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Experimental and quantitative evaluation of frequency
modulation caused by Doppler effect around high-speed
moving sound source

Mariko Akutsu,"#? Toki Uda," and Yasuhiro Oikawa®
'Environmental Engineering Division, Railway Technical Research Institute, Kokubunji-shi, Tokyo 185-8540, Japan

’Department of Intermedia Art and Science, Waseda University, Shinjuku-ku, Tokyo 169-8555, Japan

ABSTRACT:

High-speed train noise remains a wayside environmental issue. For accurate noise prediction, the characteristics of a
moving sound source must be revealed. In this work, the frequency modulation of sound waves emitted from a high-
speed moving sound source was experimentally investigated. In the experiment, the sound field around a running
train model emitting a 40 kHz pure tone was measured by an optical measurement technique, parallel phase-shifting
interferometry, which can visualize instantaneous sound fields. For quantitative evaluation, a lens distortion correc-
tion was also developed and adopted for the visualization results. From the measured result of a sound source mov-
ing at a running speed of 280 km/h, the frequency modulation, known as the Doppler effect, was observed, and the

measured frequency agreed well with the theoretical values. © 2023 Acoustical Society of America.

https://doi.org/10.1121/10.0022537
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[Editor: Andi Petculescu]

I. INTRODUCTION

Railway noise remains a wayside environmental issue.
In Japan, the government has imposed environmental qual-
ity standards for the Shinkansen superexpress railway
noise,1 in which the maximum noise levels of Shinkansen
wayside noise were set.? In planning new railway lines and
increasing running speed, proper noise prediction is neces-
sary. Since railway noise sources are distributed along rails
and propagate as multiple moving sound sources, under-
standing the characteristics of moving sound sources allows
us to achieve accurate noise prediction and efficient counter-
measures. Thus, developing a noise prediction method
according to various vehicles and geometries of railway
structures is important. The Railway Technical Research
Institute, Japan (RTRI), has developed a noise prediction
model considering the effects of the heights of noise barriers
or viaducts, etc. In this model, sound sources are assumed
as lined omnidirectional point sound sources. Other than the
Shinkansen railways, a guideline of railway noise for the
reconstruction of conventional Japanese lines was also
established by the government.* For conventional lines, a
noise prediction model with line sound sources’ and point
sound sources® was proposed.

In the European Union (EU), the European Directive of
Environmental Noise (2002/49/EC)’ requires a noise map of
primary noise, including railway noise, which is assessed in
an equivalent noise level.® To achieve the directive, a noise
assessment method known as CNOSSOS-EU was
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developed.” In this method, railway noise is assumed to be a
line source.

In both the Japanese and EU noise prediction models,
noise sources are assumed to be stationary: i.e., the effects
of moving sound sources are ignored. In general, when a
sound source is moving, the wavelength of the sound waves
emitted in the forward direction should become shorter,
while the wavelength of those emitted in the backward
direction becomes longer. As a result, the frequency of the
sound is modulated depending on its speed, known as the
Doppler effect. At the same time, the amplitude of the sound
also varies in this situation.'® Previous studies on those
properties of the sound emitted from a moving sound source
have been conducted. Doi investigated the noise levels of
time series influenced by the time constant and the speed of
the sound source.'' Tsuru e al. simulated the distributions
of a moving sound source with digital signal processing.'?
Furthermore, Duhamel proposed a three-dimensional calcu-
lation method for sound propagation, which offers less cal-
culation time upon the expansion of a two-dimensional
analysis."> Applying Duhamel’s method to a moving sound
source, Ogata estimated the insertion loss of noise barriers,14
and Nakajima assessed numerical calculation errors.'
Considering these findings about the moving sound source,
Makino revealed that both the maximum noise level
(Japanese assessment) and the equivalent noise level (EU
assessment) of moving sound sources are larger than those
of stationary sound sources,'® indicating that these predic-
tion models still have room for improvement by considering
the effect of moving sound sources. The aforementioned
previous studies related to a moving sound source are almost
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all theoretical or numerical simulations, and very few exper-
imental studies have been conducted because employing
real-time measurement methods of the two-dimensional
(2D) sound field is difficult. Although applying the theoreti-
cal Doppler effect would be the simplest way in implement-
ing the moving effect, in an actual train, the boundary layer
formed around train vehicles could affect the sound field.
This effect of the boundary layer is complex and
remains unclear. Thus, as a first step towards understanding
the actual sound propagation, we studied the visualization
of the sound field around a moving sound source
directly.'”?

