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Abstract— Individualization of the head-related transfer func-
tion (HRTF) to each listener is important for the listener to
localize sound sources accurately. If an inappropriate HRTF is
used, the sound localization is incorrect and there is a lower
sense of presence. We investigate the admissible ranges for
individualization of P1, N1, and N2 frequencies, which are
spectral cues of HRTFs to localize sounds, in particular, on the
median plane. The admissible ranges for individualization are
the valid ranges of the spectral cues on the HRTFs at which
each listener can localize presented sounds. We did listening
tests to estimate the admissible ranges of P1, N1 and N2. The
results suggest that N1 should be accurate; the admissible
range is narrow, P1 and N2 are not strict, and also that strict
tuning of P1 and N2 is not required. When applying a recon-
structed HRTF for a certain listener selected from those of
others in the database based on the condition that the N1, N2,
and P1 of those HRTFs are limited to the admissible ranges,
accuracy of sound localization approaches that applying the
most appropriate HRTF for the listener.
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l. INTRODUCTION

The head-related transfer function (HRTF) is the transfer
function from a sound source to the head center of the listen-
er. When we convolve HRTF into a sound wave, three-
dimensional sounds can be presented to the listeners [1].
However, there is a significant problem: HRTF varies with
the shape of the listener’s head, body, and auricle. If an
HRTF that is inappropriate for the listener is used, the sound
localization is incorrect and the sense of presence decreases.
To present listeners with a highly accurate sound image in
the three-dimensional space, HRTF should be as accurate as
possible for each listener. Thus, individualization of HRTF
to each listener is an important and challenging task. Alt-
hough many approaches to individualize HRTF have been
reported, for example, measuring each listener’s HRTF, se-
lecting the most fitted HRTF from large HRTF databases [2],
and synthesizing HRTF from measurements of head shape
[3], the measuring equipment, room, and high-performance
computing involved means that implementing these methods
is costly.

Interaural time difference (1TD) and interaural level dif-
ference (ILD) are included in the HRTFs for the listener's
two ears, and they are used for cues of sound localization on
the horizontal plane. However, to judge the direction of a
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Figure 1. Example of P1, N1, and N2 on median plane

sound on the median plane, spectral cues also included in the
HRTFs are used [4]. Hence, because of the lack of infor-
mation of ITD and ILD, presentation of a sound to localize
on the median plane is more difficult than localization of
sound on the horizontal plane. We discuss individualization
of spectral cues in the HRTF to localize sounds on the medi-
an plane.

lida et al. suggested that the sound can be localized on
the median plane (elevation perception) using only N1 and
N2 notches and the P1 peak in the amplitude spectrum of
HRTF [5]. An example of P1, N1, and N2 on the median
plane is shown in Fig. 1. This assumption was ensured by
one report that describes how removing N1 and N2 by block-
ing the hollow of the ear of a listener leads to degradation in
how accurately elevation is perceived [6]. Another report
showed that resonances in the ear involve the origin of peaks
and notches [3]. However, there is still less discussion on
how accurately an individualized HRTF should be fitted to
each listener.

We discuss admissible ranges for P1, N1, and N2, i.e.,
the ranges for which each listener can localize presented
sounds. If we can estimate the admissible ranges for P1, N1,
and N2, this can provide new knowledge of individualization
of the HRTF on the median plane. To do this, we did listen-
ing experiments to select the n-best HRTFs in the database
and analyze the variances of P1, N1, and N2 of the selected
ones. We compare them with the estimated variances of P1,
N1, and N2 of HRTFs in the database. Additionally, we re-
construct a HRTF for a certain listener by selecting from
other listeners” HRTFs in the database when the selected
HRTFs are in the admissible ranges. Finally, we compare the
accuracy of sound localization when using the reconstructed



TABLE I. AVERAGES OF STANDARD DEVIATIONS OF P1, N1 AND N2

(ERB) IN DATABASE

P1 N1 N2
S.D. (ERB) | 0.98 0.91 0.89
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Figure 2. Averages and standard deviations of P1, N1, and N of upper-
hemispheric median plane (front: 0 deg to back: 180 deg, 30 deg steps).

HRTF with that using the most appropriate one for the lis-
tener.

