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Abstract: Previous studies showed that the distortion of the spectral information by occluding the
pinna cavities of one of the ears decreases the accuracy of vertical localization. However, it is unclear
whether vertical localization can be accomplished using the spectral information at only a single ear or
requires the spectral information at both ears. In the present study, median plane localization tests in
which the head-related transfer functions (HRTFs) for different target vertical angles were presented to
each ear of the subjects were carried out. The results showed that the subjects either localized a single
sound image to the target vertical angle presented to either the left or right ear or localized two sound
images to both target vertical angles, with approximately the same accuracy as when identical target
vertical angles of HRTFs were presented to both ears. These results imply that the spectral information
at only a single ear provides the spectral cue for vertical localization.
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1. INTRODUCTION

It is generally known that the spectral notches and
peaks in the human head-related transfer functions
(HRTFs) in the frequency range approximately above
4 kHz act as cues for median plane localization [1–4].

The frequencies of the prominent high-frequency
notches systematically increase with elevation [2,5] and
are related to the physical dimensions and shape of the
pinna [6–8]. Furthermore, the importance of the outline of
spectral notches and peaks, rather than the fine structures,
in the HRTF has been reported [9–14].

The authors proposed a parametric HRTF model for
vertical sound localization [15]. The parametric HRTF is
recomposed of all or some of the spectral notches and
peaks extracted from a listener’s measured HRTF, regard-
ing the peak around 4 kHz, which is independent of the
vertical angle of the sound source [5], as the lower-
frequency limit. The notches and peaks are labeled in order

of frequency (e.g., P1, N1, P2, N2, and so on), and are
expressed parametrically in terms of center frequency,
level, and sharpness. The results of sound localization tests
using the parametric HRTFs suggest that N1 and N2 play
an important role in the localization in the upper median
plane.

On the other hand, a number of studies have examined
whether the spectral information of the input signals at both
ears is necessary for the perception of vertical angle.
Gardner [16] investigated the effects of pinna cavities on
localization ability in the anterior sector of the median
plane (" 18# to 18#) by occluding the pinna cavities of
one, both, or neither of the listener’s ears. The sound was
audible, but the pinna-induced cues were disrupted. The
results showed that the localization accuracy was worse
when one of the ears was occluded than when neither of the
ears was occluded. The implication of his result was that
the influence of the cavities was monaural in nature, at least
insofar as localization in this sector of the median plane is
concerned.

Morimoto [17] carried out localization tests in the
upper hemisphere by occluding pinna cavities in the same
manner as Gardner. The results showed that there were
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significant differences in mean localization error among
the cases in which one, both, or neither of the ears was
occluded. He inferred that both ears contribute to the
perception of vertical angle even in the median plane.

Some studies have reported that the spectral difference
between the two ear-input signals might be used as a cue
for median plane localization [18,19]. However, other
studies have reported that the binaural disparity cues alone
are not sufficient for median plane localization [20,21].

Thus, previous studies clarified that the distortion of
the spectral information at one of the ears decreases the
accuracy of vertical localization. However, as mentioned
above, Gardner inferred that the cue for vertical local-
ization is the spectral information at a single ear, while
Morimoto inferred that the spectral information at both ears
is necessary. Which hypothesis holds is not yet known and
cannot be determined by experiments in which one of the
listener’s ears is occluded because the spectrum at the
occluded ear is flattened.

Consider the direction at which a listener localizes a
sound image under the following condition: (1) a sound
source exists in the median plane and (2) the left ear of the
listener is occluded while the right ear is not occluded. If
the spectral information at a single ear contributes as the
spectral cue, the listener localizes the sound image at the
sound source with the spectral information of the right ear.
However, the flattened spectrum at the left ear may
decrease the accuracy of localization. Therefore, the
following results are possible: (1) the listener localizes a
sound image at the sound source, and so the accuracy of
localization does not decrease, or (2) the accuracy of
localization decreases.

On the other hand, if the spectral information at both
ears contributes as the spectral cue, the accuracy of
localization is thought to decrease because there exists no
vertical angle at which the spectra at both ears coincide.

As mentioned above, the accuracy of localization
decreased in both the experiments by Gardner and those
by Morimoto. The results of these experiments cannot
determine whether vertical localization can be accom-
plished using the spectral information at only a single ear
or requires the spectral information at both ears. Therefore,
another experiment, which provides different results
depending on the process of extracting spectral cues in
the human auditory system, is required.

