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Abstract
Visualizing sound fields is important to understand them intuitively. Recently, sound field visualization using a
parallel phase-shifting interferometer (PPSI) has been proposed. This optical method can observe a sound field
instantaneously and quantitatively without placing any object inside the field. Thus, sound fields difficult for
the ordinary instruments to measure can be investigated by PPSI such as the fields inside a small cavity or air
flow. After a measurement, the observed data must be analyzed to obtain meaningful information in terms of
acoustics. However, such analysis has not been studied much as PPSI itself is a newly developed method. In
this paper, we estimate sound intensity from the data captured by PPSI. The number of the observation points
of our PPSI system is up to 262,144, where the interval between the adjacent points is 0.22 mm. Therefore,
sound intensity can be estimated densely at quite a lot of points. The accuracy of estimated sound intensity is
investigated through numerical experiments, and then real data observed by PPSI are analyzed for visualizing
the sound intensity.
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1

INTRODUCTION

Measurement and visualization of sound fields are important because they lead to intuitive understanding. So
far, various measurement and visualization methods have been proposed. For example, a visualization system of
3D acoustic intensity map using mixed reality technology has been proposed [1]. As another example, in recent
years, optical methods [2, 3] for sound fields visualization using parallel phase-shifting interferometer (PPSI)
have been proposed [4–7]. Since changes in air density due to sound change the refractive index and affect
light, it is possible to obtain sound information by using an optical system. By using an optical method, it
is possible to measure from a distance without causing sound diffraction or reflection due to the installation
of a measuring instrument. In particular, in the case of a small area near a sound source or a sound field,
due to the relatively large effect of installing a measuring instrument, a non-contact optical method is effective.
Another advantage of the optical method is that calibration is not necessary for quantifying sound pressure
if the wavelength of light and atmospheric pressure are known. Furthermore, PPSI measures multiple points
simultaneously and instantly with a high-speed camera. PPSI can measure the phase difference of light changed
by the sound, and the information can be obtained as a movie. The number of the observation points of our
PPSI system is up to 262,144, where the interval between the adjacent points is 0.22 mm, and we can observe
the sound field in a small range densely. Therefore, it is possible to observe time-varying phenomena such
as the sound field of an instrument sound. As an example of visualization of time-varying phenomena, PPSI
was used to simultaneously visualize the flow of air and sound [8, 9], which leads to the understanding of the
generation mechanism of aerodynamic noise. Therefore, visualization of the sound field using PPSI is useful in
various fields as a technology for understanding acoustic phenomena.
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In order to apply the values measured by PPSI to other studies, it is necessary to make an acoustic interpretation. In addition to visual interpretation of the observed values as they are, other interpretations can be made
by performing signal processing. However, because research by PPSI has recently started, its application using
signal processing has not been widely conducted compared with other acoustic research, and it is a field under
development [10–12]. Therefore, we aimed to acquire information that matches the characteristics of PPSI, the
visualization of sound fields.
Sound intensity, also known as acoustic intensity, is important information of sound that helps the understanding of the sound field. The sound intensity represents the power of the sound and its energy flow as a
vector quantity and has information about the direction of the sound. Therefore, even in areas where interpretation is difficult using sound pressure information alone, sound wave propagation can be further understood, and
it is useful in various fields such as sound source localization, sound source separation, architectural sound, and
so on. In fact, research has been conducted to make an intuitive understanding of the sound field by visualizing
sound intensity, not sound pressure [1]. Also, because the data of PPSI contains abundant spatial information,
it is reasonable to consider the sound intensity that can be estimated using the spatial information.
In this paper, we propose a method to estimate acoustic intensity using polynomial approximation from
acoustic data captured by PPSI. The conventional method uses the first-order difference approximation. On the
other hand, we estimate the intensity using polynomial approximation with second or higher order and using
relatively many observation points. Then, the estimation performance can be expected to be improved by the
increase of order using polynomial approximation and the increase of spatial information with multipoint observation. We perform numerical simulations to apply the proposed method to an ideal point source sound field
with noise and compare the performance with that of the conventional methods using frequency and number of
observation points as variables.