Il.  VARIANCES OF P1, N1, AND N2

This section prepares the estimated results of variances of
the P1, N1, and N2 in the HRTF database.

A. Analysis method and conditions

To estimate the P1 frequency, we applied the cepstral
smoothing to HRTF. Since N1 and N2 are sometimes not
clear for some listeners and at some elevations, to estimate
N1 and N2 frequencies more precisely, we extracted the ini-
tial impulse response (approximately 1-2 [ms] long) and ap-
plied FFT to the extracted wave data because of the reducing
effects of reflections in the ears [7]. Here, 114 HRTF (of the
right ear) data obtained in an anechoic chamber at Tohoku
University were used to individualize HRTFs for each listen-
er. Frequencies (Hz) of P1, N1, and N2 were transformed
into ERBy-number using Eq. (1) and taking the frequency
resolution of human ears into consideration.

4.37f
ERB, —number = 21.4log,, [W + 1] (1)

B. Analyzed results

Averages and standard deviations of the analyzed results
of P1, N1, and N2 frequencies on elevation (front: O degree
to back: 180 degree, 30 degree steps) are shown in Figure 2,
and averages of standard deviations on elevations are listed
in Table 1.

The figure and table show the following tendencies.

(1) The frequency of P1 is almost constant even when ele-
vation changes.

(2) The frequency of N1 is rising in 0-120 degree then de-
creasing to 180 degree

(3) The frequency of N2 is rising in almost the same man-
ner as N1 in 0-120 degree then decreasing gradually to
180 degree

(4) \Variations of P1, N1, and N2 frequencies are about 1
ERB at every elevation

These results are similar to those of the previous study [8].

This similarity ensures that these analyzed results are valid.

I1l.  ADMISSIBLE RANGES OF P1, N1, AND N2
FREQUENCIES

The results of listening experiments to estimate the ad-
missible ranges of P1, N1, and N2 are described and the re-
sults of the listening experiments with the variances estimat-
ed in section 2 are compared to discuss how narrow the ad-
missible ranges of P1, N1, and N2 are.

A. Listening experiment

1) Procedure: The listening experiments enabled us to
choose the best HRTFs for each subject from the database,
by comparing 114 pieces of HRTF data. To choose the best
HRTFs accurately, we did the following three experiments.
Experiment I: The subjects selected the n-better (n > 5)
HRTFs by comparing the sense of sound localization.
Experiment I1: The subjects selected the 5 best HRTFs by
comparing them extracted in Experiment I. The evaluation
procedure is the same as that of Experiment .

Experiment I11: The subjects selected the best HRTF by
comparing the 5-best HRTFs.

The experimental system is illustrated in Fig. 3. The lis-
tening experiments were carried out in a sound-proof room
by using Tucker-Davis Technologies (TDT) System Ill. The
stimuli were presented to each subject through headphones
(STAX SR-404).

We used white noise convoluted with the HRTFs in the
database as the stimuli. The sampling frequency of the stim-
uli was 48 [kHz]. Target elevations of the stimuli were sev-
en directions from O degree (front) to 180 degree (back) via
90 degree (right above) in 30 degree steps on the median
plane. The seven stimuli were presented from front to back
in order. Inter stimulus interval of them was 5 [s]. In Exper-
iments | and I, the sound for each elevation was presented
in 3 [s]. In Experiment I11, the sound for each elevation was
presented in 1.5 [s]. In Experiments | and Il, the subjects
answered how confidently they perceived the direction as
indicated at each elevation. In Experiment 111, the subjects
listened to paired stimuli and answered which one they per-
ceived more accurately.

Eight graduate students who had normal hearing partici-
pated in Experiment I. Since three of the eight subjects
could not respond stably, five subjects were chosen for Ex-
periments Il and I11.

