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An authentic approach to present three-dimensional acoustical sensation to everyone is to provide head-
related transfer functions (HRTFs) that are exactly adapted to each listener. This approach is called the
individualization of HRTFs. In order to generate individualized HRTFs, the present study proposes a mod-
eling method of HRTFs that extracts the frequency bins in which spectral notches (N1 and N2) are
included. The frequency bins for N1 and N2 were classified into two categories based on the just notice-
able difference in notch frequency with regard to the vertical angle perception of a sound image. Then,
discriminant analyses were carried out as objective variables of the category of each of the N1 and N2
Individualization frequency bins and as explanatory variables of ten anthropometric parameters of pinnae. The results
Spectral notch show that the categories of N1 and N2 frequency bins for the front direction can be estimated with accu-
Pinna racies of 83.1% and 77.8%, respectively. For the rear direction, the accuracies of the category estimation of
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N1 and N2 were 74.3% and 77.1%, respectively.
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1. Introduction

Accurate three-dimensional sound image localization can be
accomplished by reproduction of a listener’s own head-related
transfer functions (HRTFs) at the entrances of the ear canals [21].
However, there exist remarkable individual differences in HRTFs.
The HRTFs of other listeners often cause front-back confusion of
a sound image and inside-of-head localization. This is a serious
problem, which prevents acoustic virtual reality (VR) from coming
into widespread practical use. In order to address this problem,
methods for obtaining individualized HRTFs of an unknown lis-
tener that do not require acoustical measurements have been
investigated.

One such method uses principal component analysis (PCA),
which resolves an HRTF into its principal components [14,18].
The weighting coefficient of each principal component depends
on both the listener and the direction of a sound source. Attempts
were made to estimate the weighting coefficients based on the
anthropometry of the listener’s pinnae using multiple regression
analysis [24,1] or a deep neural network [2,16]. However, estima-
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tion of the weighting coefficients for an unknown listener has
not been successful.

Another method for HRTF individualization estimates the
prominent spectral peaks and notches of the individual HRTFs.
The minimum HRTF components, which provide approximately
the same localization performance as the measured HRTFs, were
demonstrated to be the two lowest-frequency notches (N1 and
N2) and the two lowest-frequency peaks (P1 and P2) above
4 kHz [10,8]. The frequencies of the N1, N2, P1, and P2 for a sound
source at the front direction were reported to be estimated based
on the anthropometry of the listener’s pinnae using multiple
regression analysis [9,26,20]. Then, the HRTFs having frequencies
of N1 and N2 that are closest to these frequencies were selected
from the HRTF database as the best-matching HRTFs. Sound image
localization tests for the seven directions in the upper median
plane indicated that the best-matching HRTFs provided approxi-
mately the same performance as the subjects’ own HRTFs for the
target vertical angles of 0° (front) and 180° (rear) [9]. For the other
five upper target directions, however, the performance of the local-
ization for some of the subjects decreased compared to the sub-
ject’s own HRTFs, and so there remains room for improvement.

A number of methods have been considered in which a listener
chooses the appropriate HRTFs by performing a listening test.
Inter-subject differences in directional transfer functions (DTFs),
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which are the directional components of HRTFs, could be reduced
by appropriately scaling the frequency of one set of DTFs [17]. Fur-
thermore, it has been shown that the optimally frequency-scaled
DTF halved the difference in quadrant error between other-ear
and own-ear conditions [19]. However, one to three 20-min blocks
of listening tests were required in order to find a listener’s pre-
ferred scale factor. On the other hand, lida [4] proposed typical
HRTF data sets composed of six to ten HRTFs for each of seven
directions in the upper median plane. Localization tests indicated
that one of the six to ten typical HRTFs provides approximately
the same vertical perception of a sound image as the listener’s
own HRTFs. However, the listener is required to perform a listening
test to choose the appropriate HRTF from among typical HRTF data
sets.

