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Filtering of the Head-Related Transfer Functions (HRTFs) is the first and most
important part during the perception of directional information in spatial hearing. A
computer-controlled dummy-head measurement system was installed in an
anechoic room with 1 degree horizontal and 5 degrees vertical resolution.
Differences in the measured HRTFs caused by changes of the acoustical
environment near the head are calculated. Effects of “everyday objects” like caps,
hair, glasses and clothing on the fine structure of the HRTFs are presented.

INTRODUCTION

Human localization performance and the quality of transmitted sound is one of the most
investigated areas on the field of spatial hearing research. Spatial information in the sound
waves is “decoded” by the auditory system and this leads to the perception of the sound field.
Former investigations suggest the importance of the fine structure and accuracy of the applied
HRTFs by sound-field simulation using headphone playback. On the other hand, localization
in real life is not influenced very much by changes in the HRTFs if we put on a hat or let the
hair cut. The aim of this study is to analyze how much the acoustical environment near the
head affects the fine structure of the HRTFs.

1. THEORY

Localization means finding the location of a sound source. Fig. 1 shows the commonly
used coordinate system related to the listener’s head. The sound source parameters are defined
with » (distance), ¢ (azimuth) and ¢ (elevation) as usual [1]. This directional information is
“encoded” in the spectral and temporal modifications of the propagating sound waves, and it
is decoded through spectral and time-domain analysis of the auditory system.

It is well known that the outer ears play a significant role at the first step in the hearing
system. The individual shape of the pinnae, head and torso influences the transmission as a
linear, direction-dependent filtering. These sets of complex filters are the so-called Head-
Related Transfer Functions (HRTFs) describing in each direction the transmission from the
free-field to the eardrums [1-8].
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Figure 1. The Head-Related Coordinate System.
Sound sources are identified by elevation angle (d) and azimuth (¢)

1.1. HRTF measurements and practical applications

The HRTFs can be measured on real human subjects or on dummy-heads [4—11]. The
advantage of HRTFs recorded on human subjects is to have individual HRTFs for each
subject and during playback this may result in a better localization performance. These
measurements need human interaction and are made with impulse excitation with limited
Signal-to-Noise ratio (SNR) and spatial resolution [10—-12]. The dummy-head method may
use broadband noise stimuli (mostly pseudo random noise signal) or sweep signals with
increased SNR and precision. In this case we do not have individual HRTFs and averaging is
also required. The use of dummy-head HRTFs in binaural reproduction results in decreased
localization performance due to the “averaged” and just partly modeled human head, body
and pinnae. Recordings made on dummy-heads do not have the same quality as recordings
made on any other randomly selected or average human head [12-14]. To get a better
localization performance without individual measurements some simple methods exist for
individualising these HRTFs [11, 15-18].

The individual filtering of the HRTFs is present in our everyday life, but it has to be
generated electronically and reproduced “exactly” during virtual audio synthesis through
headphones to produce the same auditory event (perception) as by the recording [19-23]. This
1s mostly made by real-time convolution of the input signal and the time-domain version of
HRTFs: the Head-Related Impulse Responses (HRIRs). Equalization of the applied
headphone is necessary. Nevertheless, even with proper equalization and setting of individual
parameters of the head or pinnae, typical headphone playback errors can occur, such as in-the-
head localization, elevation shift or front-back reversals [22—-30]. These errors are due to other
dynamic parameters, such as changing of the HRTFs during head tracking, or to missing room
reverberation [31]. In general, sound field synthesis (localization performance) via
headphones is inferior to reproduction with loudspeaker playback or free-field listening.
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1.2. Quality of HRTFs

The complex HRTFs contain information in the magnitude response and in the phase
spectrum. In an accurate spatial simulation the phase information can probably not be
neglected (describing low frequency torso effects). After all, the minimum-phase-filter
assumption of the HRTFs allows the specification of their phase by its magnitude response
alone, so HRIR specifications and time-delay information can be handled separately [32, 33].