Many optical methods have been proposed for visualiz-
ing the flow field, such as shadowgraph, schlieren method,
background oriented schlieren method, and interferome-
try.?>?! Optical measurement methods are currently being
developed to measure airborne sound. The principle is as
follows. When a laser light passes through the sound field,
the phase of the laser light is affected by variations in the
density of air (i.e., sound). This interaction between the laser
light and sound is known as the acousto-optic effect. For
example, the schlieren method, which is used for flow visu-
alization, can also be utilized for qualitatively visualizing
small density variations caused by audible sound after image
processing.22 In particular, ultrasonic waves with high-
pressure gradients can be visualized in real time.”> Other
than the schlieren method, the Fraunhofer diffraction
method** and a laser Doppler vibrometer® >’ were pro-
posed for measuring airborne sound. Interferometers, which
measure air pressure fluctuations based on the phase differ-
ence between the reference laser light and object laser
light,® ! have been studied for sound field measure-
ments.*>>* Parallel phase-shifting interferometry (PPSI) was
also proposed for measuring sound. By utilizing a Fizeau-
type polarized interferometer and a high-speed polarization
camera, this methodology can measure the instantaneous
sound field where the interferometer’s laser passes
through.**™*' PPSI offers two merits: phases can be
recorded highly accurately and quantitively since the high-
speed polarization camera with multipolarization (four
polarizations in this study) records the data at the same
time, and instantaneous two-dimensional information can
be captured with a single shot using a high-speed polariza-
tion camera.

In this paper, we experimentally investigated the fre-
quency modulation of the Doppler effect around a moving
sound source. To obtain the frequency distribution, PPSI
was used for measuring the sound field. We also propose a
lens distortion correction method to quantitatively evaluate
the visualization results obtained using PPSI. The results
showed that modulated frequencies agreed well with the the-
oretical values.

The rest of the paper is organized as follows: In Sec. II,
we describe the acousto-optic measurement system, i.e.,
PPSI. In Sec. III, we explain our measurement setup for a
high-speed moving sound source. In Sec. IV, we propose a
lens distortion calibration method. Finally, in Sec. V, the
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measured frequencies are discussed, and the conclusions are
presented in Sec. VL.

Il. PARALLEL PHASE-SHIFTING INTERFEROMETER

A. Relationship between light phase and sound
pressure

At position r and time ¢, the refractive index, n, changes
with the air density. The refractive index is described by the
Gladstone—Dale equation**** as follows:

n(r,t) =K(pg+p) +1, (1)

where p, is the air density in the atmosphere, p is the fluctu-
ation of the air density, and K is a constant, which depends
on the type of gas and the wavelength of light. Under adia-
batic change, the relationship between air density and sound
pressure is expressed in terms of the specific heat ratio, y, as
follows:

p+po _ <P+Po>y )
Po Po '
and deformation to
p 1/y
p+po=po<1+p—0> ; )

where pg is the atmospheric pressure, and p is the sound
pressure. Substituting Eq. (3) into Eq. (1), we obtain

p 1/y
n(r,t):KpO(l—i—p—O) + 1. %)

Considering that the refractive index in the atmosphere
is np = Kpy + 1, the following equation is obtained from
Eq. (4):

p 1/7
n(r,t):(no—l)(1+—) +1. 5)
Po

Using the Taylor expansion, the second parentheses of
the right can be described as

1
1/y <__1> 2
(1+£> :1+£+ yzy <£> + .. (6)

Po TPo Po

In general, atmospheric pressure is much greater than
sound pressure; thus, only the first two terms in Eq. (6) are
non-negligible. The relationship between refractive index
and sound pressure is expressed as

no — 1

n(r,t) = ng + (W>p(r, 1. @)

