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Humans can feel sound three-dimensionally thanks to head-related transfer functions (HRT-
Fs) that result from complex reflection and diffraction by the head and pinna, whose shapes vary
greatly among individuals. In three-dimensional auditory reproduction systems, this variation
should be considered. To visualize and understand the acoustic phenomena on the head and
pinna, we have developed an acoustic simulator based on the finite-difference time-domain meth-
od. By using this simulator to clarify the relation between the head/pinna shapes and HRTFs, it is
considered possible to elucidate morphological factors providing personal differences in HRTFs.
This article first gives an overview of the simulator and its simulation accuracy, and then eluci-
dates the factors regarding the peaks and notches of HRTFs in the median plane based on re-

search results obtained from this simulator.
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1 Introduction

Various kinds of sound surround us. The
sound of rain prompts us to look out the win-
dow. When called by someone, we turn around.
This is because we have the ability to locate the
sound source three-dimensionally. This ability
is particularly sharp when the sound source is
behind us and compensates for the visual sense.

Sound propagates through the air, gets re-
flected and diffracted by the head and pinna,
passes through the ear canal, and then reaches
the eardrum. Of these events, reflection and
diffraction by the head and pinna are the most
important in locating a sound source in three-
dimensional space. Both affect the propagation
of sound by intensifying certain frequency
bands and weakening other bands. A response
which characterizes how each ear receives
sounds from a spatial point is called a head-re-

lated transfer function (HRTF). Thus, the HRTF
varies with the source location and differs be-
tween right and left ears which are rarely, if
ever, perfectly symmetrical. However, we have
learned the patterns of such variations for use
in locating sound sources. Moreover, an HRTF
for the same source location varies greatly
among individuals. This is because patterns of
reflection and diffraction change according to
different shapes of the head and pinna. There-
fore, such differences among individuals must
be considered in systems for three-dimensional
auditory reproduction.

It is not clear, however, how sound gets re-
flected and diffracted in the head and pinna.
One major impediment is that sound is invisi-
ble. Changes in sound pressure at a certain
point in space can be measured with a micro-
phone. The number of points that can be mea-
sured at the same time is limited, because each
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microphone has a certain size and it is difficult
to provide and control many microphones with
the same characteristics. The required number
of microphones can range from dozens to hun-
dreds. Thus, it is difficult to observe reflections
and diffractions on the head and pinna, particu-
larly on a small and complex-shaped pinna (see
Fig. 1).

We thus developed an acoustic simulator
that can visualize temporal changes in the
acoustic field. This simulator can import the
head and pinna shape measured by magnetic
resonance imaging (MRI) as three-dimensional
data and calculate changes in sound pressure
and particle velocity at all points (tens of mil-
lions) at short time intervals. Based on these
calculation results, changes in the acoustic field
(such as the distribution of pressure) can be vi-
sualized using a volume rendering method.

As shown in Fig. 2, we then set up the
framework of using computer simulations and
acoustic measurements in a mutually comple-
mentary manner, thereby allowing us to under-
stand and clarify the complex reflections and
diffractions occurring around the head and pin-
na. By obtaining knowledge about what kind of
acoustic phenomenon occurs in which portion
of the pinna shape, we could clarify the relation
between pinna shape and HRTFs, thereby al-
lowing us to elucidate the morphological fac-
tors of personal differences in HRTFs. This ar-
ticle first describes the simulator and its
accuracy, and then reports some of our current
results concerning how reflections and diffrac-
tions on the pinna generate spectral peaks and
notches.

2 Acoustic simulator

2.1 Finite-Difference Time-Domain
(FDTD) method

To simulate changes in sound pressure and
particle velocity on the head and pinna in the
time domain, we developed an acoustic simula-
tor31[4] based on the finite-difference time-do-
main (FDTD) method(11(2]. The FDTD method
requires an absorbing boundary around the
analysis field to prevent reflection on the outer
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edges of that field. For this absorbing bound-
ary, we introduced a perfectly matched layer
(PML)5] consisting of eight layers.

The dominant equations for the FDTD
method are based on the sound pressure p, par-
ticle velocity vector u, sound velocity ¢, mate-
rial density p, and compressibility of the medi-
um x = 1/pc?* as follows:

op

—k——-ap=Vu, 1
or /4 (1)
ou .

-p—-au=Vp, (2)
,061 u p

where, o denotes an attenuation coefficient as-
sociated with compressibility of the medium
and a” an attenuation coefficient associated with
density of the medium. In PML, a" = ap/k. In
the analysis region, a" = 0. This was discretized
by second-order accurate central difference in
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time and fourth-order accurate central differ-
ence in space by using the Yee algorithm(s.