For every headphone-based playback system it is necessary to integrate the HRTF filtering.
It has been suggested that the “quality”, accuracy, and spatial resolution of these HRTFs
determine the transmission (e.g. the need of individual HRTFs) and thus, the localization
performance. The fact is subjects deliver better results in listening tests with individual
HRTFs than with others [11-14]. Different sets of HRTFs can be regarded as “inaccurate”,
and this suggests the importance of the fine structure of the applied HRTFs. It calls for a
better HRTF recoding procedure (more detailed dummy-heads, increased spatial resolution,
individual recordings) and for the most accurate HRTF synthesis during playback (headphone
equalization, good SNR etc.).

To determine the variations in the fine structure of the HRTFs caused by the environment
near the head, a precisely controlled dummy-head measurement system was installed in an
anechoic room. The effect of “objects” we use everyday — cap, glasses, hair and clothing —
was determined based by computing spectral differences in measured data.

1.3. Terms of use

Only the magnitude response of the HRTFs is used for further investigation at this point.
The HRTF Difference (HRTFD) was introduced and found to be appropriate to evaluate
differences between measured HRTFs from the same direction [25]. In this case, the HRTFD
from a given direction can be calculated as:

HRTF(5,0),

HRTFD(0,0) = ——-,
OO HRIFG.0).. @

where C, identifies the reference and C, identifies a modified environmental condition. The
C, reference corresponds to the HRTF of the bare torso and C, — to the HRTF of the dressed
torso (e.g. wearing a cap).

The HRTFD gives us the difference in dB at all frequencies, thus, highlights the effect of
the object we put on the torso. Dividing will eliminate individual properties (size, form etc.)
of the applied torso.

We can plot the magnitude response of the HRTFD as the function of frequency for a fixed
elevation and azimuth on Fig. 3—5. Other spatial-domain representation of HRTF data can be
found in [38, 39].

HRTFDs are useful tools. By calculating them between HRTFs under unmodified
conditions (C, = C,) in repeated measurements we get the acoustical effect of the bare head
and torso simulator, as presented in [25]. Next we are searching for significant and

representative effects in the frequency to find how, where and how much objects near to the
head influence the HRTFs.
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2. THE MEASUREMENT SETUP

Details and some former results made with this system are described in [25, 32, 34-37].
The Briiel&Kjaer Head and Torso Simulator Type 4128 is placed on a computer-controlled
turntable in an anechoic room. The excitation is a modified pseudo-random noise signal with
frequency-independent SNR [36]. The sampling frequency is 50 kHz, the resolution is 16 bits
and the applied FFT has 4096 points. Existence and elimination of room reflections was
investigated in this context and the system was found to be appropriate for long-term
measurements [25, 36, 37]. The spatial resolution is 1 degree horizontally and 5 degree
vertically. The transfer function of the 1,8 m distant loudspeaker and any other elements in
the signal path (microphone, amplifiers etc.) are eliminated by the reference spectrum, i.e. by
the normalization that defines an HRTF. Validity of the measured HRTFs is above 200 Hz.
The measurement system has a repeatability of about 0,5 dB independent of frequency,
elevation and azimuth using an unidirectional microphone. This means, all of the re-measured
transfer function differences are within a 0,5 dB domain at all frequencies (Fig. 2). A transfer
function difference is defined as the quotient of two re-measured transfer functions of the
same system. Eq. 2 applies this on the Head-Related Transfer Functions. Using this system
we can find physical effects corresponding to specific deviations in the fine structure of the
HRTFs.

dB
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Figure 2. 20 re-measured transfer function differences with the measurement system using the
BK 4166 unidirectional microphone placed on the turntable. All are within a 0,5 dB domain
(highlighted) that corresponds to a repeatability of 0,5 dB in the entire frequency region
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3. EFFECT OF THE ACOUSTICAL ENVIRONMENT NEAR TO THE HEAD

The HRTFDs are useful tools to search for differences between sets of HRTFs. They can
be measured and calculated accurately and they are free from individual properties, showing
only the effect of the modifications. This section presents the (acoustical) effect of objects
near to head.

Dummy-head HRTFs were measured in 1° steps in the horizontal plane and 5° steps in the
median plane from —10° up to +60° elevation. The objects we have been focused on are: four
different kinds of glasses, four different but similar baseball caps and three toupees with
different length and haircut. Moreover, some results we obtained from measurements with
clothing. The short-cut hair toupee was placed always without covering the pinnae and the
long-cut hair always completely covered the pinnae. This did not influence the results at all.