Numerical calculation of HRTFs has also been studied inten-
sively. The boundary element method (BEM) has been used to cal-
culate HRTFs in a number of studies [13,12,15]. The results of
numerical calculations by the finite-difference time-domain
(FDTD) method, which is much faster than the BEM, revealed that
the fundamental spectral feature of the HRTF of an individual lis-
tener can be calculated from the baffled pinna [28]. At present,
however, neither the BEM nor the FDTD method is available for
ordinary listeners because special equipment, e.g., a magnetic res-
onance imaging system, is required in order to digitize the compli-
cated shape of the pinnae of an individual listener.

Thus, individual differences in HRTFs have not yet been over-
come. Current acoustic VR, which can present three-dimensional
acoustical sensation only to a specific listener, must be evolved
into a universal system that can present three-dimensional acous-
tical sensation to everyone, even someone who does not have his/
her own HRTF data.

The present study proposes a method by which to estimate the
category of the notch frequency bins of the individual HRTF based
on the anthropometry of the listener’s pinnae using a band-divided
notch-peak HRTF model and discriminant analysis.

2. Outline of the proposed method
An outline of the proposed method is as follows:

(1) Modeling of HRTFs

(a) Obtain early HRTFs [6] from measured full-length HRTFs.

(b) Generate the modeled HRTFs by the band-divided notch-
peak model.

(2) Extraction and categorization of the N1 and N2 frequency
bins

(a) Extract the frequency bins, in which N1 and N2 are
included using the modeled HRTFs.

(b) Classify the N1 and N2 frequency bins into several cate-
gories based on the just noticeable difference (jnd) of
notch frequency with regard to the vertical angle per-
ception of a sound image [7].

(3) Measurement of anthropometric parameters of pinnae
(4) Discriminant analysis of the categories of N1 and N2 fre-
quency bins

Objective variables: category of N1 and N2 frequency bins

Explanatory variables: anthropometric parameters of the

pinnae

(5) Category estimation of N1 and N2 frequency bins for naive
ears

Estimate the category of N1 and N2 frequency bins of the

ears, which were not involved in the discriminant analysis

using the leave-two-out cross-validation method.
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3. Modeling of HRTFs
3.1. Generation of early HRTFs

In order to extract the N1, N2, P1, and P2 from the amplitude
spectrum of the measured HRTF, in which a number of small
notches and peaks are included, the early HRTFs were generated
from the measured HRTFs.

The notches and peaks are reported to be generated in the
pinna. When the cavities of the pinna are occluded by clay, the
notches and peaks vanish, and the front-back confusion of a sound
image increases [3,23,11]. Peaks are considered to be generated by
the resonances of the pinna [25]. At the notch frequency, the anti-
nodes are generated at the cymba concha and the triangular fossa,
and a node is generated at the cavum concha [28].

The effect of the pinnae is considered to be included in the early
part of the head-related impulse response (HRIR), because the
response from the pinna arrives at the receiving point (the
entrance of the ear canal) earlier than that from the torso. There-
fore, the information of the outline of N1, N2, P1, and P2 is sup-
posed to be included in the early part of the HRIR.

lida and Oota [6] reported that the outline of the amplitude
spectrum of the early HRIR, the duration of which was 1 ms, was
approximately the same as that of the full-length HRIR. They also
showed that no statistically significant difference exists in the
mean vertical localization error observed between the early HRIRs
of 1 ms and the full-length HRIRs at seven target vertical angles in
the upper median plane.

Then, early HRTFs were generated using the algorithm, as
follows:

(1) Detect the sample for which the absolute amplitude of the
HRIR is maximum, Syax.

(2) Clip the HRIR using a four-term Blackman-Harris window,
the duration of which is 2 ms, adjusting the temporal center
of the window to Spax.

(3) Obtain the early HRTF from the clipped HRIR by discrete
Fourier transform.