In the present study, we carried out upper median plane
localization tests presenting HRTFs of different target
vertical angles to the left and right ears. If the location-
related spectral cue is extracted in each ear and the location
representations for the two ears are individually preserved
until the final judgment, the possible results are as follows:
(1) the listener localizes a sound image at either of two
HRTFs, or (2) the listener localizes two sound images at

both of the HRTFs. On the other hand, if the spectral
information at both ears contributes as the spectral cue, a
sound image is thought to be localized at neither of the
HRTFs because the spectral information for both ears does
not coincide with any vertical angle.

The interaural-polar-axis coordinate system [22],
shown in Fig. 1, was used in the present study. This
coordinate system expresses directions in three-dimen-
sional space using the lateral angle, !, and the vertical
angle, ", instead of the azimuth and elevation.

2. MEASUREMENT OF HRTFS

The HRTFs of four male subjects (IT, NS, SG, and
YG), who were 23 to 30 years of age, were measured for
seven vertical angles in the upper median plane (0# to 180#

in 30# steps) in an anechoic chamber. The test signal was
a swept sine wave, the sampling frequency of which was
48 kHz. The test signal was presented in 30# steps by a
loudspeaker having a diameter of 80 mm (FOSTEX
FE83E) located in the upper median plane. The distance
from the loudspeakers to the center of the subject’s head
was 1.2 m. Earplug-type microphones [8] were used to
sense the test signals at the entrances of the ear canals of
the subject.

The earplug-type microphones were fabricated using
the subject’s ear molds. The ear molds were constructed by
the following procedure: (1) an inverse mold was formed
by occluding the pinna with silicon, (2) the inverse mold
was encased in plaster, and (3) the silicon mold was
removed. A miniature electret condenser microphone
element of 5 mm in diameter (Panasonic, WM64AT102)
was embedded in the silicon resin at the entrance of the ear
canal of each ear mold. The microphone and silicon resin
were then removed from the ear mold in order to be used as
an earplug-type microphone.

Fig. 1 Definition of the interaural-polar-axis coordinate
system. Here, ! is the lateral angle, and " is the vertical
angle of sound image S.
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The earplug-type microphones were placed into the
ear canals of the subjects (Fig. 2). The diaphragms of the
microphones were located at the entrances of the ear
canals. This condition is referred to as the blocked-
entrances condition [5]. The HRTF was obtained as

HRTFl,rð!Þ ¼ Gl,rð!Þ=Fð!Þ ð1Þ

where Fð!Þ is the Fourier transform of the impulse
response, f ðtÞ, measured at the point corresponding to the
center of the subject’s head in the anechoic chamber
without a subject, and Gl,rð!Þ is that measured at the
entrance of the ear canal of the subject with the earplug-
type microphones. Subscripts l and r denote the left and
right ears, respectively.

3. LOCALIZATION TESTS

3.1. Method
The subjects were four males (IT, NS, SG, and YG),

whose HRTFs had been measured in the manner described
in Sect. 2. All of the subjects self-reported normal hearing
sensitivity.

The localization tests were conducted in an anechoic
chamber. A PC, a digital signal processor (DSP) board for
real-time processing, open-air headphones (AKG, K1000),
and earplug-type microphones were used for the local-
ization tests.

The sound pressure at the eardrum for the open-ear-
canal condition, P, can be obtained by processing the sound
pressure at the entrance of the blocked ear canal with a
compensation filter, G, through headphones [23], as
follows:

P ¼ S' HRTF ' G; ð2Þ

G ¼
1

M ' PTF
'

Zear canal þ Zheadphone

Zear canal þ Zradiation
ð3Þ

¼!
1

M ' PTF
' PDR; ð4Þ

where S denotes the sound source, M is the transfer
function of the earplug-type microphones, M ' PTF is the
electroacoustic transfer function of the headphones mea-
sured at the entrance of the blocked ear canal, Zear canal and
Zheadphone denote the impedances of the ear canal and
headphones, respectively, and Zradiation is the free-air
radiation impedance as observed from the ear canal. The
second term on the right-hand side of Eq. (3) is referred to
as the pressure division ratio (PDR). Møller et al. defined
free-air equivalent coupling to the ear (FEC) headphones
as headphones for which the PDR reduces to unity [23].
K1000 headphones (AKG), which were regarded as FEC
headphones, were used in the localization tests.