2) Results and discussion: About ten HRTFs are
selected by each subject, who were able to localize the
stimuli produced by the selected HRTFs in Experiment I.
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Figure 4. Selected five HRTFs of P1, P2 and N2 (Subject MA): solid line
indicates best HRTF for subject.
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Figure 5. Admissible range of subject MA

According to subjects’ introspection, they were unable to
localize the sounds or it was difficult for them to do this
when using the other (approximately 100) HRTFs. The 5
best HRTFs in those selected in Experiment | were chosen

TABLE II. AVERAGES OF STANDARD DEVIATIONS OF P1, N1, AND N2
(ERB)
P1 N1 N2
S.D. (Subject MA) 0.57 0.35 0.56
S.D. (Av. among 5 subjects) 0.66 0.41 0.51
S.D. (Same as in Table 1) 0.98 0.91 0.89

for Experiment I1. The best HRTF is determined from the 5
best HRTFs in Experiment IIl. The subjects can easily
choose the 5 best and the best HRTFs. The result obtained
by the subject MA is shown in Fig. 4, for example. In Fig. 4,
the thick solid line indicates the best HRTF and the dotted
lines are the 5 best HRTFs of the subject MA.

The averaged standard deviation of the 5 best HRTFs on
the elevation is listed at the first row in Table 2. The table
shows that standard deviation of the 5 best HRTFs for N1 is
small at every elevation and standard deviations of P1 and
N2 are not significantly small when we compare them to
those of the HRTFs in the database (third row in Table 2).
The averages of the standard deviations among the five sub-
jects (second row in Table 2) have the same tendency as that
of the subject MA. We assume that the admissible range is
Lo (w: mean, o: SD). The admissible range of the subject
MA is shown in Fig. 5. The admissible range for N1 is nar-
row at all elevations, and the admissible ranges for P1 and
N2 were not strict. These findings should be considered
when individualizing HRTF.

IV. EVALUATION OF ADMISSIBLE RANGE

For Experiment 1V, to evaluate the estimated admissible
ranges, we reconstructed an HRTF for a certain listener in
accordance with the admissible ranges and compared the
accuracy of sound localization by using the reconstructed
HRTF with that using the most appropriate one for the lis-
tener.

A. Procedure

The procedure for Experiment 1V is the same as that for
Experiments I, 1l, and 111 with the exception of the HRTFs
used and the subjects’ task.

The most appropriate HRTF is the best HRTF for each
subject selected in Experiment Il and the reconstructed
HRTF was designed as follows. An HRTF for each elevation
was selected from unselected HRTFs in Experiment | and all
selected HRTFs along elevations were combined as a recon-
structed HRTF for a certain listener, in which P1, N1, and
N2 frequencies of the selected HRTFs are in the admissible
ranges of P1, N1, and N2. The reconstructed HRTF is used
to produce the sounds presented to each subject. Frequency
distances of P1, N1, and N2 between the reconstructed
HRTF and the most appropriate one were as follows: P1,
0.10-0.62; N1, 0.05-0.39; and N2, 0.11-0.45 [ERB].

The subjects’ task was to state the perceived direction of
the randomly presented white noise at an elevation from 0 to
180 degree in 30 degree steps.
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Figure 6. Performance of subject MA for sound localization, (a) using
best HRTF for subject MA, (b) using reconstructed HRTF in accordance
with subject MA’s admissible ranges
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Figure 7. Localization errors using appropriate and reconstructed HRTFs

B. Results and discussion

Responses of one subject (MA) are shown in Fig. 6, and
Figure 7 shows errors of perceived directions of five subjects,
using the appropriate and reconstructed HRTFs for sound
localization done in Experiment IV. Although front-back
errors occur more when using the reconstructed HRTF, accu-
racies of perceived directions are similar among the recon-
structed and appropriate HRTFs. This result suggests that
localizable sounds can be designed even when using the re-
constructed HRTF, if P1, N1, and N2 frequencies of the
HRTF can be set in each admissible range. Since the admis-
sible range of N1 is narrow and those of P1 and N2 are not,
we should carefully control the N1 frequency.

V. CONCLUSION

We investigated the admissible ranges for P1, N1, and
N2 frequencies, which are spectral cues for sound localiza-
tion on the median plane. Although standard deviations of P1,
N1, and N2 frequencies are about 1 ERB, the admissible
ranges of them are narrow, in particular, the admissible range
of N1 frequency is narrower than others. If P1, N1, and N2
frequencies of an HRTF are in each admissible range, per-
formance of sound localization when using such HRTF is
similar to that using the appropriate HRTF. Thus, when indi-
vidualizing an HRTF to a certain listener, N1 frequency
should be taken to be as accurate as possible because the
admissible range of N1 frequency is narrow and we should
be able to localize sounds in the same way as when using the
appropriate HRTF.
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