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Abstract Robots with sound localization capability have been
developed mostly relying on machine vision or an array of
more than two microphones. Humans can localize a sound
source hidden to the eye and distinguish whether a sound is
coming from front or rear, above or below with only two ears.
This is mainly due to the complex shape of the pinna. In
particular, reflections off the posterior wall of the concha
produce spectral notches at different frequencies in the head-
related transfer function (HRTF) as the sound source shifts in
position. From the non-individualized HRTFs measured with
a B&K HATS (head and torso simulator), we were able to
confirm the relationship between the spectral notches and the
geometry of the concha. Based on the observation of the
HATS' pinna and resulting HRTFs, a novel design of artificial
ear that can be mounted on a robot head is proposed in order
to explore the possibility of developing sound localization
sensors using only two microphones. Experimental results
using a designed artificial ear show that the spectral notches
are distinctively changed with respect to the elevation in the
frontal region, whereas they disappear in the rear. In view of
that result, it is expected to pinpoint a sound direction in 3-D
space using only two microphones and the designed artificial
ear can be a suitable mechanical sensor for sound source
localization.

I. INTRODUCTION

A robot operating in a household environment should
detect various sound events and take notice of them to
achieve robust recognition and interaction with user.
Therefore, sound localization capability is one of the most
critical building blocks in robot technology. In previous
researches, however, sound localization capability relies on
machine vision or an array of more than two microphones.
When robots localize a sound source using machine vision
only, the source should come within the filed of vision and
localization performance can be degraded under poorly
lighted condition. To find a source position from an array of
more than two microphones, an algorithm for signal
processing can be time-consuming for real-time application.
Humans, however, can localize a sound source hidden to the
eye and distinguish whether a sound is coming from front or
rear, above or below with only two ears. This is mainly due
to the complex shape of the pinna. It's been discovered by a
number of researchers in the past that the posterior wall of

the concha (Figure. 1) is responsible for the spectral notches
in the head-response transfer function (HRTF) that serve as
important front-back and up-down cues for source positions
[1]. Shaw and Teranishi described that the direction-
dependent acoustic filtering of the pinna provides the
spectral features like peaks and notches [2]. They also
characterized the dependence of the external ear's transfer
function on azimuth and on elevation using mechanical
models of the ear [3][4]. Hebrank and Wright [5] showed
that the notches are primarily introduced by the reflection of
a sound off the posterior concha wall interfering with the
same sound as it directly enters the external auditory canal
for frontal sources at different elevation on the median
plane. On the other hand, Lopez-Poveda and Meddis [6]
proposed a diffraction/ reflection model of the concha wall
to derive the notch frequencies for elevated sources on
vertical planes at various azimuths. Recent studies in HRTF
modeling show that these notches can also be represented by
the non-minimum phase zeros in the pole-zero modeling of
HRTFs [7]. Inspired by the above studies, an artificial ear
having a similar shape to the human concha has been
manufactured using the rapid prototyping (RP) technology
to mount on a robot head to enable the robot to localize
elevated sound sources as well as sources located in the rear.

II. SPECTRAL NOTCHES IN HRTFs

HRTFs of a B&K HATS dummy head microphone
system equipped with replicas of the human pinnae were
measured in an anechoic chamber and their spectral changes
were analyzed for different source positions [8]. Figure 2
and Figure 3 show the horizontal and median HRTFs
respectively as the source shifts in position indicated in the
right panel of each figure. The frequency regions marked by
a pair of solid red lines in each figure indicate the frequency
bands containing important front-back and up-down cues
and the red circles denote the spectral notches. It can be seen
that these notches disappear for both rear sources on the
horizontal plane and high sources on the median plane.
Especially, it is well known that the spectral notches in the
median plane provide an effective sound cue to perceive the
elevated sound sources using two ears only.
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Figure 1. Anatomy of the pinna
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Figure 2. Left ear horizontal HRTFs for sources shifting in position as
indicated in the right.
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III. ARTIFICIAL EAR DESIGN AND EXPERIMENTAL SETUP

