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In order to address individual differences in head-related transfer functions (HRTFs), individualization of
HRTFs has been investigated. The amplitude spectra of individual HRTFs for seven directions in the upper
median plane for 27 subjects (54 ears) were estimated from twelve pinna anthropometry and partial
regression coefficients, which were obtained by multiple regression analyses. The estimated HRTFs had
similar prominent notches and peaks to those for the measured early HRTFs. The spectral distortion
and the correlation coefficient between the amplitude spectra of the estimated HRTFs and those of the
measured early HRTFs ranged from 3.2 to 4.2 dB and 0.83 to 0.95, respectively. The inter-subject spectral
difference was 7.4 dB2. Then, multiple regression analyses were carried out again using 24 subjects (48
ears), who were chosen randomly from the full 27 subjects. The amplitude spectra of three naive subjects
(six ears), who were not involved in the multiple regression analysis among 27 subjects, were generated
using the pinna anthropometry of the subjects and the partial regression coefficients obtained from 24
subjects. The generated HRTFs had similar prominent notches and peaks to those of the measured early
HRTFs, although some of the notches were shallow compared with the measured notches. The spectral
distortion and the correlation coefficient ranged from 4.6 to 6.2 dB and from 0.72 to 0.91, respectively.
The inter-subject spectral difference was 14.0 dB2. The obtained correlation coefficients suggest the
potential for generating an outline of the amplitude spectrum of the HRTFs for an unknown listener from
the pinnae anthropometry, although there is a certain absolute difference that needs to be reduced
between the amplitude spectrum of the generated HRTFs and the measured early HRTFs.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Accurate three-dimensional sound image control can be accom-
plished by reproduction of a listener’s own head-related transfer
functions (HRTFs) at the entrances of the ear canals [19]. However,
measurements of the HRTFs for an arbitrary listener are impracti-
cal because the measurements require a special apparatus and a
great deal of time.

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 prob-
lem, which prevents acoustic virtual reality (VR) from coming into
widespread practical use. Current acoustic VR, which can present
three-dimensional acoustical sensation to only a specific listener,
must be evolved into a universal system that can present three-
dimensional acoustical sensation to everyone. In order to address
this problem, methods for obtaining individualized HRTFs of an
unknown listener, which do not require acoustical measurements
have been investigated.

It is well known that human mechanisms for the perception of
the direction of a sound fall into two categories. The cues for the
perception of the lateral direction are the interaural time differ-
ence (ITD) and the interaural level difference (ILD). Methods to
individualize the ITD and ILD using the dimensions of the listener’s
head shape have been established [9,26].

On the other hand, the cue for the perception of the vertical
direction is the amplitude spectrum of the HRTF. Numerous
approaches have been proposed for individualization of the ampli-
tude spectrum of the HRTF. One such method uses principal com-
ponent analysis (PCA), which resolves the amplitude spectrum of
an HRTF into its principal components [12,14]. Then, the amplitude
spectra of the individual HRTFs are synthesized using some of the
principal components and weighting coefficients. The weighting
coefficients depend on both the listener and the direction of a
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Fig. 1. An example of the amplitude spectra of the early HRTF (broken line) and the
usual full-length HRTF (solid line).
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sound source. Attempts were made to estimate the weighting coef-
ficients based on the anthropometry of the listener’s pinnae using
multiple regression analysis [21,1] or a deep neural network [3].
However, estimation of the weighting coefficients of an unknown
listener has not been successful.

Another method for HRTF individualization estimates the
prominent spectral peaks and notches, which are the cues for ver-
tical localization of the individual HRTFs. It is demonstrated that
the minimum HRTF components, which provide approximately
the same localization performance as the measured HRTFs were
the two lowest-frequency notches and the two lowest-frequency
peaks [5,7]. Furthermore, the frequency of the two notches and
the two peaks were reported to be estimated from the anthropom-
etry of the listener’s pinnae [6,24,18]. However, estimation of the
level of the notches and peaks has not been successful.

