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Abstract

The individualization of head-related transfer functions
(HRTFs) is worthwhile if no individual data is available.
One option is to individualize an HRTF data set using an-
thropometric measurements of the person to be adapted
and principal components (PCs). However, the localiza-
tion performance using an individualized data set could
be worse than for an individual one. This is often based
on the fact that a mismatch between the individual and
individualized HRTFs is still remaining. This issue is
investigated by the confusion rate (front-back and back-
front) using individual and various stages of individual-
ized HRTFs in the following study described. The in-
dividualization approach for the HRTFs is based on an
interaural time difference (ITD) model for low frequen-
cies and the PCs in combination with anthropometric di-
mensions. Hence, not only the individual and individual-
ized HRTFs are tested but also the influence of the ITD
model and estimated HRTFs using optimally weighted
PCs. Furthermore, to reduce the measurements for the
anthropometric dimensions, the symmetry of HRTFs is
investigated.

Localization using head-related transfer
functions

Individual HRTFs provide a better localization perfor-
mance and lower front-back confusion rates than non-
individual ones [7]. However, the technical measurement
effort is excessively high. In general, the front-back and
back-front confusion rate depends on: head movements
[6], direction of the incident sound [7], playback method
[3], and listener’s experience with the task [7]. Conclud-
ing, the least confusions occur under free-field conditions
with free head movements.

HRTF modifications

Five different HRTF data set types were tested in the
listening experiment.

1. The individual reference data sets are taken from
ITA HRTF database [1]. In total, 48 individual
HRTF data set with a spatial resolution of 5◦ are
considered. Each transfer function has 256 samples
using a sampling frequency of 44.1 kHz.

2. The influence on the symmetry of an HRTF data
set was investigated mirroring the left ear HRTFs
from the database [1] at the median plane so that
both ears are symmetric to show the effect of the

asymmetry of the head.

3. The ITD can be modeled by a minimum phase
component plus delay. The delay is estimated by an
ellipsoidal model using the head width, depth, and
height [2].

4. The database is used to calculate the PCs and their
corresponding optimal weights. For this study, 15
PCs are used to estimate an HRTF data set [2].

5. The PC weights are estimated using nine head and
ear dimensions (dimensions of the cavum concha,
cymba, head width and depth) [2]. According to
the previous setup, the anthropometric HRTFs are
estimated using 15 PCs.

Listening experiment

In total, 18 experienced subjects were tested with an av-
erage age of 30 ± 5 years. One of the subjects was fe-
male and all subjects’ HRTFs are part of in the ITA
HRTF database [1]. For the playback, a pink noise train
stimulus was used with two pulses (0.3 s each) and a
pause (0.3 s) in between. This stimulus was multiplied
in the frequency domain with the subjects’ individual
headphone transfer functions. The transfer functions
were measured using Sennheiser HD 650 headphones and
Sennheiser KE3 microphones at the ear canal entrance
according to Masiero and Fels [4]. Finally, the signals
were convolved with an HRTF pair corresponding to one
of tested directions. To cover sensitive source locations
[5], directions in the horizontal plane at the subject’s
right side (10◦, 30◦, 70◦, 110◦, 150◦, and 170◦)1 were
chosen. The experiment took place in a low reverber-
ant chamber using a static reproduction without head
movements via headphones (Sennheiser HD 650). Ev-
ery direction was tested 15 times per condition (direc-
tion and HRTF type). Before the experiment, a short
training sequence was conducted. Here the subject’s task
was the same as in the actual experiment to distinguish
between front and back and to indicate in-head localiza-
tions. To avoid training effects with the individual or
modified HRTFs, the training was performed using real
loudspeakers located in the same locations as the virtual
sound sources used in the experiment. The average total
duration of the complete test was 30 minutes.