During the evaluation of the results we did not observe any significant differences among
the different kinds of caps, toupees or glasses. These objects have common properties and
thus common effects on the HRTFs, which are represented by the HRTFDs.

Figures 3—5 present some representative horizontal plane HRTFDs only as function of the
frequency to show regular variations. We zoomed in to the interesting part of the frequency
axis and so the plotted figures may have different x-axis scaling. Note the different scaling of
the x and y-axis before comparing Figures 3, 4 and 5.
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Figure 3. Horizontal plane HRTFDs as the function of frequency using hair:
between ¢ = 150°-195° in 5° steps (a) and between ¢ = 80°-170° in 10° steps (b)
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Figure 4. Horizontal plane HRTFDs as the function of frequency using baseball cap:
between ¢ = 90°-170° in 10° steps (a) and between ¢ = 230°-260° in 2° steps (b)
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(b)

Figure 5. Horizontal plane HRTFDs as the function of frequency using glasses:
between ¢ = 105°-150° in 5° steps (a) and between @ = 250°-270° in 2° steps (b)

Gyorgy Wersényi, Andras lllényi
Differences in dummy-head HRTFs caused by the acoustical environment near the head



Electronic Journal «Technical Acoustics» 2005, 1 9 of 15

Effect of the objects can be both amplification and damping, they influence the height of
existing peaks and valleys of the HRTFs. As a general rule, we never found changes under
1500 Hz. Objects near to the head have different effects on frequency regions on the
ipsilateral side and on the contralateral side. High-frequency components were affected at the
closer ear and low-frequency “bright spots” — at the shadowed ear. These “bright spots” were
found by Shaw e.g. at 1,9 kHz and 2,4 kHz [44]. The rigid spherical model of the head
predicts amplifying effects near to the head due to diffraction even if the head directly blocks
the contralateral ear [6, 39, 44—49]. This suggestion is supported by our measurements below
3 kHz.

3.1. Hair

Toupees are difficult to place onto the head symmetrical to the median plane. This may
affects the left and the right ears HRTF different but we did not observe any significant
difference in the measurement data. The evaluation was based on HRTFDs from 11
elevational positions, 1° horizontal steps and using three different haircuts. Hair produces a
broadband and significant effect at 9, 10, and 11 kHz. The most important domain is between
4-5 kHz, where the differences are large as the source is moving in the horizontal plane
independent of the elevational position. Fig.3 shows representative horizontal plane
HRTFDs. Hair produce deviations up to 16 dB at 4 kHz as the sound source moves between
@ =150°-195° and ¢ = 80°—170° respectively.

At lower elevations (up to 20°) the 3,5-kHz component, at higher elevations (above 20°)
the 2,5-kHz and the 2,8-kHz components are influenced as well. On the contralateral side
differences up to 10 dB appear at the 1,8-kHz and 2,2-kHz bright spots. Above +30° elevation
this effect is less significant. At +45° and +60° the deviations and the extent of the head-
shadow area decrease, because the sound source is above the head.

3.2. Baseball cap

The same high-frequency components are mainly influenced (9, 10, 11 kHz) in the HRTFs
of the closer ear. Fig. 4 shows representative horizontal plane HRTFDs. A baseball cap
produce deviations of 5-7 dB at 3—4 kHz as the sound source moves between ¢ = 90°-170°
and up to 20 dB between ¢ = 230°-260°. The same was observed up to +15° elevation.

Above +15° elevation the affected regions are divided into separate domains: from 3 kHz
to 3,2 kHz and around 5 kHz. Because of the shadowing effect of the visor above +20°
elevation, the HRTFs above 8 kHz are influenced the same way as in the head-shadow area
(see Section 4). The components at 3—7, 9, and 12 kHz are mainly disturbed, but the head-
shadow area itself is not influenced very much. The affected low-frequency components are
1,6 kHz; 1,8 kHz; 2,2 kHz and 2,5 kHz.

Gyorgy Wersényi, Andras lllényi
Differences in dummy-head HRTFs caused by the acoustical environment near the head



Electronic Journal «Technical Acoustics» 2005, 1 10 of 15

3.3. Glasses

The differences appearing at 9, 10 and 11 kHz and the changes at 4-5 kHz are less
significant than by the use of caps and hair. Glasses are small, thin objects, they may
influence the HRTFDs at higher frequencies. The elevational-depended components at
3,2kHz and 3,5 kHz are reduced as the elevation increases. Fig. 5 shows representative
horizontal plane HRTFDs. Glasses produce deviations of 14—-16 dB around 4 kHz as the
sound source moves between @ = 105°-150° and at 2—4 kHz between ¢ =250°-270°. The
head-shadow area is not affected at all.