Fig. 1 shows the amplitude spectra of the full-length HRTFs and
the early HRTFs of a subject for the front direction. The full-length
HRTF (solid line) includes several prominent notches and peaks
and a number of small notches and peaks. On the other hand, the
early HRTF (broken line) includes only the prominent notches
and peaks, while the small notches and peaks vanished.

3.2. Band-divided notch-peak HRTF model

In order to obtain the frequency bins in which the N1 and N2
are included, the band-divided notch-peak model was used. This
model divides the amplitude spectra of the early HRTFs into 1/n-
octave bands and decides the representative values of each band,

20
10

----carly

full-length
_10 b
20 |
30 |
40 |
50 L . . .
0 4000 8000 12000

Frequency [Hz]

Amplitude [dB]

16000 20000 24000

Fig. 1. Example of the amplitude spectrum of the early HRTF (broken line) and the
full-length (usual) HRTF (solid line).
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i.e.,, the center frequency and the band level. The band levels were
decided using the algorithm, as follows:

(1) Detect the local maxima and local minima in each band.

(2) Adopt the amplitude level of the local maximum or the local
minimum in the case that there exists either a local maxi-
mum or a local minimum in the band.

(3) Adopt the amplitude level of the local maximum or the local
minimum, the absolute amplitude level of which is maxi-
mum in the case there exist multiple local maxima or local
minima in the band. This means that the model expresses
each band by the level of a distinguishing notch or peak,
avoiding cancelation of the multiple notches and peaks by
taking their average level.

(4) Adopt the amplitude level of the center frequency in the case
there exists neither a local maximum nor a local minimum.

The amplitude spectrum of the modeled HRTF is obtained by
linear interpolation of the band level. Fig. 2 shows examples of
the amplitude spectra of the modeled HRTFs. Six bandwidths,
1/12, 1/6, 1/3, 1/2, and 1 octave and the critical bandwidth, were
used for modeling. The amplitude spectra of the modeled HRTFs
were approximately the same as those of the early HRTF, up to
4 kHz. Then, P1 was reproduced accurately.

The reproducibility of the notches and peaks for the larger
bandwidth decreased for the frequency range above 4 kHz. N1
did not appear for the bandwidth of 1 octave. The frequencies of
N1 for the bandwidths of 1/3 and 1/2 octave and critical bandwidth
differed from that of the early HRTF. P2 did not appear for the
bandwidth of 1 octave. The frequencies of P2 for the bandwidth
of 1/2 octave differed from that of the early HRTF. N2 did not
appear for the bandwidths of 1 and 1/2 octave. The frequencies
of N2 for the critical bandwidth differed from that of the early
HRTF.

3.3. Determination of the bandwidth

The optimal bandwidth for HRTF modeling, in which the promi-
nent notches and peaks are reproduced, was verified. In order to
reproduce all of the N1, N2, P1, and P2, these notches and peaks
should be in different frequency bins. In other words, the band-
width should be narrower than the notch-peak frequency intervals,
which depend on the vertical angle of a sound source and also vary
from person to person. Then, the notch-peak frequency intervals of
16 ears of Japanese adults were calculated for seven vertical angles
in the upper median plane (0° to 180°, in 30° steps).

Table 1 shows the ratios for which the bandwidth is narrower
than the notch-peak frequency interval. Since the P1-N1 frequency
interval is relatively wide, P1 and N1 were included in different
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Fig. 2. Amplitude spectra of early HRTF and the modeled HRTFs.
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bins for all bandwidths except 1 octave. However, the N1-P2 fre-
quency interval is narrow, and the ratios in which N1 and P2 are
included in different bins are low for 1/3, 1/2, and 1 octave.

In order to evaluate the similarity between the amplitude spec-
tra of the modeled HRTFs and those of the early HRTFs, the spectral
distortion (SD) up to 20 kHz was calculated by Eq. (1):

«1 N
SD = JN > [ZOlogm

i=1

HRTFmodechi)Hz )

HRTF eariy (f;)

where HRTFpoder and HRTF.q, denote the modeled HRTF and the
early HRTF, respectively. In addition, f denotes the discrete fre-
quency (93.75-Hz steps) of the amplitude spectrum of the HRTFs,
obtained by dividing 48,000 Hz by 512 samples.

