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ABSTRACT

Human Head-Related Transfer Functions describe the transmission from the free-field to the eardrums. HRTFs are
measured on human subjects or on dummy-heads, characterized by the angle of incidence. The dummy-head meas-
urement method allows the acquisition of data in high spatial resolution. Our setup provided HRTF data in 1 degree
horizontal and 5 degrees elevational steps in different environmental settings. Spectral evaluation in spatial hearing
research requires proper representation methods of detailed measurement data. Different 2D and 3D representation
methods will be presented here, using different coordinate systems, color maps and additional filtering methods pro-
grammed under MATLAB. Figures are mainly helpful for HRTF analysis but MATLAB features allow other use for
applications where directional characteristics, polar plots are required.

INTRODUCTION

Human spatial hearing research includes directional hearing
tasks, localization performance investigations, measurement
and recording techniques, playback methods in virtual reality
applications, etc. Finding the location of the sound source is
the most critical issue. The auditory system utilizes the inte-
raural level differences (ILD) and the interaural time differ-
ences (ITD) measured between the sound pressures at the
eardrums [1-3]. Furthermore, spectral cues introduced by the
direction-dependent filtering of the outer ears (mainly the
pinna, the head and the torso) help resolve localization tasks
[4-6]. The latter cue is described by the transfer function of
the outer ear: the Head-Related Transfer Functions (HRTFs)
or its time-domain equivalent, the Head-Related Impulse
Responses (HRIRs). These complex transfer functions de-
scribe the transmission from the free-field to the eardrum,
and are characterized by the distance and angle of incidence
[7-9]. The commonly used rectangular coordinate system is
attached to the head and HRTFs for a fixed source distance
are given by the azimuth angle ¢ (horizontal plane) and ele-
vation angle & (median plane). Another coordinate system
sets the axis through the head and the ears and describes
sound source directions using polar and lateral angles [10].
Monaural HRTFs for each ear filter the incident sound waves
simultaneously, and thus, interaural spectral differences ap-
pear between the two ears. Based on these cues, the auditory
system tries to determine the direction of the sound source.
According to the literature, the localization blur depends on
various parameters such as signal bandwidth, environmental
parameters, playback method, etc. [2, 11, 12].

In case of free-field listening (anechoic chamber environ-
ment) human subjects use their own ears and individual
HRTFs for localization. Signals are played back using loud-
speakers. The best spatial resolution under optimal conditions
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can be as accurate as about 1 degree horizontally and 5-10
degrees vertically [2]. On the other hand, virtual localization
tasks use headphone playback systems and additional HRTF
filtering. In practice, a mono sound file is played back and it
is filtered with the left and right ears” HRTFs. Furthermore,
the playback chain, first of all, the headphone, has to be spec-
trally equalized [11, 13]. Theoretically, this results in a “per-
fect” spatial simulation. In general, localization performance
(e.g. front-back confusion rates, in-the-head localization, etc.)
is inferior to free-field listening [14-16]. During virtual local-
ization the HRTFs play a significant role. Individually re-
corded or custom selected HRTFs (from a given set of HRTF
sets [17]) are better than non-individual and dummy-head
HRTFs [18-21]. Furthermore, the spatial resolution of the
filter set can affect the results (interpolated HRTFs) [22, 23].

HRTFs can be recorded on human subjects or on dummy-
heads. There are different methods using different excitation
signals and spatial resolution. Dummy-head HRTFs proved
to be inappropriate for accurate localization, but they are
suitable for accurate recordings [24]. Whilst human subjects
tolerate only short-term measurements (using impulse re-
sponse techniques and low spatial resolution of HRTF data),
dummy-heads allow long-term measurements including high
spatial resolution, noise or sweep excitation signals, averag-
ing of results and thus, more accurate measurements.

The role of accuracy, reproducibility and overall “quality” of
HRTFs in virtual simulation and sound field rendering has
been a question for a long time [22, 25, 26]. Variations in the
fine structure of the magnitude of HRTFs may lead to in-
creased localization errors in virtual audio simulation. The
hearing system is more sensitive to minor changes in the
HRTF structure in case of virtual sound field rendering, and
this indicates the fine structure to be significant. On the other
hand, under free-field listening conditions the hearing system
is less sensitive to such variations. In order to investigate how
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the environment near the head influences the HRTFs, a
dummy-head measurement system was installed in the an-
echoic chamber. After recording the naked dummy-head
HRTF set, different environmental settings were applied. The
torso was equipped with hair, clothing, caps, glasses, etc.
Using high spatial resolution and spectral accuracy, a huge
database of HRTFs was recorded (approx. 30,000 HRTFs for
each ear).