3.4. Clothing

Clothing has a common damping effect due to sound absorption. A thin T-shirt does not
influence the transmission, but a thick shirt or coat has a damping up to 2-3 dB at 24 kHz,
3 dB at 8 kHz and 2 dB at 11 kHz. In the head-shadow area the low frequency components at
1,5 kHz; 1,8 kHz; and 2,5 kHz show +2 and +4 dB amplification. The same effect was
observed by Tarnéczy [50].

4. THE HEAD-SHADOW AREA

The head-shadow area is on the contralateral side of the head. If a sound source is on the
right side of the head, the left ear is shadowed by the head. Direct waves do not reach this ear,
only reflected and diffracted sound waves. Geometrical calculations based on head size and
wavelength can predict measurement data [40—43].

Figure 6 shows measured HRTFs and calculated HRTFDs from the head-shadow area. As
expected, low frequency components are affected less than high frequency components:
below 3000-3500 Hz there is less shadowing effect, but above this limit deviations up to
20 dB were measured. Because high frequency information is necessary for the localization,
this disturbance leads to decreased localization performance (blur) on the contralateral side by
monaural evaluation. Of course, by binaural evaluation interaural differences could be
evaluated. Shadowing effect of simple geometrical forms and the dependence on the
dimensions suggests that sound source occlusion has a low-pass filtering effect. The law of
the first wavefront is valid and summing localization is performed [43]. The extent of the
head-shadow area can be determined not only in frequency, but also as the function of
magnitude and azimuth [1-4, 9, 24].
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(b)

Figure 6. Ten measured dummy-head HRTFs (a) and calculated HRTFDs by re-measuring
them (b) in the head-shadow area (¢ = 250°-260°) in one degree steps
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5. DISCUSSION

The HRTFs are influenced by the objects near to the listener’s head. Small changes in the
environment could cause large deviations in the entire frequency and spatial domain. These
objects have determinable and measurable effects in most azimuthal directions. Glasses have
the smallest effects, because they are thin and affect rather high frequency components. On
the other hand, hair always has influence and baseball caps only in the region where
shadowing effects occur. We assume that the most undesired effect for the hearing system is
the extension of the shadowed area both in frequency and azimuth, because this can lead to
localization errors by losing high frequency information. This low-pass filtering of sound
source occlusion was observed both in free-field listening and HRTF reproduction based on
the law of the first wave front [43]. Our everyday (non virtual) observation is that these
changes in our HRTFs do not influence our localization performance significantly and we are
not that sensitive to the fine structure of our own HRTFs.

Differences appear in the high frequency regions of the closer ear. At the same time, the
HRTF of the contralateral ear will be influenced at lower frequencies. This results in an
increased Interaural Intensity Difference. The directional information encoded in the sound
waves will be evaluated by the closer ear in the high frequency regions and some lower
frequency elements — by the contralateral ear.

6. CONCLUSION

With the help of an improved measurement system a database of about 40000 dummy-
head HRTFs was recorded and evaluated in the frequency domain. The HRTFDs, defined as a
quotient of HRTFs, are appropriate measures to find differences and changes in the fine
structure of HRTF sets without the need for individual recordings. They can detect the
existence of reflections, shadowing effects or regular variations caused by the acoustical
environment near to head.

Objects near the head, such as caps, glasses, hair (etc.), affect the acoustical environment
and they could have a clear and large influence on the HRTFs. High-frequency components
on the ipsilateral side and low-frequency components are affected depending on elevation and
azimuth.

This variation of the HRTFs apparently does not influence the localization performance
and the quality of transmitted sound in our everyday life significantly. On the other hand,
virtual audio synthesis with headphone playback needs individual and accurate HRTF
reproduction.

Future works include listening tests with human subjects evaluating the measured HRTFs
of the bare and of the dressed torso in order to determine the significance and measure of this
variation on the localization performance during headphone playback in a virtual audio
synthesis.
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