Table 2 shows the SD for seven vertical angles in the upper
median plane up to 20 kHz averaged over 62 ears of Japanese
adults. The SD tended to be relatively large for the upper directions
and small for the front and rear directions. For 1/12 octave, the SD
was less than 1 dB for any direction. Then, the present study used
1/12 octave as the bandwidth for the HRTF modeling.

4. Category estimation of notch frequency bins

A previous study demonstrated that a sound image at any direc-
tion in the anterior half and posterior half of the horizontal plane
can be localized using the listener’'s own HRTFs of the front (0°)
and rear (180°) directions combined with the proper interaural dif-
ference, which corresponds to the lateral angle of a sound image
[22]. Therefore, individualization of the HRTFs for the front and
rear directions enables accurate sound image localization all
around the horizontal plane for each listener.

In the present study, categories of notch frequency bins for the
front and rear directions were estimated. From the CIT HRTF data-
base [5], all the ears, for which both HRTFs and pinna photographs
exist, were adopted for analysis. These were 76 ears of 57 donors.
Of the 76 ears, 38 ears were either left or right ears of 19 Japanese
adults. Of the remaining 38 ears, 19 were left ears of 19 Japanese
adults, and 19 were right ears of another 19 Japanese adults.

4.1. Extraction of notch frequency bins

The early HRTFs were obtained from the measured HRTFs of the
front and rear directions for 76 ears. Then, the modeled HRTFs
were generated by the band-divided notch-peak model using the
bandwidth of 1/12 octave. The two lowest-frequency bins above
4 KkHz, in which notches are included, were extracted as N1 and
N2 frequency bins.

4.1.1. Front direction

The distributions of the N1 and N2 frequency bins for the front
direction are shown in Tables 3 and 4, respectively. The N1 fre-
quency bins of 71 of 76 ears (93.4%) are distributed in six 1/12-
octave bins, the frequency bin numbers of which range from 41
to 46. The center frequencies of the six bins range from 6.3 kHz
to 8.4 kHz. The N2 frequency bins of 72 of 76 (94.7%) ears dis-
tributed in six 1/12-octave bins, the frequency bin numbers of
which range from 47 to 52. The center frequencies of the six bins
range from 9.0 kHz to 11.9 kHz.

4.1.2. Rear direction

The distributions of the N1 and N2 frequency bins for the rear
direction are shown in Tables 5 and 6, respectively. Of 76 ears, four
ears for N1 and one ear for N2 were excluded from the analysis
because the notches of these ears were ambiguous and difficult
to extract.
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Table 1
Ratios for which the bandwidth is narrower than the notch-peak frequency interval.
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Interval Band width (oct.)
1/12 1/6 1/3 1/2 1
P1-N1 1.00 1.00 1.00 1.00 0.76
N1-P2 0.85 0.70 0.37 0.10 0.00
P2-N2 1.00 0.96 0.84 0.79 0.09
Table 2

Spectral distortion between the amplitude spectra of modeled HRTFs and those of early HRTFs up to 20 kHz averaged over 62 ears (dB).

Vertical angle (deg.) Band width (oct.)