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),
which are the directional components of HRTFs, could be reduced
by appropriately scaling the frequency of one set of DTFs [16]. Fur-
thermore, it is shown that optimally frequency-scaled DTF halved
the difference in quadrant error between other-ear and own-ear
conditions [17]. However, one to three 20-min blocks of listening
tests were required to find a listener’s preferred scale factor. On
the other hand, a two-step selection procedure to find the appro-
priate HRTFs from the non-individualized HRTFs was proposed
[22]. However, the method took approximately 10 min to find
the appropriate HRTFs.

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 [11,10,13]. 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 [25]. At the 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 to digitize the complicated
shape of the pinnae of an individual listener.

The present study proposes a method by which to generate the
amplitude spectra of the individual HRTFs of a naive listener in the
medianplane fromtheanthropometryofhis/herpinnaeand thepar-
tial regression coefficients, which were obtained by the multiple
regression analyses using many subjects, as objective variables of
the amplitude level of themeasured earlyHRTFs at eachdiscrete fre-
quency, and as explanatory variables of the pinnae anthropometry.
2. Pre-processing of HRTFs

The notches and peaks in the HRTFs are generated in the pinna
[23,25]. 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 entrance of the ear canal
earlier than that from the torso. Iida and Oota [8] reported that the
early HRIR, truncated by 96-point Blackman-Harris window
includes information of the outline of the spectral notches and
peaks and provides approximately the same vertical angle of a
sound image as those of the usual full-length HRIR, in the upper
median plane. Therefore, we used early HRTFs instead of usual
HRTFs as the objective variables of the multiple regression analysis.
2.1. HRIR acquisition

The HRIRs of 27 Japanese adult subjects (54 ears) were mea-
sured for seven vertical angles in the upper median plane (0� to
180� in 30� steps) in an anechoic chamber. The vertical angle,
which ranges from 0� to 360�, is defined as the angle measured
from the front direction in the median plane, with 0� indicating
the front, 90� indicating above, and 180� indicating the rear [20].

The test signal was presented in 30� steps by a loudspeaker hav-
ing 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. The test signal was a swept sine
wave, the duration and the sampling frequency of which were
218 samples and 48 kHz, respectively. Earplug-type microphones
[6] were used to sense the test signals at the entrances of the ear
canals of the subject. The earplug-type microphones were placed
into the ear canals of the subjects. The diaphragms of the micro-
phones were located at the entrances of the ear canals. This condi-
tion is referred to as the blocked-entrances condition [23]. The
HRTF was obtained as

HRTFl;r xð Þ ¼ Gl;r xð Þ=FðxÞ ð1Þ

where FðxÞ 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;r xð Þ is the
Fourier transform of the impulse response, gl;rðtÞ, measured at the
entrance of the ear canal of the subject with the earplug-type
microphones. Both f ðtÞ and gðtÞ were 512 samples long. The HRIR
was obtained by inverse fast Fourier transform (FFT) of the HRTF.
2.2. Generation of early HRIRs

For each subject, ear, and vertical angle, early HRIRs were gen-
erated using the algorithm, as follows:

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

(2) Clip the HRIR using a four-term, 96-point Blackman-Harris
window, adjusting the temporal center of the window to
Smax.

(3) The amplitude spectra of early HRTFs were obtained by the
FFT with 512 samples.

Fig. 1 shows an example of the amplitude spectra of the early
HRTF and the usual full-length (5.3 ms) HRTF. The early HRTF
retains the outline of the prominent spectral notches and peaks.
3. Anthropometric parameters of the pinnae

Previous pinnae anthropometry parameters used in many stud-
ies [27] have the following two problems:

1) They do not express the relation between the position of the
entrance of the ear canal and each region.

2) They are difficult to measure precisely.