2

SOUND VISUALIZATION BY PPSI

2.1 Principle of sound visualization by interferometer
Acousto-optic interaction is characterized by the sound changing the refractive index of the medium. The relationship between the phase of light and refractive index can be written by a geometrical optics approximation:
∫
ϕ(r, t) = k
n(l, t)dl,
(1)
L(r)

where ϕ is the phase of light, r is the position vector, t is the time, k is the wave number of the light, L is
the optical path and n is the refractive index. The relationship between the refractive index and density of gas
can be written by the Gladstone–Dale relation [13]:
n−1
= const.,
ρ

(2)

where ρ is the density. Assuming that the density change of the medium due to sound is an adiabatic change,
the relationship between density and sound pressure follows
p0 + p
=
p0

(

ρ
ρ0

) γ1
,

(3)

where p0 is the pressure in static state, p is the sound pressure, ρ0 is the density in static state, and γ is the
specific heat ratio. From Eqs. (2) and (3), the relationship between the refractive index and the sound pressure
follows
(
)1
p γ
+ 1.
(4)
n = (n0 − 1) 1 +
p0
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When p is much smaller than p0 , Eq. (4) can be linearized as
n ≃ n0 +

n0 − 1
p.
γp0

(5)

From Eqs. (1) and (5), except for steady-state terms that do not depend on sound pressure, the relationship
between the phase of light and the sound pressure follows
∫
n0 − 1
ϕ(r, t) = k
p(l, t)dl.
(6)
γp0
L(r)
Therefore, the sound pressure can be obtained by observing the phase of light.
2.2 PPSI
Interferometry is a method of measuring the phase difference using light interference, and one of them is
phase-shifting interferometry that acquires multiple phase-shifted interferograms [14]. In particular, as a spatial
phase-shifting method, PPSI that can acquire multiple images in one shot has been proposed. The schematic
diagram of a PPSI system is shown in Fig. 1. The laser emits monochromatic light, which is split by the
Wollaston prism into two orthogonal linear polarizations. Then, the lights are divided by the beam splitter into
reference light and object light. The reference light is reflected by the reference surface of the optical flat.
The object light passes through the reference surface and through the measurement area. It is reflected by the
refractive surface, passes again through the measurement area. The two polarizations are combined and reflected
by the beam splitter. Then, the high-speed camera observes light whose polarization state has been changed as
interference fringes.
test section
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beam splitter

reference
surface

：lens
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Figure 1. The schematic diagram of PPSI system.

3

CONVENTIONAL METHOD

Intensity is defined as the time average of the product of pressure and particle velocity:
I(t) = ⟨p(t)u(t)⟩t ,

(7)

where ⟨·⟩t is time average. Intensity is originally a complex value, but the active intensity is generally used as
sound intensity. Therefore, only the activity intensity is considered.
3.1 p-p method
In the general case, particle velocity is determined using two or more pressures, not directly measured. Such a
method is called p-p method [15]. This method uses a finite-difference approximation of the pressure gradient
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to determine the particle velocity. Then, the particle velocity in the time domain follows
∫
1 t p2 (τ ) − p1 (τ )
dτ,
u(t) = −
ρ −∞
∆r

(8)

where p1 and p2 are the sound pressure from the two observation points and ∆r is the distance with the two
points. The average of the pressure between two observation points is used for pressure:
p(t) =

p1 (t) + p2 (t)
.
2

(9)

Therefore, the intensity is determined as
p1 (t) + p2 (t)
I(t) = −
2

∫

t

−∞

p2 (τ ) − p1 (τ )
dτ.
ρ∆r

(10)

While Eq. (10) is in the time domain, the equation in the frequency domain follows
I(ω) = −

1
Im[F1 (ω)F2 (ω)],
ρω∆r

(11)

where ω is the angular frequency, Im[·] is the imaginary part, F1 (f ) and F2 (f ) are the Fourier transforms
of the pressures p1 (t) and p2 (t), and over-line indicates complex conjugate. Then, this equation integrated in
frequency bands f1 to f2 follows
∫ f2
Im[F1 (f )F2 (f )]
1
df.
(12)
I(f1 , f2 ) = −
2πρ∆r f1
f
The method of calculating intensity using this equation is called the cross-spectral method and is equivalent to
the intensity calculated using equation Eq. (10) when integrated over the frequency band of the observed sound
field. In general, not only in the case of two observation points, Eq. (11) can be represented as
I(ω) = −

1
Im[pc ∇p],
ρω

(13)

where pc is the sound pressure at the center of observation points, and ∇p is the sound pressure gradient.
3.2 PAGE method
Recently, Thomas et al. proposed a new intensity estimation method and named the phase and amplitude gradient estimation (PAGE) method [16, 17]. This method is based on the work of Mann et al. [18] that determined
the intensity as
I(ω) =

1 2
P ∇ϕ,
ρω c

(14)

where Pc is the amplitude of pc .