1/12 1/6 13 C.B. 12 1
0 0.9 2.2 4.5 4.7 6.5 123
30 0.4 13 3.0 35 4.2 10.7
60 0.7 1.5 3.2 4.1 4.5 9.9
90 0.3 0.7 1.7 2.5 2.6 8.0
120 0.6 1.5 3.1 41 41 10.1
150 0.8 2.0 4.1 5.2 5.9 125
180 0.9 2.1 4.7 5.6 6.5 13.2
Ave. 0.7 1.6 3.5 43 4.9 10.9
Table 3
Frequency distribution of N1 frequency bins for the front direction for 76 ears.
bin # 41 42 43 44 45 46 47 48 49
fc (kHz) 6.3 6.7 7.0 7.5 8.0 8.4 9.0 9.5 10.0
Number of Ears 8 8 10 23 12 10 2 3 0
Table 4
Frequency distribution of N2 frequency bins for the front direction for 76 ears.
bin # 46 47 48 49 50 51 52 53 54
fc (kHz) 8.4 9.0 9.5 10.0 10.6 113 11.9 12.6 134
Number of Ears 1 8 10 14 13 21 6 1 2
Table 5
Frequency distribution of N1 frequency bins for the rear direction.
bin # 43 44 45 46 47 48 49 50 51
fc (kHz) 6.7 7.0 7.5 8.0 8.4 9.0 9.5 10.0 10.6
Number of Ears 0 2 12 12 14 12 9 11 0
Table 6
Frequency distribution of N2 frequency bins for the rear direction.
bin # 51 52 53 54 55 56 57 58 59 60 61 62
fc (kHz) 10.6 11.3 119 12.6 13.4 14.2 15.0 159 16.9 17.9 189 20.0
Number of Ears 1 0 1 5 9 15 17 17 7 1 1 1

The N1 frequency bins of 70 of the 76 ears (92.1%) are dis-
tributed in six 1/12-octave bins, the frequency bin numbers of
which range from 45 to 50. The center frequencies of the six bins
range from 7.5 kHz to 10.0 kHz. The N2 frequency bins of 70 of
the 76 ears (92.1%) are distributed in six 1/12-octave bins, the fre-
quency bin numbers of which range from 54 to 59. The center fre-
quencies of the six bins range from 12.6 kHz to 16.9 kHz.

4.2. Categorization of notch frequency bins

The jnd of the notch frequency on the vertical angle perception
of a sound image is reported to be 0.1 to 0.2 octaves [7]. Consider-
ing a certain frequency bin, the value of the jnd is equivalent to the
bandwidth obtained by adding frequency bins on both sides.
Therefore, the three frequency bins are perceptually considered
to be handled as one frequency bin.

4.2.1. Front direction

By combining the three frequency bins into one category, the
N1 frequency bins for the front direction can be classified into
two categories, as shown in Table 7. Of the 71 ears, 36.6% were
included in category 1 (#41-43), and 63.4% were included in cate-
gory 2 (#44-46). In the same way, N2 frequency bins can be clas-
sified into two categories, as shown in Table 8. Of the 72 ears, 44.4%
were included in category 3 (#47-49), and 55.6% were included in
category 4 (#50-52).

4.2.2. Rear direction

For the rear direction, the N1 frequency bins can be classified
into two categories, as shown in Table 9. Of the 70 ears, 54.3% were
included in category 1 (#45-47), and 45.7% were included in cate-
gory 2 (#48-50). In the same way, N2 frequency bins can be clas-
sified into two categories, as shown in Table 10. Of the 70 ears,
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Table 7
Categories of N1 frequency bins for the front direction.
Category Category 1 Category 2
bin # 41 42 43 44 45 46
fc (kHz) 6.3 6.7 7.0 7.5 8.0 8.4
Number of Ears 8 8 10 23 12 10
Table 8
Categories of N2 frequency bins for the front direction.
Category Category 3 Category 4
bin # 47 48 49 50 51 52
fc (kHz) 9.0 9.5 10.0 10.6 11.2 11.9
Number of Ears 8 10 14 13 21 6
Table 9
Categories of N1 frequency bins for the rear direction.
Category Category 1 Category 2
bin # 45 46 47 48 49 50
fc (kHz) 7.5 8.0 84 9.0 9.5 10.0
Number of Ears 12 12 14 12 9 11
Table 10
Categories of N2 frequency bins for the rear direction.
Category Category 3 Category 4
bin # 54 55 56 57 58 59
fc (kHz) 12.6 134 14.2 15.0 15.9 16.9
Number of Ears 5 9 15 17 17 7

41.4% were included in category 3 (#54-56), and 58.6% were
included in category 4 (#57-59).