The FDTD method can simulate not only
stationary phenomena but also transient ones.
Moreover, the calculation algorithm is simple
and easy to parallelize, and the computational
cost is low compared with the finite element
method (FEM) and boundary element method
(BEM)(71. In our laboratory, therefore, two
computers (each having four CPUs with six
cores) are directly connected with each other
by InfiniBand to perform parallel calculations
by means of the Message Passing Interface
(MPI) using a total of 48 cores.

2.2 Verification of accuracy

This section discusses the accuracy of
acoustic simulation using the FDTD method.
Figure 3 shows the three-dimensional shape of
KEMAR (Knowles Electronics Manikin for
Acoustic Research)is], which was measured by
Dr. Yuvi Kahana using a laser scanner. KE-
MAR is a head model widely used in acoustic
experiments. Its HRTFs were acoustically mea-
sured and publicly distributed in the CIPIC
(Center for Image Processing and Integrated
Computing, UC Davis) database9]. We calcu-
lated the HRTFs of KEMAR using the scanned
head data and FDTD simulation method, and
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then compared them with the measured HRTFs
for verification.

Figure 4 compares calculated HRTFs (blue)
of the right ear with measured ones (red) with
regard to 45 sound source locations. The azi-
muth and elevation coordinates are expressed
in the inter-aural polar coordinate system
whose axis is a straight line going through the
right and left ear holes. In terms of azimuth, 0
degrees coincides with the median plane (in-
cluding the location directly in front), with
positive and negative azimuth angles referring

Vi

Calculated HRTFs (blue) and measured HRTFs (red)
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to lateral planes to the right and to the left, re-
spectively. In terms of elevation, 0 degrees re-
fers to the front horizontal plane, 90 degrees is
above, and 180 degrees is behind. Calculated
HRTFs agreed well with measured ones and
the mean spectral distance was 2.3 dB. This
KEMAR is bilaterally symmetric, so that HRT-
Fs of the right and left ears should be symmet-
ric with regard to the median plane. However,
the mean spectral distance between the mea-
sured right- and left-ear HRTFs was 3.1 dB.
Although the left and right pinnae used on the
physical KEMAR manikin for CIPIC measure-
ments were not perfectly symmetric, this value
of 3.1 dB presumably represents mainly mea-
surement errors. Thus, we concluded that
FDTD simulations have approximately the
same accuracy as acoustic measurements, be-
cause the mean spectral distance of 2.3 dB be-
tween calculated and measured HRTFs was
slightly smaller than the value 3.1 dB probably
caused by acoustic measurement errors[10].

3 Example of analysis

This section describes an example of analy-
sis conducted with the acoustic simulator.

3.1 Localizing the elevation angle of a
sound source in the median plane

When a sound source is placed within the
horizontal plane at a non-zero azimuth angle,
the sound wave reaches the near (ipsilateral)
ear sooner than the far (contralateral) ear, and
the sound intensity is also larger at the near ear.
These characteristics can act as important cues
for locating the azimuth angle of a sound source
on or near the horizontal plane. On the other
hand, when a sound source is placed within the
median plane, these characteristics don’t pro-
vide cues for locating the elevation angle, be-
cause the distances from the sound source to
the right and left ears are approximately the
same. Instead, spectral peaks and notches of
HRTFs are used as monaural cues for locating
the elevation angle.

Figure 5 shows a typical peak-notch pattern
of HRTFs in the median plane. The x-axis rep-
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Typical peak-notch pattern of HRTFs in
the median plane

resents frequency and the y-axis represents el-
evation angle. Solid lines indicate spectral
peaks; dashed lines indicate spectral notches.
Below 10 kHz, there are three peaks (P1, P2
and P3) surrounded by two notches (N1 and
N2). The peak frequencies are constant, while
the peak amplitudes vary with elevation angle
so that P2 and P3 appear at a limited range of
angles. On the other hand, both the frequency
and amplitude of the notches change with ele-
vation angle. The notch frequencies gradually
increase from -90 degrees (directly below) to
about 120 degrees (30 degrees behind from di-
rectly above), and decrease gradually from 120
degrees to 270 degrees elevation. According to
perceptual experiments, P1, N1 and N2 are
cues for locating the elevation angle of a sound
source[11]. Although the typical peak-notch
pattern schematized in Fig. 5 is common across
individuals, there are individual differences in
terms of the amplitudes and frequencies of
peaks and notches, the highest notch frequency,
and the increasing and decreasing patterns of
notches. These facts suggest that the pinna
shapes are topologically common among indi-
viduals, while partial proportions vary.