Fig. 2. 14 anthropometric parameters of the pinna. x1 through x12 were the lengths
from p0 to p1 through p12. x13 is the tilt of the pinna, and x14 is the depth of the
concha cavity.
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Therefore, we proposed 14 novel anthropometric parameters of
the pinnae to be analyzed (x1 through x14), as shown in Fig. 2. The
origin of the coordinate system (p0) was set at the entrance of the
ear canal. Then, the two-dimensional coordinates of points p1
through p12 were obtained. The points p1 through p12 are the inter-
sections of the vertical lines (120� to 270� in 30� steps) and C1

through C3. C1, C2, and C3 denote the inner border of the helix,
the antihelix, the outer border of the concha, respectively [4]. Then,
we defined the parameters x1 through x12 as the lengths from p0 to
p1 through p12. x13 is the tilt of the pinna, and x14 is the depth of the
concha cavity. x13 is defined as the angle between the vertical line
(270�) and the line segment connecting the upper end of C1 and the
lower end of C3.

Thirteen anthropometric pinna parameters (x1 through x13)
were measured from a photograph showing an ear mold and a
ruler, using image editing software (Microsoft PowerPoint). Param-
eter x14 was measured directly from an ear mold using a vernier
caliper.

The measured dimensions for 54 ears (27 subjects) are listed in
Table 1. The individual difference (Max/Min) ranged from 1.5 to 2.6
times, except x13 (tilt of the ear). For x13, the value of Max/Min was
10.0.
4. Estimation of HRTFs by multiple regression analyses

In order to confirm the multicollinearities among pinna anthro-
pometry, variance inflation factors (VIF) were calculated. The VIF is
defined as follows:

VIF jð Þ ¼ 1

1� R jð Þ2
� � ð2Þ

where R(j)2 denotes the determination coefficient of the multiple
regression analysis using the jth explanation variable as the objec-
tive variable and other explanation variables as the explanation
variables. All of the VIFs, except x2 and x5, were less than 10, which
means that there was no multicollinearity between the explanatory
variables [2].
Table 1
14 measured pinnae dimensions for 54 ears (mm).

x1 x2 x3 x4 x5 x6 x7

Ave 35.1 29.0 22.9 25.3 21.9 18.2 15
Max 44.6 37.2 28.6 31.4 26.8 22.9 20
Min 26.4 21.8 17.6 18.8 18.4 14.1 11
Max/Min 1.7 1.7 1.6 1.7 1.5 1.6 1.8
Multiple regression analyses were carried out using 54 ears for
seven vertical angles (0� to 180� in 30� steps), as objective variables
of the amplitude level of the measured early HRTFs at each discrete
frequency (93.75-Hz steps), and as explanatory variables of twelve
pinnae parameters, except x2 and x5, as Eq. (3):

y s;b; fð Þ ¼
X12
i¼1

ai b; fð Þxi sð Þ þ b b; fð Þ ð3Þ

where y, s, b, and f denote the amplitude level of the measured early
HRTF, the subject, the vertical angle, and the discrete frequency,
respectively. a, b, and x denote the regression coefficients, a con-
stant, and the anthropometric parameters, respectively.

We adopted the combinations of the parameters for which the
squared multiple correlation coefficient adjusted for the degrees
of freedom were the highest. The obtained multiple correlation
coefficients averaged over frequency (93.75 Hz to 19,968.75 Hz)
for each seven vertical angles ranged 0.53 to 0.61.

4.1. Amplitude spectra of the estimated HRTFs

The amplitude spectra of the 54 ears were estimated using the
pinna anthropometry of the subjects and the partial regression
coefficients.

Fig. 3 shows examples of the amplitude spectra of the estimated
HRTFs (broken line) and the measured early HRTFs (solid line). The
outline of the amplitude spectra of the estimated HRTFs was sim-
ilar to that of the measured early HRTFs. Most of the prominent
notches and peaks in the measured early HRTFs appeared in the
estimated HRTFs.

4.2. Spectral distortion and correlation coefficient between the
estimated and measured amplitude spectra

In order to evaluate the estimation accuracy quantitatively, the
spectral distortion (SD) and the correlation coefficient between the
amplitude spectra of the estimated HRTFs and those of the mea-
sured early HRTFs up to 20 kHz were calculated.