The following procedure was used to measure M '
PTF. The subjects sat at the center of the soundproof room.
The earplug-type microphones were placed into the ear
canals of the subjects. The diaphragms of the microphones
were located at the entrances of the ear canals, in the same
manner as in the HRTF measurements described in Sect. 2.
The subjects wore the headphones, and maximum-length
sequence signals (48 kHz sampling) were emitted through
the headphones. The signals were received by the earplug-
type microphones, and M ' PTF was obtained. The
earplug-type microphones were then removed. Since the
pinnae of the subject were not enclosed by the headphones
(Fig. 3), displacement of the headphones did not occur.

The HRTFs for different vertical angles of 30# steps
between 0# and 180# were presented to each ear of the
subjects. Thus, a total of 49 (seven vertical angles ' seven
vertical angles) combinations of HRTFs were prepared.
The source signal was a wide-band white noise from
280 Hz to 11.2 kHz. The white noise was generated in the
PC for each stimulus. Namely, each stimulus used a
different white noise. Each stimulus was presented 10
times in random order at 60 ) 0:4 dB A-weighted SPL at
the entrance of the ear canals of the subjects. The duration

Fig. 2 Placement of the earplug-type microphone in the
entrance of the ear canal of a subject in the HRTF
measurement.

Fig. 3 Headphones used in the experiments.
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of the stimuli was 1 s, and the interval between two stimuli
was 9 s. The task of the subjects was to mark the perceived
azimuth and elevation of the center of each sound image
on a graphic response form. The response form displayed
two circles intersected by perpendicular lines printed
upon a sheet of paper. One circle was used to indicate
the perceived azimuth angle, and the other was used to
indicate the perceived elevation angle, in reference to a
spherical coordinate system containing a single vertical
pole. The angles marked by subjects were read with a
protractor to an accuracy of one degree and were trans-
formed into the lateral angle, !, and the vertical angle, ",
after the experiment.

3.2. Results
3.2.1. Case in which identical target vertical angles of

HRTFs are presented to both ears
Figure 4 shows the responses for the vertical angle

when the HRTFs for identical vertical angles were
presented to both ears, as usual median plane localization
tests. The ordinate represents the responded vertical angle,
and the abscissa represents the target vertical angle. The
diameter of each circle is proportional to the number of
responses with a resolution of five degrees. In general, the
responses are distributed along a diagonal line, indicating
that the subjects perceived the vertical angle of a sound
image accurately. However, subject IT localized a sound
image at 90# to 120# for the target vertical angles of 120#

and 150#. Subject NS localized a sound image at 90# for
the target vertical angles of 120#, and at 90# to 120# for the

target vertical angles of 150#. Some of subject SG’s
responses tend to be localized around 120# for the target
elevation of 60#. Subject YG localized a sound image at
90# to 120# for the target vertical angles of 120#, and at
90# to 180# for the target vertical angles of 150#. The
subject occasionally perceived two sound images at 180#

and 0# for the target vertical angle of 180#, indicated by the
triangle symbol in Fig. 4.

Figure 5 shows the responses for the lateral angle, !.
The ordinate represents the responded lateral angle, and
the abscissa represents the target vertical angle. Most of the
responses are distributed around 0#.
3.2.2. Case in which different target vertical angles of

HRTFs are presented to each ear
Although the subjects mostly reported a single sound

image when different target angles were presented to the
left and right ears, subjects IT, SF, and YG sometimes
reported two sound images. They reported either a single
sound image or two sound images outside their heads. The
proportion of trials in which the subject reported two sound
images was 2.3% (IT), 0% (NS), 6.4% (SG), and 9.8%
(YG).