4.3. Measurement of anthropometry parameters of pinnae

Ten anthropometric parameters of the pinnae (x; through x,o),
as shown in Fig. 3, were used. The origin of the coordinate system
(po) was set at the front edge of tragus. Then, the two-dimensional
coordinates of points p; through p;o were obtained. Points p;

_120°

270°

Fig. 3. Ten anthropometric parameters of the pinna.

through pio are the intersections of the vertical lines (120° to
270° in 30° steps) and curves C; through Cs.

Curves C;, G5, and C; denote the inner border of the helix, the
outer border of the cymba concha, and the outer border of the
cavum concha, respectively. Then, parameters x; through x;o were
defined as the lengths from pg to p; through pqo.

These anthropometric pinna parameters were measured from a
photograph showing an ear mold using homebrew software. The
measured dimensions for 76 ears are listed in Table 11. Individual
difference (Max/Min) ranged from 1.5 to 4.3.

4.4. Discriminant analysis of the category of N1 and N2 frequency bins

Discriminant analyses were carried out as objective variables of
the category of the N1 and N2 frequency bins for the front and rear
directions (two categories each) and as explanatory variables of ten
anthropometric parameters of pinnae. The combination of
explanatory variables that maximizes the percentage of correct
classifications (PCCs) among all possible combinations was
adopted for each number of explanatory variables.

4.4.1. Front direction

Fig. 4 shows the maximum PCCs of the N1 and N2 frequency bin
categories for each number of explanatory variables for the front
direction, using 71 and 72 ears for N1 and N2, respectively. The
PCC for N1 converged to 94.4% at five variables (xq, X3, X4, X7, and
Xg9). The maximum PCC of N2 was 90.3% for eight variables (x;,
X2, X3, X4, X6, X7, X9, and X1g).

4.4.2. Rear direction

Fig. 5 shows the maximum PCCs of N1 and N2 frequency bin
categories for each number of explanatory variables for the rear
direction, using 70 ears for N1 and N2. The maximum PCC for N1
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Table 11
Ten measured pinnae dimensions for 76 ears (mm).
X1 Xo X3 X4 X5 X6 X7 Xg X9 X10
Ave 344 28.2 19.2 18.9 133 7.9 7.4 7.8 9.7 125
Max 43.6 379 235 245 21.6 19.6 11.9 11.0 135 17.5
Min 229 19.2 15.2 12.6 6.1 4.7 4.8 2.5 5.7 6.8
Max/Min 19 2.0 1.5 1.9 3.5 4.2 25 4.3 24 2.6
100% 100%
r (aN1 (b) N2
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80% r

70%
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Fig. 4. Percentages of correct classification of two categories of N1 and N2 frequency bins for the front direction.
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Fig. 5. Percentages of correct classification of two categories of N1 and N2 frequency bins for the rear direction.

was 85.7% for six variables (x1, X5, X3, Xs, X7, and X1o). The PCC of N2
was 84.3% for six variables (xy, X3, X4, Xg, X9, and X1g).

4.5. Category estimation of N1 and N2 frequency bins for naive ears

The category of the naive ear, which is not used in discriminant
analysis, was estimated to be that with the smaller Mahalanobis’
distance from the center of gravity of the two categories. The
Mahalanobis’ distance D is obtained by Eq. (2) using the pinna
anthropometric parameter of the naive ear and the inverse matrix
of the correlation matrix obtained by discriminant analysis of the
training ears [27]:

X1
ra - T ]| X
D2 = [X1X2 .- -XgXlo} . . (2)
101 10,10 X9
X10

where x; denotes the pinna anthropometric parameters of the naive
ear, and rj; denotes the cross-correlation coefficients between the
anthropometric parameters of the training pinna x; and x, obtained
by the discrimination analyses of training ears.