4

PROPODED METHOD

The conventional methods, both the p-p method and PAGE method, use difference approximation using a firstorder polynomial in Eqs. (13) and (14) to estimate the gradients. We extend them to higher order polynomial
approximation. The N th-order polynomial model at position vector r = [x, y] follows
h(x, y) =

N N
−n
∑
∑
n=0 m=0
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cm,n xm y n ,

(15)

where c is a coefficient. Then, polynomial approximation can be obtained by solving the least squares problem
for the observed data g as
K
1∑
arg min
|gk − h(xk , yk )|2 ,
(16)
2
h(x,y)
k=0

where K is the number of observation points.
This method can extend both Eqs. (13) and (14) by substituting pressure or phase for g in Eq. (16). The
extension of Eq. (13) is written as
j
I(ω) =
p0 ∇hp (x, y),
(17)
ρω
where hp (x, y) is h(x, y) when g = p. Also, the extended Eq. (14) is written as
I(ω) =

j
p0 ∇hϕ (x, y),
ρω

(18)

where hϕ (x, y) is h(x, y) when g = ϕ.

5

EXPERIMENTS

The performance of the proposed method was evaluated by numerical experiments. Intensity estimation accuracy
is compared for angle and magnitude with different methods and frequencies. We used observation points in the
square region. The target sound field is the ideal point source sound field with a noise of 10 dB. The frequency
was varied from 2 kHz to 22 kHz at 4 kHz intervals, and the sampling frequency was 44.1 kHz. The incident
angle was 45 degrees to the estimated point, and the distance from the sound source was 31.11 mm (equivalent
to 100 adjacent point intervals). We used two values to evaluate the accuracy of the methods: the error in the
angle
Iˆ · I
θerror = arccos
,
(19)
ˆ
|I||I|
and the error of magnitude
|I|%error = 100

ˆ − |I||
||I|
,
|I|

(20)

where the hat is used to represent estimated value.
5.1 Comparison of conventional method and proposed method
Figure 2 shows the experimental results of comparison by the methods with Eq. (13). The cross spectrum
method and the proposed method with 3 × 3 channel result in almost the same for both angle error and estimate
error. On the other hand, the proposed method with 25 × 25 channel results in less error than them, regardless
of frequency, the angle error is less than 3 degree, the estimate error is less than 0.07%
Figure 3 shows the experimental results of comparison by the methods with Eq. (14). The proposed method
with 25 × 25 channel results in almost less than the other methods. however, the errors at 18 kHz are high.
5.2 Comparison by frequency with proposed method
Figure 4 shows the experimental results of comparison by the frequency with the proposed method. Regardless
of frequency, the performance of the proposed method using Eq. (13) increases as the number of observation
points used for polynomial approximation increases. In the case of 6 kHz and 18 kHz sound field, the estimated
error and the squared error of the proposed method using Eq. (14) are large than that in other cases. Therefore,
it was found that the estimated value might be worse depending on the frequency band.
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Figure 2. The intensity estimation error of the methods using the pressure gradient as a function of frequency.

Figure 3. The intensity estimation error of the methods using the phase gradient as a function of frequency.

Figure 4. The intensity estimation error with the proposed method as functions of frequency and the number
of channels. The left figure shows the results with Eq. (13). The center figure shows the results with Eq. (14)
and the right figure shows the squared errors at that time.
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5.3 Applying proposed method to real date
We apply the proposed method with Eq. (13) to estimate the intensity of the sound field of the flute. The
measuring area is 352 mm × 563 mm and Fig. 5 shows comparing the results of proposed, cross spectrum
and PAGE method. Only the intensity vector in (b) of Fig. 5 shows sound propagation from the lower left
sound source. Therefore, the estimation performance of the proposed method is better than that of conventional
methods. However, some vectors in (b) Fig. 5 point in the opposite direction to the surrounding vector. One of
the causes is that the observation data is too noisy.
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Figure 5. Reference image (a) of experiment and intensity of sound field of the flute with proposed (b), cross
spectrum (c) and PAGE method (d).

6

CONCLUSIONS

In this paper, we proposed a method using a polynomial approximation to estimate sound intensity from phase
data obtained from PPSI. The proposed method is an extension of the conventional method and can be applied
to both Eqs. (13) and (14). By increasing the number of observation points used for the approximation, we
confirmed that the proposed method is effective for noisy fields. In the case of estimation using phase information of sound, it has been found that the estimated value becomes worse depending on the frequency band. In
future research, in addition to the relationship with the frequency band, it is necessary to consider the difference
in performance depending on the shape of the observation range and the number of observation points.
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