Using the optical path length, ¢, which is the integra-
tion along the path of the spatial line element, ds, the differ-
ence in the light phase, ¢, is obtained by
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o(rt) =kp = kJ n(r,t)ds, 8)

L(r)

where k is the wavenumber and L is the propagation length
of the laser light. Substituting Eq. (7) into Eq. (8), the fol-
lowing equation is obtained:

no—l

ds + k( ) J p(r,t)ds. )
YPo L(r)

By replacing the integrated sound pressure,
fL(r) p(r,t)ds, with p;(r, 1), Eq. (9) can be rewritten as

o(r.t) = knOJ

L(r)

no — 1
YPo

o(r.t) = knOJ

ds + k(
L(r)

)pL(r, 1). (10)

From this equation, the integrated sound pressure is
given by

pu(r.t) = %qﬁ(n )+ Coc, (11)
Coe = —po—22 j ds, (12)
no — 1)

where Cpc is a time constant.

B. Measuring system using PPSI

As described by Eq. (11), the integrated sound pressure
can be determined from the phase change of light. In this
study, we utilized a phase measurement system, PPSI, which
combining a parallel phase-shifting interferometer with a
high-speed polarized camera for measuring the sound field.
Figure 1 shows the schematic of the PPSI. First, the laser
light is split into two orthogonal polarization lasers at the
Wollaston prism. These lasers are expanded circularly and
split into two lasers, reference and object light, at the beam
splitter. Next, only the object light passes through the sound
field and returns to the interferometer. Then, the returned
object light is combined with the reference light at the beam
splitter, and interference fringes are formed. Finally, the

Reference light

Mirror

Measuring area splitter

Lens Lens

Object light Reference
plane — Spatial filter
Polarization filter Lens
0 |r/4 Quarter-wave plate
Brt/4 /2 High-speed
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polarization camera

interference fringes are recorded by a high-speed polariza-
tion camera. In principle, the laser detects the accumulated
fluctuations of the sound pressure; thus, the interference
fringes include the integrated sound field along the laser
path. The size of the measured area depends on the diameter
of the reference plane, the mirror, and the lens behind the
reference plane.

As shown in Fig. 1, the high-speed polarization camera
incorporates a layer of polarizers above the image sensor. The
polarizers comprise four angled filters (0, n/4, /2, 3n/4),
enabling us to obtain interference fringes of four phases with a
single shot. According to the Nyquist—Shannon theorem, the
frame rate of the high-speed polarization camera is set to at
least twice the frequency of the target sound.

In general, the light phase is estimated from the phase-
shifted fringes obtained by sequentially recorded four
phase-shifted fringes.** On the other hand, our system can
record the four kinds of fringes simultaneously and have the
advantage of the instantaneous measurements.*’ Although
these methods need accurate phase-shift steps, it is difficult
to perform them in practice. To overcome this problem, the
hyper ellipse fitting in subspace (HEFS) method proposed
by Yatabe*®*” was used in our study. The HEFS method is a
more accurate phase retrieval algorithm and developed by
combining the ellipse fitting-based method and the subspace
method. In addition, in the obtained phase distribution,
phase unwrapping is necessary to eliminate the phase dis-
continuously between 27 and 0.** Also, the static phase
needs to be eliminated. We also used the time-directional fil-
tering method without phase unwrapping, which utilizes the
wrapping operator and inverse filtering technique.*’

lll. VISUALIZATION OF SOUND FIELD AROUND
A MOVING SOURCE

A. Low-noise moving model test facility

A low-noise moving model test facility at RTRI*® was

used to examine a high-speed moving sound source (Fig. 2).
The facility was completed at RTRI in 2020 to evaluate
micropressure waves that radiated from the train tunnel por-
tal and low-frequency aerodynamic noise emitted during the

Beam Wollaston
prism

=+ Laser

FIG. 1. (Color online) Schematic of
the PPSI. The sound pressure fluctua-
tions cause changes to the phase of the
object light. The phase changes are
recorded using a high-speed polariza-
tion camera as the interference fringes.
Based on the principle of PPSI, the
measured sound pressure represents
the integrated sound pressure along the
laser path.
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i