The leave-two-out cross-validation method, which excludes
a naive ear and another ear from the training data, was

applied in order to verify the accuracy of category estimation
of N1 and N2 frequency bins for naive ears. The reason why
the leave-two-out method, rather than the leave-one-out
method, was adopted is that the PCC for a naive ear would
become high when the opposite ear of the naive ear is
included in the training data.

As described above, of the 76 ears, 38 ears were either left or
right ears of 19 Japanese adults. For category estimation of one
of the 38 ears, his/her opposite ear was excluded from the training
data. For category estimation of the remaining 38 ears, which are
the left or right ears of 38 Japanese adults, one randomly selected
ear was excluded from the training data in order to match the
number of training data for each naive ear.

4.5.1. Front direction

Fig. 6 shows the PCCs of N1 and N2 frequency bin categories for
naive ears for the front direction obtained by the leave-two-out
cross-validation method (solid line). For comparison, the PCC for
the training ears is shown by the dotted line (same as Fig. 4). The
maximum PCC for N1 was 83.1% for six variables (x1, X3, X5, X7, Xo,
and x;0). The maximum PCC of N2 was 77.8% for four variables
(x1, X4, X5, and Xg). These six and four explanation variables had
higher generalization performance than more variables. The per-
centage of ears, both the N1 and N2 categories of which were cor-
rectly classified, was 64.2%.
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Fig. 6. Percentages of correct classification of two categories of N1 and N2 frequency bins for the front direction for naive ears (solid line). For comparison, the PCC for the

training ears is shown by the dotted line (same as Fig. 4).

4.5.2. Rear direction

Fig. 7 shows the maximum PCCs of the N1 and N2 frequency bin
categories for naive ears for the rear direction obtained by the
leave-two-out cross-validation method. The maximum PCC for
N1 was 74.3% for four variables (x;, X, X5, and xg), and the maxi-
mum PCC of N2 was 77.1% for three variables (xs3, X4, and xg). These
four and three explanation variables had higher generalization per-
formance than more variables. The percentage of ears, both the N1
and N2 categories of which were correctly classified, was 63.9%.

5. Discussions

5.1. Reason why some pinna anthropometric parameters are
important in category estimation

Here, we discuss the relation between the pinna anthropomet-
ric parameters, which were included in the combination of
explanatory variables of the maximum PCC, and the generation
mechanism of the notches. For both the front and rear directions,
x1 and x3 were included in the combinations of the explanatory
variables of the maximum PCC.

For the generation mechanism of the notches, previous studies
have proposed two hypotheses. In one study, the notches were
generated at the entrance of the ear canal by the interference of
the direct wave and the reflected wave from the concha wall (Ray-
kar et al., 2005). The other hypothesis is that the notches would be
generated by two resonances with opposite phase in the concha
cavity and in the area between the cymba conchae and triangular
fossa [28].

Here, x; corresponds to the distance between the tragus (po)
and the triangular fossa, and x3 corresponds to the distances
between the tragus (po) and the concha wall and between the tra-
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gus (po) and the cymba concha. Thus, the reason why x; and x5 are
important in category estimation of the notch frequency bin is that
x; and x3 are closely related to the generation mechanism of
notches.

5.2. Comparison of percentage of correct classification

For comparison of PCCs, we consider the PCC when the notch
frequency bin is fixed at a certain bin. The PCC for the fixed fre-
quency bin is obtained from the proportion of ears that exist
within the jnd of the notch frequency on the vertical angle percep-
tion of a sound image. As described in Section 4.2, the jnd is equiv-
alent to three 1/12 octave bands. Therefore, PCC for a fixed bin is
obtained from the proportion of the ears within three bins cen-
tered on the fixed bin. The best fixed notch frequency bin is the
bin that contains the largest proportion of the ears within the three
bins.