Handling this amount of data requires appropriate presenta-
tion methods [10, 27]. This includes one-dimensional plots of
spectral data, two-dimensional rectangular and polar dia-
grams as well as three-dimensional color plots. In addition, in
order to use different filtering and averaging methods on
measured data, to eliminate measurement errors, to reduce
the dynamic range, to scale axes either linear or logarithmic
and to have a user friendly GUI, a suitable software environ-
ment is required.

This paper first introduces the measurement procedure, the
system setup and data formats we used. Then, different fig-
ures plotted by pre-defined and modified MATLAB routines,
will show a powerful way to represent measured data in order
to evaluate them spectrally. We will highlight problems, in-
troduce a mathematical tool (HRTFD) to assist evaluation
and show a collection of figures to demonstrate the variations
of the fine structure in HRTF data.

MEASUREMENT SETUP
HRTF Differences

HRTFs are defined with (1)

HrrF 2 U®)

where p; is the sound pressure at the eardrum and p, is the
sound pressure of the reference signal measured with an om-
nidirectional microphone at the origin of the head-related
coordinate system.

In addition to (1), interaural differences can be defined by
dividing the left ear’s HRTF by the right ear’s HRTF. Interu-
aral HRTFs show spectral differences between the two ears’
HRTFs from the same sound source direction.

Similarly, monaural HRTF differences (HRTFD) can be de-
fined as the quotient of two monaural HRTFs from the same
direction: a reference condition and a modified environ-
mental condition [28, 29]. E.g. the reference condition is the
naked torso and the modified environment is the dummy-
head equipped with clothing. Thus, the HRTFD will give the
spectral properties (the transfer function) of the clothing. This
means, HRTFDs are free from any kind of individual prop-
erty. Accurately measured and calculated HRTFDs are pow-
erful tools for investigating changes and differences in the
fine structure of HRTFs of about 1 dB [28, 30].

Setup

The Briiel & Kjaer Head and Torso Simulator Type 4128 was
placed on a turntable in the anechoic chamber. The turntable
was controlled by a computer in one degree steps. A laser
targeting system was used to set the elevation of a loud-
speaker from -40 degrees up to +90 degrees in 5 and 10-
degree steps [31]. Excitation signal was a pseudo-random
white noise signal of 81,92 ms having a frequency independ-
ent SNR [32]. HRTFs were measured for both ears simulta-
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neously with 50 kHz sampling frequency and 16 bits resolu-
tion. The AT&T Ariel DSP card was used and programmed
with its assembler and C++ routines. Responses were accu-
mulated and averaged over time against uncorrelated meas-
urement noise that resulted in a measurement SNR of about
89 dB [32].

Time functions were stored in .dat files using 4-byte longin-
tegers for two-channels (left and right ear). These were ac-
cumulated and averaged over time by the DSP card. After
recording, a 4096-point FFT was applied and HRTFs were
stored for both ears separated in binary format. Each ear’s
HRTF file includes 2048 samples from 0 to 25 kHz in 12,2
Hz linear spectral resolution. Since the excitation was a
pseudo-random white noise signal (having random phase
information) and because our goal is to investigate the mag-
nitude response, only the latter was saved.

PRESENTATION AND EVALUATION OF HRTF
DATA

Data management requires a presentation method that is
meaningful, spectacular and comfortable to use. The
MATLAB package is able to read and interpret binary for-
matted data structures. The basic function such as plot, plot3,
mesh and contour can serve a GUI For one-dimensional and
two-dimensional plotting we applied plot using logarithmic
axes. Plot3 is monochrome, mesh and contour use color
scales and fillings during three-dimensional plotting similar
to geographical topos and maps.

For the representations we used logarithmic axes as usual,
both in frequency and magnitude (dB). Because the dummy-
head is symmetrical and stable during measurement (in con-
trast to human subjects), evaluation was made here monau-
rally, for one ear and for the magnitude response only. Our
former evaluation used grey-scaled 2D plots of unsigned
absolute values for evaluating the HRTFDs in 10-degree
horizontal resolution [28-30]. The improved representation
methods offered here allow us to investigate HRTF data in
one degree horizontal resolution and 2D and 3D color plots.

Presentation as function of frequency

In addition to the figures presented here, MATLAB allows by
using plot function to create animated videos and save them
as AVI files, composed of different figures in a selected or-
der. For example, we are able to watch horizontal plane
HRTFs vary as function of azimuth monaurally and binau-
rally as well.

Figure 1 shows HRTFs of the left and right ear if the sound
source is at 90 degrees of azimuth in the horizontal plane, so
the left ear is radiated directly while the right ear is in the
head-shadow. Note the decreased sound pressure level of the
shadowed ear.