The SD evaluates the mean absolute difference in amplitude
spectra between the estimated HRTFs and the measured early
HRTFs, as follows:

SD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

XN
i¼1

20log10
HRTFeðf iÞ
HRTFmeðf iÞ
����

����
� �2vuut ð4Þ

where HRTFe, HRTFme, and f denote the estimated HRTF, the mea-
sured early HRTF, and the discrete frequency, respectively.

On the other hand, the correlation coefficient is used to evaluate
the similarity of the shape of the amplitude spectra between the
estimated HRTFs and the measured early HRTFs, as follows:

r ¼
PN

i¼1 HRTFme f ið Þ � HRTFme
� 	

HRTFe f ið Þ � HRTFe
� 	

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i¼1

HRTFme f ið Þ � HRTFme
� 	2 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN

i¼1
HRTFe f ið Þ � HRTFe
� 	2svuut

ð5Þ

Table 2 shows the SD and the correlation coefficient for each
vertical angle up to 20 kHz averaged over 54 ears. The SD ranged
from 3.2 to 4.2 dB, and the correlation coefficient ranged from
x8 x9 x10 x11 x12 x13[�] x14

.9 18.5 15.3 9.5 9.0 10.9 22.4 13.8

.3 21.9 19.1 14.1 12.9 13.1 40.0 17.6

.0 14.5 9.7 5.3 5.3 7.8 4.0 9.7
1.5 2.0 2.6 2.4 1.7 10.0 1.8



Fig. 3. Examples of the amplitude spectra of the estimated HRTFs (broken line) and the measured early HRTFs (solid line) in the median plane.

Table 2
Spectral distortion (SD) and correlation coefficient (r) between the amplitude spectra
of the estimated HRTFs and those of the measured early HRTFs up to 20 kHz averaged
over 54 ears.

0� 30� 60� 90� 120� 150� 180�

SD (dB) 4.2 3.7 3.6 3.2 4.0 3.7 3.8
r 0.83 0.87 0.93 0.95 0.94 0.93 0.89
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0.83 to 0.95. These high correlation coefficients suggest that the
outline of the amplitude spectrum of the estimated HRTFs is sim-
ilar to that of the measured early HRTFs, although there is a certain
absolute difference between these HRTFs.
4.3. Comparison of the estimation accuracy of the proposed method
with that of a previous study

Here, we compare the estimation accuracy of the proposed
method with that of a previous method. Bomhardt et al. [1]
resolved the amplitude spectrum of the HRTFs of 47 subjects into
their principal components. Then, they estimated the amplitude
spectrum using weighting coefficients based on the anthropometry
of the subject’s pinnae. They evaluated the estimation accuracy
using not the SD, but rather the inter-subject spectral difference
(ISSD), as follows [15]:

ISSD ¼ 1
ndir

Xndir
i¼1

var 20log10

HRTFe;iðf jÞ
HRTFm;iðf jÞ

�����
�����

 !
ð6Þ

where ndir , HRTFe,i, and HRTFm,i denote the number of directions, the
estimated HRTF, and the measured HRTF, respectively.

Note that the ISSD evaluates not the absolute difference
between two HRTFs, but rather the variance (square of dB) of the
ratio of the amplitude of two HRTFs. Even when using the square
root of ISSD instead of the ISSD, direct comparison between the
SD and the ISSD is difficult because the ISSD eliminates differences
in overall gain, which are constant across frequency.
Therefore, we calculated the ISSD for the proposed method. The
obtained ISSD was 7.4 dB2, while Bomhardt et al. reported the ISSD
to be 17 dB2. Rigorous comparison is difficult because the target
direction in the present study was considered in the upper median
plane, while that in the study by Bomhardt et al. was the entire
spherical surface. However, the estimation accuracy for the pro-
posed method is assumed to be higher than that for their method.
5. Generation of HRTFs of the naive subjects

We examined the applicability of the proposed method to an
unknown listener. Multiple regression analyses were carried out
again using 24 subjects (48 ears), who were chosen randomly from
27 subjects. Then, the amplitude spectra of the three naive subjects
(six ears), who were not involved in the multiple regression anal-
ysis, were generated using the pinna anthropometry of the subjects
and the partial regression coefficients obtained from 24 subjects.