Figures 6 through 9 show the responded vertical angle,
", when a single sound image was perceived. The ordinate
represents the responded vertical angle, and the abscissa
represents the target vertical angle presented to the right
ear, "r. The broken line indicates the target vertical angle
presented to the left ear, "l. Therefore, a response
distribution along the broken line indicates that the subject
localized a sound image to the vertical angle presented to
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Fig. 4 Responded vertical angle, ", to stimuli having
identical target vertical angles ("l ¼ "r).
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Fig. 5 Responded lateral angle, !, to stimuli having

identical target vertical angles ("l ¼ "r).
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the left ear. On the other hand, a distribution along the
diagonal line indicates that the subject localized a sound
image to the vertical angle presented to the right ear. For
comparison, the responded vertical angle when the HRTFs
of identical vertical angles were presented to both ears,
shown in Fig. 4, is shown by closed gray circles.

Figure 6 shows the responses of subject IT. For "l ¼ 0#

(panel (a)), the subject localized a sound image to the
vertical angle presented to the left ear. For "l ¼ 30# and
60# (panels (b) and (c), respectively), the subject localized
a sound image to the vertical angle presented to the right
ear, except for "r ¼ 60# to 150#, for which the subject

sometimes localized a sound image to the target vertical
angle presented to the left ear, and sometimes to that
presented to the right ear. For "l ¼ 90# and 120# (panels
(d) and (e), respectively), the subject localized a sound
image to the vertical angle presented to the right ear.
However, the subject localized a sound image at 90# to
120# for "r ¼ 120# and 150#. This tendency agrees with the
responses obtained when identical target vertical angles
were presented to both ears (closed gray circles for "l ¼
"r ¼ 120# and 150#). For "l ¼ 150# and 180# (panels (f)
and (g), respectively), most of the responses were localized
to the vertical angle presented to the right ear.

Figure 7 shows the responses of subject NS. For
"l ¼ 0# (panel (a)), the subject localized a sound image
to the vertical angle presented to the right ear for "r ¼ 180#

and to an angle intermediate to those presented to the left
and right ears for "r ¼ 30# to 120#. For "l ¼ 30# (panel
(b)), the subject localized most of the sound images to the
vertical angle presented to the right ear, with the exception
of some responses for "r ¼ 90# to 150#. For "l ¼ 60# to
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Fig. 6 Responses, which localize one sound image, to
stimuli having different target vertical angles to the left
and right ears for subject IT. The abscissa represents
the target vertical angle presented to the right ear, "r.
The broken line denotes the target vertical angle
presented to the left ear, "l. The ordinate represents the
responded vertical angle, ". For comparison, the
responded vertical angle when the HRTFs of identical
vertical angles were presented to both ears, shown in
Fig. 4, is shown by closed gray circles.
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Fig. 7 Same as Fig. 6, but for subject NS.
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150# (panels (c) through (f), respectively), the subject
localized most of the sound images to the vertical angle
presented to the right ear. However, the subject localized
a sound image to 90# to 120# for "r ¼ 120# and 150#. This
tendency agrees with the responses obtained when identical
target vertical angles were presented to both ears (closed
gray circles for "l ¼ "r ¼ 120# and 150#). For "l ¼ 180#

(panel (g)), most of the responses were localized to the
vertical angle presented to the right ear.

Figure 8 shows the responses of subject SG. For the
case in which "l ¼ 0# (panel (a)), the subject localized a
sound image to the vertical angle presented to the right ear
for "r ¼ 30#, 120#, 150#, and 180#. Making a detailed
observation, the subject localized a sound image around
180# for "r ¼ 120# and 150#. This tendency agrees with the
responses obtained when identical target vertical angles
were presented to both ears (closed gray circles for "l ¼
"r ¼ 120# and 150#). The subject localized a sound image
to an angle intermediate to those presented to the left and
right ears for "r ¼ 60# and 90#. In the case of "l ¼ 30#

(panel (b)), the subject localized a sound image to
approximately the vertical angle presented to the right
ear and occasionally to the vertical angle presented to the
left ear for "r ¼ 60# and 90#. For "l ¼ 60# and 90# (panels
(c) and (d), respectively), the subject localized most of the
sound images to the vertical angle presented to the right ear
and the remainder to that presented to the left ear. For
"l ¼ 120# (panel (e)), the subject localized sound images
to the vertical angle presented to the left ear for "r ¼ 0# to
90# and the remainder to that presented to the right ear. In
the case of "l ¼ 150# (panel (f)), the subject localized a
sound image to the vertical angle presented to the right
ear for "r ¼ 0# and 180# and to that presented to the left
ear for "r ¼ 60# to 120#. For "l ¼ 180# (panel (g)), most of
the responses were localized to the vertical angle presented
to the left ear, except for "r ¼ 0#, for which the subject
localized a sound image to the target vertical angle
presented to the right ear.