3.2 Peak-notch pattern of HRTFs in the
median plane

It is known that the pinna generates the ba-

sic peak-notch patterns of HRTFs in the medi-

an plane, while the head affects the pattern

mainly on the contralateral side, away from the
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Pinnae segmented MRI head data for the
four subjects

median plane(10j(12]. Figure 6 shows segment-
ed left pinnae from MRI head data for four sub-
jects (males M1 and M2; females F1 and F2).
The morphological features of the pinna denot-
ed in Fig. 1 are common among the four sub-
jects. That is, the four pinnae are topologically
the same. However, the size of each part (e.g.,
concha, cymba, triangular fossa, scaphoid fos-
sa) relative to the entire pinna is different for
each individual. Figure 7 shows HRTFs in the
median plane calculated from the four seg-
mented pinnae using the acoustic simulator.
While the typical peak-notch pattern was ob-
served for all four pinnae, the N2 trajectory
was not always obvious.

HRTFs were calculated as follows: A sound
source point was placed at the entrance of the
ear canal, and 36 observation points were
placed at 10-degree intervals on a circumfer-
ence 10 cm in radius within the saggital plane
whose center was the source point. A Gaussian
pulse was then supplied to the sound source to

simulate acoustic propagation. Pressure chang-
es at the observation points were calculated to
obtain HRTFs. In a real HRTF measurement, a
sound source (loudspeaker) is placed and
moved on a circumference, and an observation
point (microphone) is fixed at the entrance of
the ear canal. That is, the locations of the sound
source point and observation point are reverse
between measurement and simulation. Due to
the reciprocity theorem in acoustics (i.e., the
rule of invertibility), however, the pressure
changes observed remain constant even when
the source point and observation points are
changed. Thus, the same HRTF is obtained in
both cases.

3.3 Mechanism of peak generation

Shaw’s experiments[(13](14] and simula-
tions conducted by Kahana et al.[15] using the
boundary element method (BEM) have re-
vealed the physical mechanism of the HRTF
peaks. That is, among the various resonance
modes that occur in the pinna cavities, peaks
are those in which a pressure anti-node is gen-
erated in the concha. At P1, a single anti-node
develops across the pinna cavities including
the concha. At P2, one anti-node is generated in
the concha and a second one appears in another
part. At P3, one anti-node is generated in the
concha and two others appear at other parts of
the pinna.

In order to confirm these phenomena also
in our time-domain simulator, the analysis field
was excited at a frequency equal to one of the
HRTF peaks by a sinusoidal source, and tem-
poral changes in the pressure distribution pat-
tern on the pinna were visualized by a volume
rendering method. In this simulation, the source
point at which a sinusoidal wave was fed was
placed on the circumference on which the ob-
servation points for HRTF calculations were
placed. In the visualization, high positive sound
pressures are indicated in red, and high nega-
tive ones in blue. In other words, a pressure
anti-node on the pinna was indicated in red or
blue. The red and blue portions, however, are
reversed in phase. Moreover, the following fig-
ures representing simulation results indicate
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one cycle of the excitation wave with four
frames of images.

Figure 8 shows changes in the pressure dis-
tribution pattern when the pinna of M2 was ex-
cited by a sinusoidal wave at P1 frequency (3.5
kHz). The volume of air within all pinna cavi-
ties—the concha, cymba, and triangular fos-
sa—became consecutively red then blue, all at
the same time. This indicates that all the pinna
cavities resonated in phase. Moreover, this is
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the first resonance mode (1/4 wavelength)
when the inward and outward direction of the
pinna is assumed to be a pipe closed on one
side. Note that although in this figure the sound
source was placed at an elevation angle of 0
degrees, the same pressure changing pattern
was observed when the sound source was
placed at other elevation angles.

Figure 9 shows changes in the pressure dis-
tribution pattern when the pinna of M2 was ex-
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cited with a sinusoidal wave at P2 frequency (6
kHz). A pressure anti-node appeared in the
concha, and another in the portion between the
cymba and triangular fossa, along with a re-
verse phase. This suggests the secondary reso-
nance mode in the pinna cavities. The sound
source point at that time was placed at an eleva-
tion angle of 60 degrees, but the same reso-
nance mode was observed at any elevation an-
gle where P2 appeared.