Front-back and back-front confusions

The confusion rates, either front-back or back-front, for
the five different HRTF types are calculated in percent

1In the ITA HRTF database would have a negative sign.
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per subject and direction. While in Fig. 1 the average
per direction over all subjects is evaluated, Fig. 2 shows
the frequency of occurrence of the percentage confusion
rates.
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Figure 1: The mean confusion rate of the listening exper-
iment is shown per HRTF type by circles. The individual
HRTF configuration (Ind) is shown in blue, the symmetric
one (LR) in red, the one with the ITD model in yellow, the
estimated one (PCAre) in purple, and the anthropometric one
(PCAan) in green.
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Figure 2: The percentage confusions rate per subject is
shown by filled dots. The larger the dot, the more subjects
had the same percentage. The individual HRTF configuration
(Ind) is shown in blue, the symmetric one (LR) in red, the
one with the ITD model in yellow, the estimated one (PCAre)
in purple, and the anthropometric one (PCAan) in green.

Frontal positions

The confusion rate for individual HRTFs is comparable
to the one using an ITD model for frontal positions. Both
averaged rates are below 15%. The rate increases to 19%
when the HRTF is symmetric. Noticeably higher is the
rate for HRTFs estimated from 15 optimally weighted
PCs compared to the previously mentioned ones. In this
case, the mean rate amounts to 23%. The highest con-
fusion rates are observed for the anthropometric HRTFs.
For this type of HRTFs, 46% of frontal positions are rated
as rear ones.

Lateral positions

Frontal lateral positions are often rated as rear ones. The
results using an ITD model shows a tendency that the
subjects rather shift lateral positions in the frontal hemi-
sphere to the back than rear ones to the front. The hy-
pothesis is that the subjects see their interaural axis lo-
cated slightly more forward with regards to the HRTF

coordinate system. This effect can be monitored as well
for all other tested types of HRTFs at 70◦.

Rear positions

Back-front confusions are rare and slightly lower at 150◦

than 170◦. Except for the anthropometric HRTFs, those
rates are below 6%. Consequently, for most of the sub-
jects the number of back-front confusions is often 0%.

In-head localizations

According to the confusion rate, the in-head localization
rate per subject is calculated as the percentage average
of the number of in-head localizations. Subsequently, in
Fig. 3 the average is determined from this rate per di-
rection.
In general, the rate of in-head localizations is higher in
the frontal hemisphere. At 10◦ the rate varies between 36
and 39% expect for the anthropometric HRTF which is
approximately 50%. At the side, the rates are lowest for
individual HRTFs (1%) and increase for anthropomet-
ric HRTFs to 11%. The number of in-head localization
increases slightly for almost all conditions from 150◦ to
170◦. The increase is again strongest for the anthropo-
metric HRTFs.
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Figure 3: The mean in-head localization rate of the listening
experiment is shown per HRTF type by circles. The individ-
ual HRTF configuration (Ind) is shown in blue, the symmetric
one (LR) in red, the one with the ITD model in yellow, the
estimated one (PCAre) in purple, and the anthropometric one
(PCAan) in green.

Summary and conclusion

Confusions

Performance using individual or modeled ITD is com-
parable at almost all tested directions. The symmetric
HRTFs show an increased number of front-back confu-
sions. Consequently, the influence of the head’s asym-
metry is not negligible for some subjects. Especially for
frontal directions, 15 PCs are not sufficient for optimal
HRTF estimation. Using anthropometric HRTFs on the
basis of PCs show considerably increased front-back con-
fusion rates due to the additional loss of accuracy in the
estimation step. Lateral directions close to the interaural
axis seem to be challenging for all subjects due to a mis-
match between their individual interaural axis and the
one defined by the HRTF coordinate system. For these
directions, the rate are highest. Back-front confusions
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are rare for all tested HRTF types and positions.
The comparison of studies [3, 7] is difficult since the rate
depends on the tested directions, experience and play-
back method.

In-head localizations

The in-head localization rate shows the ability to exter-
nalize the virtual sound source. Without externalization,
the localization of sources in the front or back is challeng-
ing. Most of the in-head localizations occurred in the
front which indicates a relation to the confusion rates.
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