Figure 9 shows the responses of subject YG. In the case
of "l ¼ 0# (panel (a)), the subject localized a sound image
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Fig. 9 Same as Fig. 6, but for subject YG.
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Target vertical angle βr (deg.)

Fig. 8 Same as Fig. 6, but for subject SG.
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approximately to the vertical angle presented to the left ear
and to an angle intermediate to those presented to the left
and right ears for "r ¼ 30#. In the case of "l ¼ 30#

(panel (b)), the subject localized most of the sound images
to the right ear for "r ¼ 0# and 180# and to an angle
intermediate to those presented to the left and right ears for
"r ¼ 60# to 120#. In the case of "l ¼ 60# and 90# (panels
(c) and (d), respectively), the subject localized most of the
sound images to the vertical angle presented to the right
ear. However, the subject localized a sound image to
approximately 90# for "r ¼ 120#. This tendency agrees
with the responses when identical target vertical angles
are presented to both ears (closed gray circles for "l ¼
"r ¼ 120#). In the case of "l ¼ 120# to 180# (panels (e)
through (g), respectively), most of the responses are
localized to the vertical angle presented to the right ear,
while a few responses are localized to an angle intermedi-
ate to those presented to the left and right ears.

These results indicate that the subjects tend to localize
a sound image to the target vertical angle presented to
either the left or right ear, for cases in which they perceived
a single sound image.

Figure 10 shows the responded lateral angle, !. The
ordinate represents the responded lateral angle, and the
abscissa represents the target vertical angle presented to the
right ear, "r. Most of the responses are distributed around
0#. A few of IT’s and NS’s responses are localized up to
20# from the median plane. This shift is thought to have
been caused by a small interaural difference that arose from
presenting different HRTFs to the left and right ears.

Subjects IT, SF, and YG sometimes perceived two
sound images. All responses to the stimuli, for which two
sound images were perceived, are given in the order that
the stimuli were presented (Figs. 11 through 13). The two
values in parentheses in these figures denote the target
vertical angles presented to the left and right ears ("l and
"r, respectively). For comparison, the responded vertical
angle when the HRTFs of identical vertical angles were
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Fig. 10 Responded lateral angle, !, to stimuli for which

the target vertical angles "l and "r differ.

Fig. 11 Responses for subject IT localizing two sound images to stimuli for which the target angles presented to the left
and right ears, "l and "r, differ. The values in parentheses denote "l and "r. For comparison, the responded vertical angle
when the HRTFs of identical vertical angles were presented to both ears, shown in Fig. 4, is shown.
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presented to both ears, shown in Fig. 4, is shown beside
each panel.

Figure 11 shows the responses of subject IT. Most of
the responses localized two sound images to the target
vertical angles presented to the left and right ears. A few
responses are localized to 180# when the target vertical
angle presented to the left or right ear was 120# or 150#.

Figure 12 shows the responses of subject SG. The
localized vertical angles of two sound images are similar to

those when identical target vertical angles are presented
to both ears. For instance, the responses tend to localize
between 90# to 150# when the target vertical angle
presented to either ear is 60#. This tendency agrees with
the responses when a target vertical angle of 60# is
presented to both ears.

Figure 13 shows the responses of subject YG. Most
of the localized vertical angles of two sound images are
similar to those when identical target vertical angles are

Fig. 12 Same as Fig. 11, but for subject SG.
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Fig. 13 Same as Fig. 11, but for subject YG.

K. IIDA et al.: DIFFERENT VERTICAL ANGLES OF HRTFS TO EACH EAR

283



presented to both ears. For instance, the responses tend to
localize to 0# when a target vertical angle of 180# is
presented to the right ear. This tendency agrees with the
responses obtained when a target vertical angle of 180# is
presented to both ears. The triangle symbol indicates the
subject occasionally perceived two sound images at 180#

and 0# when the HRTFs of the vertical angle of 180# were
presented to both ears, as shown in Fig. 4.

These results indicate that the subjects tend to localize
two sound images to both target vertical angles, for cases in
which they perceived two sound images.
3.2.3. Mean localization error

The mean vertical localization error was calculated.
The mean vertical localization error is defined as the
absolute difference between the responded and target
vertical angles averaged over all of the responses.