5.1. Amplitude spectra of the generated HRTFs of the naive subjects

Fig. 4 shows examples of the amplitude spectra of the generated
HRTFs and the measured early HRTFs. These two ears are identical
to the ears shown in Fig. 3. The generated HRTFs had similar promi-
nent notches and peaks to those of themeasured early HRTFs. How-
ever, the similarity of the spectra of the generated HRTFs to those of
the measured early HRTFs is lower than that of estimated HRTFs to
those of the measured early HRTFs shown in Fig. 3. Some of the
notches in the generated HRTFs tended to be shallow compared
to those for the measured early HRTFs. There seems to be some
room for improvement in the generation of notches.

5.2. Spectral distortion and correlation coefficient between the
generated and measured amplitude spectra

The spectral distortion and the correlation coefficient between
the amplitude spectra of the generated HRTFs and those of the
measured early HRTFs up to 20 kHz were calculated.



Fig. 4. Examples of the amplitude spectra of the generated HRTFs (broken line) and the measured early HRTFs (solid line) in the median plane for two naive ears.

Table 3
Spectral distortion (SD) and correlation coefficient (r) between the amplitude spectra
of the generated HRTFs and those of the measured early HRTFs up to 20 kHz averaged
over six naive ears.

0� 30� 60� 90� 120� 150� 180�

SD (dB) 4.6 4.8 6.2 5.2 5.4 4.9 4.7
r 0.75 0.72 0.86 0.91 0.89 0.86 0.84
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Table 3 shows the SD and the correlation coefficient for each
vertical angle up to 20 kHz averaged over the six naive ears. The
SD ranged from 4.6 to 6.2 dB. Compared with Table 2, the SD
increased for all vertical angles. The amount of increase of the SD
ranged from 0.4 to 2.6 dB and tended to be relatively large for
the upper directions and small for the front and rear directions.
The ISSD was 14.0 dB2.

The correlation coefficients ranged from 0.72 to 0.91. Compared
with Table 2, the correlation coefficient decreased for all vertical
angles. The amount of decrease of the correlation coefficients ran-
ged from 0.04 to 0.15.
6. Conclusions

In order to address individual differences in the HRTFs of differ-
ent listeners, we proposed a novel method to generate the ampli-
tude spectra of the individual HRTFs of an unknown listener.

The amplitude spectra of the individual HRTFs of seven direc-
tions in the upper median plane for 27 subjects (54 ears) were esti-
mated from twelve pinna anthropometry and the partial regression
coefficients, which were obtained by multiple regression analyses.
The outline of the amplitude spectra of the estimated HRTFs was
similar to that of the measured early HRTFs. The SD and the corre-
lation coefficient between the amplitude spectra of the estimated
HRTFs and those of the measured early HRTFs ranged from 3.2 to
4.2 dB and from 0.83 to 0.95, respectively. The ISSD was 7.4 dB2.

Then, multiple regression analyses were carried out again using
24 subjects (48 ears), who were chosen randomly from 27 subjects.
The amplitude spectra of the three naive subjects (six ears), who
were not involved in the multiple regression analysis, were gener-
ated using the pinna anthropometry of the subjects and the partial
regression coefficients obtained from 24 subjects. The generated
HRTFs had similar prominent notches and peaks to those of the
measured early HRTFs, although some of the notches were shallow
compared with the measured notches. The SD and the correlation
coefficient ranged from 4.6 to 6.2 dB and from 0.72 to 0.91, respec-
tively. The ISSD was 14.0 dB2.

The obtained correlation coefficients suggest the potential for
generating the outline of the amplitude spectrum of the HRTFs of
an unknown listener from the pinnae anthropometry, although
there is a certain absolute difference that needs to be reduced
between the amplitude spectrum of the generated and measured
early HRTFs.
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