Braking section

FIG. 2. (Color online) External appearance of the low-noise moving model test facility. This is a 125 m long test facility comprising launching, measuring,
and braking sections. The measuring section is a semi-anechoic room with a length of 40 m. The train model runs on a pair of guide rails at a maximum

speed of 400 km/h.

passage of the train. The train model can be accelerated to a
maximum speed of 400km/h. This facility is 125m in
length and involves launching, measuring, and braking sec-
tions. The train model is accelerated using roller rigs set in
the launching section, and then, it enters the measuring sec-
tion. The model runs on a pair of guide rails. The measuring
section is a semi-anechoic room for acoustical measurement
with a length of 40 m. After the measuring section, the train
model is stopped using the frictional force of polystyrene
beads in the braking section.

B. Experimental apparatus

In the low-noise moving model test facility, we visual-
ized a sound field around a moving sound source mounted on
a train model running at 100 km/h and 280km/h. Figure 3
shows the positional relationship between the train model
and PPSI. As a sound source, an ultrasonic transducer (PT40-
18N; Nippon Ceramic Co., Ltd., Tottori, Japan.) emitting a
40 kHz pure tone was used. The wavelength is 8.5 mm, which
is sufficient for visualization. The sound source was flush-

Mirror lens
| |

1.7m Laser

Train model path
$0.8m

PPSI

Sound source

| side view (from PPsI) |

Mirror lens

Laser light

Train model

mounted on the upper surface of the train model to propagate
the sound upward, as shown in Fig. 3. The frequency of the
sound source was 40290 Hz and 116 dB at 175 mm above the
source. Although the actual noise could have directivity, a
monopole sound source was used in this fundamental study.
The Shinkansen prediction model® also uses monopole sour-
ces as a sound source. Note that the directivity of the moving
sound source was investigated in a previous study,”’ which
measured directivities using a microphone set 175 mm above
the upper surface of the train model and demonstrated good
agreement with the theoretical directivities.

PPSI composed with an interferometer (DELTAPH
PHI-100; Photonic Lattice, Inc., Sendai, Japan) and a
high-speed polarization camera (CRYSTA PI-1P;
Photonic Lattice, Inc.) were used for visualizing the sound
field. The measurement instrument was arranged to mea-
sure the upper area of the train model where the sound
propagates. The measurement area was 100 mm in diame-
ter, which was inscribed in a rectangular area of 90 x 94
pixels. The frame rate of the high-speed polarization cam-
era was 150 kfps.

Running
| direction =

FIG. 3. (Color online) Positional relationship between the parallel phase-shifting interferometer and the train model. The sound source, i.e., an ultrasonic
transducer, is flush-mounted on the upper surface of the train model to propagate the sound upward. The train model runs between the PPSI and the mirror
lens. The measuring area was set to record the upper area of the train model, where the sound propagates. The laser axis is positioned perpendicular to the

sound propagation direction.
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C. Quantitative evaluation of the results

Figure 4 shows the visualization results of the sound
field around a stationary sound source and moving sound
sources at 100km/h and 280km/h. The color of the map
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(c) Source at 0 km/h (static source)

FIG. 4. (Color online) Examples of visualization results. These figures
show the frames when the sound source passes through the center of the
measuring area. The lens distortion was present in the peripheral areas of
these images. (a to c¢) Train model with the sound source moving right to
left at 100km/h (a) and 280 km/h (b), and a static model (c). As shown in
figures, the wavelength of the sound waves in the vicinity of the moving
source changes from position to position.
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corresponds to the relative sound pressure calculated from
the first term in Eq. (11). Notably, since sound waves in the
peripheral areas were affected by lens distortion, a distortion
correction method was employed, as demonstrated in Sec.
IV. Except for the peripheral area, propagating spherical
waves were properly visualized. The results of the moving
source [Figs. 4(a) and 4(b)] show that the wavelength in
front of the source (i.e., the left side of the source) was
shorter, and the wavelength behind the source (i.e., the right
side of the source) was longer. This frequency modulation
phenomenon is known as the Doppler effect. On the other
hand, for a stationary source shown in Fig. 4(c), wave-
lengths were equal everywhere and do not depend on the
positional relationship with the sound source.