Figure 10 shows changes in the pressure
distribution pattern when the pinna of M2 was
excited with a sinusoidal wave at P3 frequency
(8.5 kHz). Pressure anti-nodes appeared in the
concha, cymba, and triangular fossa, for a total
of three points. The concha and triangular fossa
had the same phase, while the cymba had a re-
verse phase. This suggests that the third reso-
nance mode occurred across these pinna cavi-
ties. The sound source point at that time was
placed at an elevation angle of 120 degrees, but
the same resonance mode occurred at any ele-

vation angle where P3 appeared.

Although the aforementioned results were
obtained from M2, the other three subjects
showed similar results. As a result, knowledge
regarding the physical mechanism of peak gen-
eration was confirmed with our simulator.

3.4 Mechanism of notch generation
Although the cancelation between the di-
rect incoming wave and the reflected wave
would be a possible hypothesis which accounts
for generating notches of HRTFs[161(17], this
hypothesis has not been as widely accepted
compared with the theory for peaks mentioned
above. In particular, it is unknown how the
notch is generated when a sound source is
placed in the postero-superior direction[17]. We
therefore conducted simulations at N1 frequen-
cies corresponding to various elevation angles
to visualize and understand how N1 is gener-
ated. As a result, we discovered and reported
three mechanisms depending on elevation an-

Changes in pressure distribution pattern at P2 frequency
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gler181. This section briefly presents those find-
ings.

First, when the sound source is in a direc-
tion less than about 0 degrees or greater than
180 degrees in elevation angle (i.e., below the
horizontal plane), N1 is generated under the
principle of “counter canceling.” In this prin-
ciple, traveling waves propagated from the
sound source are canceled by the resonance of
the reverse phase generated in cavities above
the concha. Pressure changes, therefore, are
minimized in the concha. In other words, a
pressure node is generated in the concha.

Figure 11 shows changes in the pressure
distribution pattern when simulation was con-
ducted for N1 (5.25 kHz) at an elevation angle
of -30 degrees using the pinna of M2. In the
first frame, waves traveling from the bottom
left to the top right are red. That is, traveling
waves have positive sound pressure. Converse-
ly, the cymba, triangular fossa, and scaphoid
fossa are blue, indicating that a resonance with
reverse phase occurs in these cavities. There-

fore, because the traveling waves are canceled
by the resonance above the concha, the air
within the concha was not colored, indicating
very small changes in sound pressure. In the
second frame, traveling waves with negative
sound pressure come closer from the bottom
left. In the third frame, a resonance with posi-
tive sound pressure occurs in the cymba, trian-
gular fossa, and scaphoid fossa, as if to defend
against the traveling waves. In the fourth frame,
traveling waves with positive sound pressure
come closer from the bottom left. Then the pro-
cess returns to the first frame and then the same
phenomena are repeated.

Next, when the sound source is placed in
the direction between about 0 and 90 degrees
(i.e., when ahead and above), then N1 is gener-
ated under the principle of “extended counter
canceling.” This is the extended version of
“counter canceling.” In addition to the cavity
above the concha, the posterior margin of the
concha plays a part in canceling the traveling
waves. Moreover, in “counter canceling,” the

JleliF Mechanism for generating N1: “counter canceling.” This type of cancelation is observed when the
sound source is placed below the horizontal plane.
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entire cavity above the concha is resonated in
phase. On the other hand, in “extended counter
canceling,” the portion from the cymba to the
triangular fossa generates a pressure anti-node
of'the same phase as that of the traveling waves,
while the posterior margin wall of the concha
generates a pressure anti-node in reverse phase
compared with the traveling waves. Thus, the
latter pressure anti-node cancels the traveling
waves above the concha.

Figure 12 shows changes in the pressure
distribution pattern when the sound source was
placed at an elevation angle of 60 degrees and
the analysis field was excited at N1 frequency
(7.25 kHz) using the pinna of M2. In the first
frame, waves with positive sound pressure
(red) among the sound waves traveling from
the top left to the bottom right have reached the
tragus from the triangular fossa. However, the
portion from the cymba to the posterior margin
of the concha became blue, generating a reso-
nance in reverse phase. This resonance cancels
the traveling waves having positive sound pres-
sure, so that pressure changes are minimized in
the concha. In the second frame, traveling
waves with negative pressure come closer from
the top left. In the third frame, sound pressures
are arranged in the reverse pattern of the first
frame, showing that the traveling waves and
posterior margin of the concha cancel each oth-
er. In the fourth frame, traveling waves with
positive sound pressure come closer from the
top left. After that, the process returns to the
first frame.