The head-shadow area is created by the head as the ear is
shadowed and the sound source is on the contralateral side.
This shadowing effect creates a “noisy” spatial domain where
signal level is low, high frequency evaluation of HRTFs is
difficult and localization performance decreases [33]. Figure
2 shows 20 HRTFs from 250 to 270 degrees in the horizontal
plane that are affected by the head-shadow the most.
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Figure 1. HRTFs of the naked dummy-head for both ears:
left ear (blue), right ear (green) as sound source direction is
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Figure 2. Monaural HRTFs from the head-shadow area,
¢=250°-270°.

Figure 3 presents all 360 HRTFs from the horizontal plane
for one ear. Note the enormous dynamic range of more than
120 dB due to the head-shadow area (Fig.2.). Such a dynamic
range can appear by plotting HRTFDs as well, because if we
divide noisy signals the result also will be noisy. Compare
Fig. 3. with Fig. 4. where all 360 HRTFs are plotted at the
elevation +90 degrees that is exactly over the head. In this
case, turning the dummy-head is pointless, all the HRTFs
should be exactly the same.

Using Fig. 4. we can test the accuracy of the measurement
settings and setup. The deviations are limited to +1 dB. The
3D plot also supports the theory: all 360 measured HRTFs
look the same. The upper side of Fig.4. could be any “slice”
of this 3D plot.
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Figure 3. 360 monaural HRTFs in one-degree resolution
from the horizontal plane (6=0°). Compare with Fig 4.
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Figure 4. monaural HRTFs in one-degree resolution from
“above the head” (6=90°) plotted in 2D and in 3D. Compare
with Fig 3.
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Figure 5. 360 monaural HRTFs in one-degree resolution from the horizontal plane (6=0°) based on the same data as Fig.3. Compare
with Fig 7.
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Figure 7. 360 monaural HRTFDs in one-degree resolution from the horizontal plane (6=0°). In the head-shadow area re-measured
HRTFs from the same direction show large deviations. Note the different scaling in magnitude and the notch at 11 kHz at around 60-
80 degrees.
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Figure 8. HRTFs as function of elevation: -40 (top left), -30 (top right), -20 (middle left), -10 (middle right), horizontal plane (bot-
tom left), +10 (bottom right). Note the different scales automatically set by MATLAB.
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Figure 9. HRTFs as function of elevation: +20 (top left), +40 (top right), +60 (middle left), +70 (middle right), +80 (bottom left),
+90 (bottom right). Note the different scales automatically set by MATLAB.
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Presentation as Function of Frequency and Azi-
muth

This method includes 2D color plots and 3D visualization.
Figure 5 shows all 360 HRTFs of one ear in 1-degree spatial
resolution as function of frequency and azimuth together. The
polar diagram in the left side of Figure 6 was plotted using
the same data that was used for Figure 3 and 5. The polar
diagram can also be used for HRTFDs. The right side of Fig-
ure 6 can be compared to the left side. All three presentation
methods are well suited for deeper analysis. Nevertheless, the
introduction of HRTFDs requires magnitude limitation since
interesting and substantive parts can be masked if the dy-
namic range is too large and only few colors and tones appear
on the plot. Therefore, our program has a built-in function to
truncate the samples if needed: every sample that exceeds 20
dB in the HRTFD can be rounded to 20 and labeled as “dif-
ference more than 20 dB”. Figure 10 shows equal-level con-
tours as function of frequency in the horizontal plane. We
have found this kind of presentation method the less helpful.

dB 8 Hz

&

=100
Figure 10. Equal-level contours of horizontal plane HRTFs
(similarly to geographical maps).

HRTFDs were actually calculated by subtracting magnitude
responses in dB. As the reference condition is the naked
torso’s HRTF magnitude from a given direction, these data
were subtracted sample by sample from another HRTF mag-
nitude from the same direction. The case of no-difference
would result in a flat 0 dB line over the frequency range. In
addition, this method is a powerful tool to test the measure-
ment system’s accuracy and reproducibility as well, by sim-
ply calculating this quotient with re-measured transfer func-
tions without changing the environment. In this manner, the
dummy-head has a very good reproducibility property for
different directions, if the ear is radiated directly. On the
other hand, head-shadowing causes large variations and thus,
re-measured HRTFs from the same direction could show
large deviations [28-30, 33]. Figure 7 shows HRTFDs from
repeated measurements with the naked torso in the horizontal
plane. In comparison with Fig.5. note the different scales in
magnitude. In the head-shadow area it is not possible to re-
measure the same HRTFs due to the low SNR. Note the large
peak at around 60-80 degrees at 11 kHz. Responsible for this
is the pinna - if we remove it from the torso, this peak disap-
pears. The right side of Figure 6 was plotted based on Figure
7.