To observe variations in the frequency modulation,
three types of time-directional bandpass filtering were
applied to the results obtained at 280 km/h. These bandpass
filters replaced the high-pass filter mentioned in Sec. IIB.
The characteristics of these bandpass filters are shown in
Fig. 5, and the filtered results are shown in Fig. 6. Although
the sound of approximately 40kHz was radiated upward
only, the sound higher and lower than 40 kHz was radiated
to the front and rear of the sound source, respectively, indi-
cating that the dependence of frequency distributions on the
relative position to the sound source was clearly observed.

IV. CORRECTION OF LENS DISTORTION
A. Visualization of images with lens distortion

The visualization results of the interferometer are
affected by lens distortion. For example, a straight stick
placed on the right side is recognized as a slightly distorted
object in Fig. 7. It is found that a radial distortion (pincush-
ion distortion) is caused by the optical system used in this
study. The elimination of distortions from the obtained
images is required to evaluate the frequency modulation
quantitatively. Therefore, we applied a calibration method
developed for camera images to modify the visualization
images. This is because the interference fringes were

1r Above 40 kHz| 1
—40 kHz
0.8 Below 40 kHz | -
()]
o
206 ]
g
< 047} 1
021 1
0 | ) | | |
20 30 40 50 60 70 80

Frequency [kHz]

FIG. 5. (Color online) Characteristics of time-directional bandpass filters.
Three filters were used in this study: less than 40kHz, approximately
40kHz, and higher than 40 kHz.
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FIG. 6. (Color online) Filtered results of the three bandpass filters at 280 km/h. The sound approximately 40kHz was radiated only upward. The sound

higher or less than 40 kHz was radiated to the front or rear of the sound source.

captured by the image sensor of the high-speed polarization
camera.

B. Correction method considering the coordinate
system

In the PPSI results, the lens distortion is influential only
in the radial direction, not in the tangential direction, since
all lenses in the interferometer are installed parallel to each
other. This section describes the distortion correction
method used in the radial distortion.

The relationship between the world coordinate system
and the PPSI coordinate system can be analogized in the
relationship between the world coordinate system and the
general camera coordinate system. By applying the pinhole
camera model, the three-dimensional (3D) world coordinate
is transformed to the camera coordinate as follows (Fig. 8):

sim=ARtIM, (13)
a 0 uop

A=10 B v, (14)
0 0 1

f—l’i-_'---
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FIG. 7. (Color online) Visualization result of a straight stick. The stick was
slightly distorted by lens distortion. The dotted lines indicate the actual
position of the stick.
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where s is the scale factor, m = [u,v,1]” is the image point
on the camera coordinate, A is an intrinsic parameter, o and
p are scale factors in the u and v axes of the camera image,
up and vy are the coordinates of the optical center, R
= [r1,r2,13] is a rotation parameter, £ is a translation param-
eter, and M = [X,Y,Z,1]" is a point on the 3D world
coordinate. m and M are the homogeneous coordinates of
m = [u,v]" and M = [X,Y,Z]". The matrix [R{] is an extrin-
sic parameter.

Considering the radial distortion, the distorted camera
coordinate moves in the radial direction. Thus, the distorted
camera coordinate, [iZ, V], is given as

=u+ (u—up) (lqr2 + k2r4), (15)

<<

=v+ (v—1) (klr2 + k2r4), (16)

where k; and k, are the radial distortion coefficients of the
lens, 2 = x% + y?, and x and y are the normalized coordinates
of the undistorted image.’>>* Therefore, the intrinsic parame-
ters, the extrinsic parameter, and the radial distortion coeffi-
cients need to be estimated for lens distortion correction.