Table 1 shows the mean localization error of the
vertical angles for stimuli in which identical target vertical
angles were presented to both ears ("l ¼ "r) and for stimuli
in which different target vertical angles were presented to
each ear ("l 6¼ "r). The smaller error for the two target
vertical angles was adopted for the stimuli "l 6¼ "r. Both
errors were obtained when the subjects localized two sound
images. The chance levels for "l ¼ "r and "l 6¼ "r, in
which the smaller error for the two target vertical angles
was adopted, were 65.0 (deg) and 36.7 (deg), respectively.
The mean localization errors for both "l ¼ "r and "l 6¼ "r

were each smaller than half the chance level for all four
subjects. The mean localization error for "l 6¼ "r was less
than that for "l ¼ "r, except for subject NS, whose errors
for "l 6¼ "r and "l ¼ "r were approximately the same. This
is probably due to adopting the smaller error in the case of
stimuli "l 6¼ "r.

Then, a t-test was performed in order to determine
whether the difference in the localization error between
"l ¼ "r and "l 6¼ "r is statistically significant. With the
exception of subject SG, there was no statistically
significant difference between the localization errors for
"l 6¼ "r and "l ¼ "r. Even for subject SG, the error for
"l 6¼ "r was less than that for "l ¼ "r.

These results showed that the subjects localized a
single sound image to the target vertical angle presented to
either the left or right ear or localized two sound images
to both target vertical angles, when different target vertical
angles were presented to the left and right ears. These
results imply that a listener perceives the vertical angle of a
sound image with the spectral information at only a single
ear.

4. DISCUSSION

Based on the results shown in Sect. 3, a possible
extraction process for spectral cues in the human auditory
system would be that spectral cues are extracted from the
spectrum of the input signal to each ear independently
(Fig. 14).

Middlebrooks [11] proposed a model in which a sound
image is localized to the vertical angle at which the cross-
correlation coefficient between the spectrum of each ear-
input signal and the spectrum of the HRTF is maximized. A
similar model was proposed by Chung et al. [24]. These
models support the validity of the proposed extraction
process.

Furthermore, it is known that the dorsal cochlear
nucleus (DCN) extracts the spectral notch in the HRTF,
and the DCN type IV neurons encode rising spectral edges
of the notch [25]. These findings support the hypothesis
that the human auditory system extracts the spectral cues
from the spectrum of the input signal to each ear
independently.

However, it is not clear which of the ears is dominant in
the extraction process. Moreover, what determines the
dominance remains unclear. Figure 15 shows the ampli-
tude spectrum of the HRTF of subject IT for the left ear
and the right ear. The figure indicates that the amplitude
spectrum of the HRTF were similar between the left and
right ears. Therefore, the dominance of one ear cannot be

Table 1 Mean localization error in the vertical angles
for stimuli in which identical target vertical angles
were presented to both ears ("l ¼ "r) and for stimuli in
which different target vertical angles were presented to
each ear ("l 6¼ "r).

Subject
Mean localization error (deg.)

t-test
"l ¼ "r "l 6¼ "r

IT 11.6 9.3 —
NS 13.8 13.9 —
SG 26.3 17.5 !
YG 17.7 14.0 —

! p < 0:05

Fig. 14 A possible extraction process of spectral cues in
the human auditory system. The spectral cues are
independently extracted from the spectrum of the input
signal to each ear, Plð!Þ and Prð!Þ.
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explained by more salient spectral characteristics than
the other ear. This is a problem to be solved in the near
future.

5. CONCLUSIONS

In order to examine whether the vertical localization
accomplished with the spectral information at only a single
ear or the vertical localization requires the spectral
information at both ears, we carried out upper median
plane localization tests presenting HRTFs of different
target vertical angles to the left and right ears.

The results showed that the subjects either localized a
single sound image to the target vertical angle presented to
either the left or right ear or localized two sound images to
both target vertical angles, with approximately the same
accuracy as when identical target vertical angle of HRTFs
were presented to both ears. These results imply that the
spectral information at only a single ear provides the
spectral cue for vertical localization.
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Fig. 15 Amplitude spectrum of the HRTF of subject IT
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HRTFs of the left and right ears, respectively.
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