Lastly, when the sound source is placed in

the direction between about 90 degrees and 180
degrees in elevation angle, N1 is generated un-
der a principle called “intercept canceling.” In
this cancelation, a pressure anti-node of the
same phase as that of the traveling waves is
generated in the triangular fossa, and a pressure
anti-node in reverse phase is generated in the
cymba. The latter anti-node cancels the travel-
ing waves passing by the outside of the cymba.
While the two principles described earlier hold
that canceling occurs across the concha, this
principle holds that traveling waves passing
above the cymba are canceled by the resonance
of the cymba from inside the cavity, thereby
preventing the waves from reaching the concha
(i.e., entrance to the ear canal). In that point,
this principle essentially differs from the other
two principles.

Figure 13 shows changes in the pressure
distribution pattern when the sound source was
placed at an elevation angle of 150 degrees and
the analysis field was excited at N1 frequency
(8.25 kHz) using the pinna of M2. The top row
shows a lateral view of the pinna and its pres-
sure distribution pattern; the bottom row shows
the cross section and pressure distribution pat-
tern indicated by the yellow dotted line in the
top row. In the bottom row, positive high sound
pressures are colored in red, negative high
sound pressures in blue, and sound pressures
close to zero in green. In the first frame, the
waves with positive sound pressure coming
from the top right reach the region from the tri-
angular fossa to the posterior margin of the
concha. At that time, in the cross section shown

e} 74 Mechanism for generating N1: “extended counter canceling.” This type of cancelation is observed
when the sound source is placed ahead and above.
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Jle/u 21 Mechanism for generating N1 “intercept canceling.” This type of cancelation is observed when the

sound source is placed behind and above.

The yellow dotted line in the top row of the diagram indicates the location of the cross section shown in the bot-

tom row.
obp: observation point; cymba: part of the ear

in the bottom row, the cymba (portion marked
“cymba’’) becomes blue and is in reverse phase
compared with the sound waves passing by the
outside (above in the diagram). Cancellation of
the reverse phase between inside and outside
the cymba thus reduces changes in sound pres-
sure at the entrance to the ear canal (i.e., at the
observation point marked “obp” in the dia-
gram.) In the second frame, the traveling waves
with negative sound pressure are about to reach
the posterior margin of the concha from the tri-
angular fossa. In the third frame, sound pres-
sures are arranged in reverse polarity compared
with the first frame. There again, the sound
waves of the reverse phase cancel each other
between inside and outside the cymba. In the
fourth frame, traveling waves with positive
sound pressure come from the top right. After
that, the process returns to the first frame and
then the same phenomena are repeated.

The point common to all three mechanisms
for generating N1 is that the upper cavities
above the concha (including the cymba, trian-
gular fossa and scaphoid fossa) resonate in re-
verse phase compared with the traveling waves,

thereby canceling the waves. These observa-
tions were only made possible by simulating
and visualizing sound propagation in the time
domain.

The three mechanisms for generating N1
were also common among the four subjects.
This would derive from the fact that, as shown
in Fig. 6, the pinna shapes of the four subjects
are topologically the same. On the other hand,
the difference in N1 frequency and amplitude
at the same elevation angle, and the difference
in elevation angle at which N1 frequency peaks
would be caused by individual differences in
pinna shape.

4 Conclusion

This paper first gave an overview of the
acoustic simulator and the FDTD method—the
simulator’s principle of calculation. It then re-
ported that the acoustic simulator proved to
have accuracy similar to that of measurements
taken with a microphone, based on our verifi-
cation of accuracy. Finally, the paper described
the physical mechanisms of HRTF peaks and
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notches in the median plane, as the research re-
sults obtained with this simulator.

The research results presented in this paper
are acoustic phenomena derived from a topo-
logically common pinna shape. In other words,
since the proportions of the pinna do not affect
the principles of generating HRTF peaks and
notches, it can be called a common feature in-
dependent of individuals. However, these pro-
portions do affect the frequency and amplitude
of those peaks and notches at the same eleva-
tion angle. Therefore, studies are under way
concerning the distribution of the pinna’s
acoustic sensitivity, specifically addressing
how these peaks and notches are affected by
finely deformed parts of the pinna. We believe
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that these studies will be able to clarify the fac-
tors regarding the personal differences in HRT-
Fs. By promoting such studies, we wish to elu-
cidate more comprehensively the mechanism
that allows humans to perceive sound three-di-
mensionally, and to reproduce 3D audio that
matches the head and pinna morphology of
each individual, thereby realizing ultra-realism.
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