World coordinate

) R, t
Camera coordinate
X

Observed image
(distorted)

(@, v)

FIG. 8. (Color online) Relationships among various coordinate systems. An
object in the world coordinate transforms to the camera coordinates via the
extrinsic and intrinsic parameters.
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FIG. 9. (Color online) Calibration environment. The calibration plate with holes was set on the measured area, which is located between the interferometer

and the mirror lens.

C. Correcting interferometer distortion

The visualization images of a dot pattern were used to
estimate the intrinsic and extrinsic parameters and the radial
distortion coefficients of Eq. (13). In this study, these parame-
ters were estimated using Zhang’s method, which uses pattern
images for camera calibrations.’ The actual calculations were
performed using the “cameraParameters” MATLAB’s function.>*

A calibration plate with a dot pattern was fabricated using
a 3D printer and visualized by the interferometer. Using a dot
pattern is more suitable than the checkerboard pattern for the
interferometer result with low spatial resolution since the posi-
tion of each dot can be determined by the center of the gravity.
The interference fringes appeared only at the dot holes where
the laser passed through. The plate set on the measured area
had 30 holes (6 x 5 holes) with spacings of 13 mm between
holes, and each hole was 8 mm in diameter. Figure 9 shows
the calibration plate and a scene of recording the plate. An
averaged calibration image was generated using 1000 frames
of phase images captured by the PPSI. One example of the
phase images after averaging is shown in Fig. 10. In this fig-
ure, the center of the gravity of each hole, which corresponds
to m in Eq. (13), is illustrated with cross-marks. We used two
averaged calibration images with different angles of the cali-
bration plate. To reconstruct the undistort image, a linear com-
plement was used for pixel-to-pixel correction.

Visualization images are compared before and after cor-
rection. Figure 11 shows the results of the straight stick. It is
obvious that the distorted stick was corrected to be straight by
the distortion calibration. The sound waves from a stational
sound source of 40kHz are also shown in Fig. 12. In the
uncorrected image, the wavefront near the periphery expands
outwards. In the corrected image, on the other hand, the wave-
front was approximately a half-circle. These results suggest
that the calibration method works effectively for the visualiza-
tion results of an interferometer.

V. FREQUENCY MODULATION OF THE DOPPLER
EFFECT

In this section, frequency modulations around a sound
source. moving at 280km/h are verified using the

J. Acoust. Soc. Am. 154 (5), November 2023

2o
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Goss ol
SHD¢
PEePy

FIG. 10. (Color online) Averaged result of the calibration image. Black
indicates the holes where the laser can pass through. Holes were clearly
detected in the result. The X indicates the center of gravity in each hole.

Before correction After correction

FIG. 11. (Color online) Distortion correction result of the straight stick. By
applying the correction, the distortions of the stick were corrected to appear
straight.

Before correctio

FIG. 12. (Color online) Distortion correction result of a stationary sound
source of 40kHz. By applying the correction, the distortions around the
image edge were corrected.
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FIG. 15. (Color online) Averaged image. The synchronous average was
adopted every 15 frames at the fifth step (shown in Fig. 13).

463

N
Ll

Wave number [1/m]
N
]
« o

S

(=23
oW
—_
~

463

FIG. 16. (Color online) Spatial frequency distribution in Fig. 15. The blue
to yellow color indicates the gain of the fast Fourier transform (FFT)
results. The spatial frequency was calculated at the sixth step of the process

illustrated in Fig. 13.
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FIG. 13. Analysis flow chart to obtain
sound frequencies using PPSI. The first
to fourth steps (shown in the white
box) are adopted for each frame.

FIG. 14. (Color online) Example of the
trimmed region. The analysis region
was trimmed in the fourth step of the
frequency calculation process (shown
in Fig. 13). The trimmed region was
determined based on the sound source
position in subpixel order.

