite impedance.

If the wave guide has a rigid wall and whose
diameter is much smaller than the wave length of interest,
then the sound emitted at the one end can be heard
without any distortion at the other end of the wave guide.
This simple example implies that if we can make the
wave guide in space, then we can transmit the sound at
the place of which we want. This means that the wave
guide can generate the quite zone, where we can not hear
sound and where we can hear the sound; bright zone. To
implement this physical observation in practice, we have
to find out the way to make a wave guide in space, on
other words making rigid wall in space that we want; big

impedance mismatch in space.
\.\\\

o Viltual yave uide} V[fj
u

High pressure level

Rigid wall wave guide P _
u

~ O

Low pressure level

Figure 1. A wave guide with rigid wall (left) and a
virtual wave guide by generating impedance mismatch in
space (right)
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The impedance mismatch in space can be
accomplished by using many secondary sound sources as
illustrated in Fig. 1. In fact, Huygen’s principle or
Kirchhoff-Helmholtz  integral equation essentially
implies the method to make such impedance mismatch in
space for a selected frequency.

We can also extend this idea to make any shape of
sound field in space. For example, we can try to make a
sphere in space. In other words, the sphere with radiusa ,
and contains relatively high acoustic potential energy.
This can be achieved by using multiple sound sources
that has the desired radiation impedance at the surface
that we define (Fig. 2). We can also attempt to control
acoustic impedance in space and intensity distribution.
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Figure 2. Sound shape control in space

Having these elementary sound fields would lead us to
manipulate sound in space. In other words, we can draw
sound picture as we want in space by using multiple
sources. This is our major objective of study.

2. Problem definition
Our problem definition to implement the idea for

manipulating sound in space and time is related to
generate or make sound that we want by using finite

468 number of sound sources. The issues are, therefore,



related with the way to implement “generation of sound”
and find out the effect of “finite number of sound
sources.” The former is analogous to design a
fundamental or representative means of sound. There is,
in principle, infinite number of ways to have such sound
field. To begin with, we attempt to start with two
fundamental sound fields. One is plane wave and the
other is spherical shape sound field in space. The sphere
can have any diameter, frequency, and location. The
plane wave can have arbitrary propagation constant, in
other words, direction. Fig. 3 essentially depicts the main
idea to manipulate sound in space using these
fundamental sound fields.
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Figure 3. Sound manipulation: linear superposition of

fundamental sound fields

2.1 Generation of a sphere sound shape in

space

Figure 4. System configuration for sound shaping

As shown in Fig. 4, if we consider a sphere sound shape
in a total zone of interestV, , desired sound shape can be

expressed as
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where H is Heaviside function (|7 =7, [<a,7 €V)).
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In this case, the region satisfying the condition

|7 —7.|<a becomes a bright zone and the other

Vv

, becomes dark zone. On the other hand,

region in

the sound field induced by multiple sources is
expressed as

N
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where /1 is a transfer function between source position

Ty is a source input for a

and field position 7, s,

Lo
specific frequency, and N is the number of sources. In
this case, the average of acoustic energy for a specific
zone V is determined as a representative parameter for
the control and it is expressed as
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where R is spatial correlation matrix and § is a
source input vector. To find the optimal source input for
each source, if we <choose a cost function

P(=e, /e, ore /e) tomaximize averaged acoustic

potential energy ratio between the bright zone and dark
zone: acoustic contrast, then this problem becomes a
maximum eigenvalue problem [1].

R, 'R,s = fs 4

Obtaining the appropriate eigenvector for a maximum
eigenvalue, we can easily find the optimal source input
for a frequency and we can make a sphere sound shape.

2.2 Generation of a planewave field

For 2-dimention case, a planewave propagating on
z=0 plane can be expressed as a delta function in
wavenumber domain according to spatial Fourier
transform as shown in Fig. 5. We can also expand this
idea to 3-dimension case and this can be considered as a
wavenumber domain focusing problem or wavenumber
domain shaping problem [2]. In this case, how to get the
optimal source input for making a planewave field is the
same as the procedure previously mentioned except for
the change of domain that we are interested in:
wavenumber domain.
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Figure 5. Representation of a plane wave in space and
wavenumber domain. (left) space domain, A0: control
zone in space domain, (right) wavenumber domain,
Abk , Atk : bright zone and total zone of interest in

wavenumber domain.

3. Examples

As mentioned in problem definition, let us make
several sound fields as an example. In this case, for the
simple cases, we consider 2 dimensional sound field
generation ( z=0 plane) and use polar coordinate
system: 7, & to describe sound field. But sound sources

can be located everywhere except for the position in total
control zone.

3.1 Sound shaping: circle shape sound field
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Figure 6. Control results for circle sound shape
generation

(top left) 7 =(0,0), a=4/4
(top right) 7. =(0,0), a=A1/2
(bottom left) 7. =(A/2,0), a=A4/2
(bottom right) 7. =(A/2,-7/4), a=1/2.
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Mathematically, a circle sound shape can be expressed as

H(r-r)-H(r-7|-a)
2rwa

)

p,(Fi0) =

where 7 is (7,6).If we take acoustic contrast control

for predefined bright zone and dark zone, we can observe
whether the center of a circle and its radius are
controllable as shown in Fig. 6. In this simulation, for
every 15 °elevation angle from -90° to 90 °, 24 sources
are arranged with the equal angle difference in @ -
direction. From these results, we have obtained over
20dB sound pressure level difference between bright
zone and dark zone.

3.2 Sound shaping: ring shape sound field [3]

A ring shape sound field can be expressed as

o(r—r,)

,0)=
py(r,0) r

(6)

where 7, is a radius of a ring. In this example, 12

sources are distributed in @ -direction with the same
angle difference 15 ° for each ¢, as shown in Fig.

7(left top) and the total control zone is bounded by the
circle with the radius 1m. In Fig. 7, we can observe ring
shape field with 7, = 0.2m even though there are side

lobes, which can be reduced by adding control sources.
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Figure 7. (left top) dots: source position (left bottom)
coordinate system (right) the result of ring sound shape
generation



3.3 Planewave generation [2]
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Figure 8. Configuration of sources and zone for

wavenumber domain focusing. L,
control zone( 4,), Ad,: angle of the control direction,
¥, : distance of the sources from origin, A@ =27/ N :

N :

angular interval between the sources,
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Figure 9. (top left) Magnitude distribution of the
controlled sound field (top right) Spatial phase change
of the controlled sound field. [Solid line: desired wave
front, Dotted line: control zone)] (bottom left)Input
power distribution according to each control direction
(bottom right) Wavenumber spectrum of the controlled
sound field. [Magnitude scale is normalized by the peak
value.]
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. In this example, 12 monopole sources were positioned
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at the same distance( R, = 24 ) from the origin. Because

the listener should have the freedom to face any direction,
the sources were distributed with the same angular

distance( A@). The control zone was configured as a

plane of finite aperture Lo =A. Fig. 9 shows a

planewave field with the incident angle 4670 =18

4. Conclusions

We have introduced the theory and its applications in
sound manipulation from the mathematical formulations
and examples. We can make sound field we want with
combination of fundamental sound fields as mentioned in
the main text. Also these technologies are realistic and
the noticeable results were reported for sound focused
personal audio system [4]. In the near future, we would
experience the advantage of sound manipulation
technologies in various fields such as personal audio
system and therapeutic ultrasound.
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