Figures 8-9 show the monaural HRTFs for selected different
elevations from -40 degrees up to +90 degrees. Note the dif-
ferent scaling automatically set by MATLAB. Figures are
plots using the same method as on the left side of Figure 5.
We observed that pinna reflections (notches at the typical
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resonant frequencies) and dips in the head-shadow area (such
as on Fig.2.) disappear with elevation. Above 60 degrees in
elevation both effects decrease and HRTFs become more
similar. Figure 4 was plotted based on the same data as the
bottom right of Figure 9.

Former investigations already tried to measure high accuracy
HRTFs. Riederer reported results in a measurement using 55
real human heads and two dummy-heads [34, 35]. This in-
cluded 252 source directions, blocked ear-canal entrance
measurement points by means of a miniature microphone,
computer controlled turntable and pseudo-random noise exci-
tation — conditions very similar to ours.

Although their goal was to create a high accuracy HRTF
database, the spatial resolution was relatively low (7 in eleva-
tions and 10-degree steps horizontally), human subjects were
not really optimal for long-term measurements and initial
positioning of the subject as well as proper placement of the
microphone were hard to realize. Some results are shown in
Figure 11 for comparison. This resolution does not allow
high accuracy evaluation. The author concluded that

- repeatability of the measurement is very sensitive to type of
the ear-plug,

- middle frequencies are influenced by small movements of
the subject during measurement,

- deviations up to 5-15 dB can appear in the region 5-15 kHz
depending on the routine of the person who places the ear-

plug,

- reflections of the knee-leg area due to the sitting position
are detectable,

- and that repeatability was only investigated with one person
and it is declared to be good within 1 dB deviations.

Dummy-heads are stable, they do not have to ,,sit” and body
parts can be removed and modified easily in order to measure
effects of hair and clothing. Repeatability using dummy-
heads can reach 0,5 dB or less, also supported by our results.
The low SNR in the head-shadow area causes the largest
deviations in repeated measurements, while the best repro-
ducibility is in frontal directions. Riederer’s results showed
head-shadow effects up to 20 dB above 4 kHz (our results
showed the same but above a clearly defined value of 3,6
kHz).

For calculating HRTFDs, averaging is also required. Four
different kinds of glasses, four different but similar baseball
caps and three toupees were applied on the torso and the
whole measurement was repeated several times. We did not
observe any significant difference among these variations,
however, the results were averaged over the four glasses, four
baseball caps and three haircuts. Spectral averaging was
made simply by calculating the mean value sample by sample
[28]. Riederer’s measurements can not make conclusions
about the effect of hair and clothing, because only one sub-
ject participated and only few source directions were meas-
ured [35]. He observed that in sitting positions the missing
trousers create larger knee-reflections as well as without a
shirt. Shoulders also affect regions at 1600 and 2700 Hz.
There is no clear effect of hair. Observations indicate that
there is no difference between naked and dressed versions
below 600 Hz. Some reflections from knee and shoulders are
present between 1-4 kHz mostly on the shadowed side, and
some influence around 7-9 kHz at the ipsilateral side when
the ear is radiated directly by the sound source.
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b) 3-D sideview of horiz plane df comp. HRTFs. sm 1/3 oct. left
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Figure 11. (a) and (b): 3D plots; (c) and (d): 2D plots of one subjects in the horizontal plane in Riederer’s measurements (averaged).
The symmetry to the 90 degree axe is the ,,cone of confusion” — directions having the same ITD [34].

FUTURE WORKS

Future works include further mathematical analysis under
MATLAB, first of all polar diagrams, directional characteris-
tics plots and coordinate system transformations, mostly 3D.
Furthermore, a listening test is being prepared where these
HRTFs will be applied together with proper headphone
equalization in order to test different environmental condi-
tions virtually. Changes in the localization performance
(whether these variations become audible or not) using naked
dummy-head HRTFs versus “dressed” HRTFs will be evalu-
ated.

SUMMARY

Different 1D, 2D and 3D visualization methods were pre-
sented for the evaluation of detailed HRTF data of a dummy-
head. Monaural HRTFs and HRTF differences (HRTFDs)
were calculated for different environmental conditions. The

HRTFD for repeated measurements was used to test the re-
producibility of the system. HRTF set of the naked dummy-
head was presented in the horizontal plane and for selected
elevations. The measurement data of the naked torso showed
how the shadowing effect of the head and pinna reflections
vary with elevation and azimuth. These presentation methods
are well suited for the evaluation of HRTF and HRTFD data
using different environmental settings. Figures were plotted
and the GUI was programmed in MATLAB. Measured data
can be filtered, modified, re-scaled and limited in magnitude
if needed. This software environment together with an accu-
rate measurement system allows the user to record high accu-
racy transfer functions in high spatial resolution and to create
a user-friendly GUI for plotting and evaluation.
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