For the front direction, the distributions of N1 frequency bins
shown in Tables 3 suggest that the maximum PCC for the N1 bin
is 63.4% (45 of 71 ears) when the N1 frequency bin is fixed at
#44 (7.5 kHz). In the same way, Table 4 suggests that the maxi-
mum PCC for the N2 bin is 66.7% (48 of 72 ears) when the N2 fre-
quency bin is fixed at #50 (10.6 kHz).

For the rear direction, the maximum PCC for the N1 bin is 54.3%
(38 of 70 ears) when the N1 frequency bin is fixed at #47 (8.4 kHz).
The maximum PCC for the N2 bin is 70.0% (49 of 70 ears) when the
N2 frequency bin is fixed at #57 (15.0 kHz).

Table 12 summarizes the PCC. The best fixed N1 and N2 fre-
quency bins provide a 3.4-20.0% increase in correct classification
compared to chance. The proposed method provides a 24.3-
33.1% higher PCC than chance and a 7.1-20.9% higher PCC than
the best fixed frequency bin.
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Fig. 7. Percentages of correct classification of two categories of N1 and N2 frequency bins for the rear direction for naive ears (solid line). For comparison, the PCC for training

ears is shown by the dotted line (same as Fig. 5).
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Table 12
Percentage of correct classification of N1 and N2 frequency bin categories for naive ears.
Front Rear
N1 N2 N1 N2
Chance rate for two categories 50.0% 50.0% 50.0% 50.0%
Best fixed frequency bin 63.4% 66.7% 53.4% 70.0%
Proposed estimation method 83.1% 77.8% 74.3% 77.1%

5.3. Pragmatic expansion to generation of individualized HRTFs

In the present study, we showed that the categories of N1 and
N2 frequency bins of the HRTFs of an individual listener can be
estimated by anthropometric parameters of pinnae with accuracies
of 74.3 to 83.1% for the front and rear directions.

This suggests that the proposed method could be put to practi-
cal use depending on the application. The HRTF for an individual
listener can be provided by the following two methods:

A) Generate a parametric HRTF [10] using IIR notch filters, the
frequencies of which are set at the center frequencies of
the estimated categories of N1 and N2 frequency bins.

B) Select the HRTFs having frequencies of N1 and N2 that are
closest to the center frequencies of the estimated categories
of N1 and N2 frequency bins from the HRTF database.

6. Conclusions

In order to generate individual HRTFs that are exactly adapted
to each listener, the present study proposed a method by which
to estimate the category of notch frequency bins of the individual
HRTF based on the anthropometry of the listener’s pinnae using
the band-divided notch-peak HRTF model and discriminant analy-
sis. The validity of the method was verified using the HRTFs of the
front and rear directions. The results suggested the following:

(1) For the front direction, the N1 frequency bins of 71 of 76 ears
distributed in six 1/12-octave bins, the center frequencies of
which range from 6.3 kHz to 8.4 kHz. The N2 frequency bins
of 72 of 76 ears are distributed in six 1/12-octave bins, the
center frequencies of which range from 9.0 kHz to 11.9 kHz.

(2) For the rear direction, the N1 frequency bins of 70 of 76 ears
distributed in six 1/12-octave bins, the center frequencies of
which range from 7.5 kHz to 10.0 kHz. The N2 frequency
bins of 70 of 76 ears are distributed in six 1/12-octave bins,
the center frequencies of which range from 12.6 kHz to
16.9 kHz.

(3) Based on the jnd of the N1 and N2 frequencies with regard to
the vertical angle perception of a sound image, the six 1/12-
octave bins for N1 and N2 were classified into two respective
categories.

(4) Percentages of correct classification of N1 and N2 for the
front direction for naive ears were 83.1% and 77.8%, respec-
tively. For the rear direction, PCCs of N1 and N2 were 74.3%
and 77.1%, respectively.
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