FIG. 17. (Color online) Schematic of the spatial frequency distribution. The
spacing and tilt of the striped pattern that constructs the image are deter-
mined from the spatial frequency distribution. The wavelength of sound, 4,
is obtained from the spatial frequency distribution.
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FIG. 18. (Color online) Frequency distribution around a sound source moving
at 280 km/h. The red dot represents the measured frequency, and its intensity
corresponds to the amplitude of the spatial frequency. The gray line represents
the theoretical value calculated by Doppler’s formula. The measured frequency
modulation agrees with the theoretical value obtained using the Doppler effect.
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visualization results mentioned in Sec. IIIC. Figure 13
shows a flow chart for obtaining frequencies from the visu-
alization results. First, interference fringes recorded by the
polarized high-speed camera are converted to the sound
pressure by formulas presented in Sec. Il A. After the lens
distortion correction (described in Sec. 1V), the analysis
region is trimmed. The region depends on the position of the
sound source in Fig. 14. To track the source position accu-
rately, the visualized image is spatially up sampled, and the
analysis region is decided in subpixel order. These four steps
are applied to each frame of the images. Next, synchronous
average processing is applied every 15 frames, which corre-
spond to four cycles of 40 kHz sound. The average image is
depicted in Fig. 15. Then, considering the sound wave
forms’ stripe pattern imagery, the spatial frequencies that
indicate the wavelength and propagation direction of the
sound, are calculated by two-dimensional fast Fourier trans-
form. Finally, the sound frequency and propagation direc-
tion are calculated by the spatial frequency. The spatial
frequency distribution of the result obtained at 280 km/h is
shown in Fig. 16.

As shown in Fig. 17, the spatial frequency distribu-
tion represents the wave number and angle of stripe pat-
tern. The horizontal axis represents the wavenumber of
sound waves in the propagation direction of the train
model, and the vertical axis represents the wavenumber in
the vertical direction. The spatial distribution is symmet-
ric with respect to the origin, and only the upper half of
the y axis is used in this study. From this relationship
between the spatial frequency distribution and sound
information, the propagation direction and sound fre-
quency are expressed as follows:

07 x — Y,
0=1 tan1 el I #0 a7
AIX) X b
- 0=0,
fmeas(e) = Y c 0 0 < bid (18)
— 0, <0< -,
Jysin(0) 2

Where 0 is the angle from the line perpendicular to the
sound source, 4 is the wavelength of each axis (i.e., the dis-
tance of the stripe), and ¢ is the speed of sound, which is
348.3m/s (the temperature was 28 °C in the measurement
room).

The theoretical value of the frequency modulation fineory
is calculated using the Doppler equation:
c

funeory(0) = fo (19)

¢*vsin|0]’

where fj is the original frequency of the sound source, and v
is the velocity of the sound source. Note that negative 0
means the observer is in front of the sound source, and posi-
tive  means the observer is behind the source. The sign of v
is the same as 0.

J. Acoust. Soc. Am. 154 (5), November 2023

The sound frequency distribution around the sound
source at 280km/h obtained by the measurement is shown
in Fig. 18. To calculate the frequency, values above 30% of
the maximum amplitude shown in Fig. 16 were used. In Fig.
18, the color intensity of the plots represents the amplitude
of the spatial frequency. Theoretical values calculated by
Eq. (19) are added in Fig. 18, and the frequencies are modu-
lated higher in front of the sound source and lower behind
the source. The measured results show a similar trend com-
pared with that of the theoretical values. The differences
between the measured and theoretical results were smaller
at larger amplitudes. In this study, the difference was within
5 kHz, which corresponds to 15% of the original frequency
(40kHz). These results reveal that the observed frequency
modulation has the same trends as the theoretical one, indi-
cating that frequencies around a high-speed moving sound
source can be expressed using the Doppler equation.

VI. CONCLUSION

We experimentally investigated the frequency modula-
tion around a high-speed moving sound source. The PPSI
was used for visualizing sound waves. A lens distortion cor-
rection method was also developed for the visualized
images. Using these methods, we quantitatively visualized
sound waves around a moving sound source at 280 km/h. As
a result, changes in the wavelength of the sound were clearly
observed. Moreover, the frequency modulations analyzed
from the visualization images agreed well with the theoreti-
cal values. Future work will focus on amplitude modulation
around a moving sound source for a better understanding of
the characteristics of a moving sound source like railway
noise.
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