An artificial ear for robots mimicking the human concha
was designed as depicted in Figure 4. The artificial ear and
spherical head were manufactured using the RP technology.
The basic assumption guiding our design is that the angle
dependent spectral notch is caused by cancellation between
the direct wave reaching the meatus entrance and the
reflected wave from the concha posterior wall. With this
assumption, we designed the artificial ear so as to vary the
distance from a meatus entrance to a concha posterior wall
with respect to the sound direction. The artificial ear was
mounted on the head and a B&K 1/2" free-field microphone
was located in the artificial ear at the meatus entrance
position. Experimental setup is depicted in Figure 5. A white
noise with a bandwidth covering the audible frequency
range (0 Hz - 20 kHz) was used as the general input to
speaker. This input signal together with the resulting output
signal from the microphone were each collected for a
sampling duration of 1 second at a sampling rate of 144
kHz. To enhance the time resolution in head-related impulse
responses (HRIRs), which is the time domain counterpart of
HRTFs, the signals were collected at high sampling rate.
The experiment was based on the interaural-polar-axis
coordinate system [9] as depicted in Figure 6. In the
interaural-polar-axis coordinate system, the origin is the
interaural midpoint and the lateral angle (0) is the angle
between a vector to the sound source and the median plane
and varies from -90° (left ear position) to 900 (right ear
position). The vertical angle (S0) is the angle from the
horizontal plane to the projection of the source into the
median plane and varies from 90° to -270°. The lateral and
vertical angles of a speaker were changed with 100 of
resolution via rotating the turn table and the artificial ear,
respectively. The output signals were measured at total 668
source positions in 3-D space and HRTFs were computed
using 3076 points DFT with hanning window and 500
overlap.

Figure 4. An artificial ear design for robots.

Figure 3. Left ear median HRTFs for sources shifting in position as
indicated in the right.
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Figure 5. Experimental setup.
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Figure 6. The interaural-polar-axis coordinate system. 0 is the lateral

angle and S is the vertical angle of a sound source (adapted from [9]).

IV. EXPERIMENTAL RESULTS

Figure 7 shows the magnitude of HRTFs (dB scale). The
first figure on the top panel (0 = 00 ) represents the result in
the median plane and other figures show the results in the
sagittal planes sharing the each lateral angle marked on the
top of each figure. The positive and negative values of 0
correspond to the ipsilateral and contralateral region,
respectively. The result in the median plane shows clearly
the presence of a spectral notch (NI) whose frequency varies
from about 6 kHz to 12 kHz for the vertical angle from -90°
to 900. Furthermore, another notch, centered at about 15
kHz, also appeared faintly at high frequency band. The
noticeable point is that the first spectral notch moves
monotonically with respect to the varying of the vertical
angle of a sound source and this can be interpreted that the
distance from a meatus entrance to a concha posterior wall
varies with change of the vertical angle. On the other hand,
the first spectral notch disappears in the rear (-90° - -270°)
because the meatus is hidden by the concha wall and the
reflection from the concha wall is not occurred. Therefore,
robots can distinguish whether a sound is coming from front
or rear from the presence of the notch in frequency band
from about 6 kHz to 12 kHz. Furthermore, the vertical angle

of a sound source can be estimated from the frequency
position of the first spectral notch due to its monotonous
change. The moving pattern and range of the first spectral
notch with respect to varying of the vertical angle in the
sagittal plane are almost the same with those in the median
plane, therefore, it can be said that the spectral notch is not
sensitive to the lateral angle of a sound source and this is
equivalent with the results in human HRTFs [9][10].
Therefore, the designed artificial ear can be a suitable
mechanical sensor to localize a sound source. The amplitude
of the resulting spectra at each sagittal plane, however, has a
considerable variation and this can be due to the diffraction
by the.

V. CONCLUSIONS AND FUTURE WORKS

We proposed a design of an artificial ear mimicking the
human concha for robots to localize the sound source. The
spectral notch in HRTFs varies monotonically with respect
to the vertical angle of a frontal source, whereas it
disappears in the rear. The pattern and range of the spectral
notch in the median plane is almost the same with those in
the sagittal planes. The designed artificial ear can be a sound
localization sensor to distinguish whether a sound is coming
from front or rear, above or below with only two ears. The
main sound source to be localized, however, is robot's user
and the robot should detect user position from the voice
signals. In this case, the range of the spectral notch should
be distinctive across voice frequency band (300 Hz - 4 kHz)
to localize from the spectral notch, therefore the proposed
artificial ear can be inadequate because the frequency of
spectral notch of the designed artificial ear varies at higher
frequency band than the voice frequency band. We expect
that this problem can be alleviated by increasing the size of
artificial ear. In the near future, we will investigate how the
size of artificial ear affects the range of spectral notch in
HRTFs..
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Figure 7. Magnitude ofHRTFs in the median plane and several sagittal planes with respect to the vertical angle.
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