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Abstract

An optimal spherical-head model is derived from the high-frequency interaural
time difference (ITD) of a population of 25 subjects. Analysis demonstrates that
the optimal sphere results in very small lateral angle errors, except near the inter-
aural poles. The spherical-head model is then estimated using the anthropometry
of the subjects, based on simple and robust empirical predictive equations. Such a
customization greatly decreases objective angular errors that occur when a generic
model is used.

1 Introduction

The spherical-head model has been widely used in the spatial hearing field [1], [2], [3],
[4], [5],]6] . The sphere is a very good first approximation to the human head and

its analytical simplicity facilitates the design of signal processing algorithms for sound



spatialization. The spherical-head model is generally used to predict or to synthesize
spatial sound having both the interaural time difference (ITD) and the interaural level
difference (ILD) of the human head-related transfer function (HRTF) [2]. However, the
radius of the spherical-head model needs to match the dimensions of the head of the
listener. The use of an incorrect head radius introduces corresponding errors in the
apparent location of the virtual auditory source. The localization of sound sources in
azimuth, determined by the I'TD, is quite accurate, with a localization sensitivity or blur
of 1° or a sensitivity to interaural time differences as low as 10us[7]. Such a differential
sensitivity corresponds approximately to an error as low as 1% in head radius. Equally
important, when a head-tracker is used with a mismatched head size, it is a common
experience that a virtual source at a fixed location will appear to move in the direction
of the listener’s head motion if the model is smaller than the listener’s head and in the
opposite direction if the model head is larger. It is also a common experience that the
range of perceived azimuths will be reduced if the head size is too small and that the
subjects will be unable to localize sources if the I'TD exceed substantially the maximum
they experience naturally [8].

In 1921, Hartley and Fry [9] measured the average head radius for a “number of
individuals” and reported a value of 8.75 cm. This is the value frequently used in the
literature and is also very close to the average value we observed in our study. However,
head size varies substantially within the population. For the adult population in the US,
the distribution of sizes is different for men and women. The mean and the first and
ninety-ninth percentiles of head length and head width are tabulated in Table 1 [10].

We have used the terminology of [10], where the “head length” refers to the front/back
dimension ( Fig. 1). Note that there is a 20% variation in size for both male and fe-
male populations, for either head length or head width. Considering the population as

a whole, the size variation is close to 30%. Furthermore, the typical head is 25% longer



Table 1: Head dimension statistics of US population [cm], L=length, W=width.
| [1% L | Mean L [ 99% L [ 1% W | Mean W | 99% W |
Women || 15.0 18.0 19.8 13.2 14.5 15.9

Men 18.0 19.6 21.4 14.2 15.5 16.9

than it is wide. Therefore it is important to determine the radius of the spherical-head
approximation for each person, but it is also not clear how to do so.

Both the ITD and ILD are functions of spatial location and frequency.! The low-
frequency ITD (below approximately 1.5 kHz) is the principal contributor to the lateral
localization of sound [7]. In an experimental study using the KEMAR mannequin, Kuhn
found that the ITD was approximately 50% greater at low frequencies than at high fre-
quencies, with a transition occurring between 500 Hz and 3 kHz [3]. He also showed that
the average high-frequency I'TD is predicted well by Woodworth’s ray-tracing formula,
which links the ITD directly to the head radius [1]. Kuhn observed that the theoret-
ical low-frequency ITD for a spherical head model is exactly 1.5 times Woodworth’s
high-frequency I'TD. Thus, the psycho-acoustically significant low-frequency I'TD can be
easily obtained from the high-frequency I'TD, which is precisely known for the spherical
head model.

This is important, because problems arise when one attempts to accurately estimate
the ITD from experimentally measured HRTFs. Minnaar et al. [12] analyzed and
compared several frequency-domain and time-domain methods for directly estimating
the low-frequency I'TD. Because the loudspeakers used to measure HRTF's are relatively
small, the experimental results are often untrustworthy below 1 kHz, and never extend

all the way down to DC. Thus, the asymptotic low-frequency I'TD — the limit of the

! Mathematically, the ITD at a particular frequency is defined as the difference in the group delays
for impulse responses for the two ears, where the group delay is the negative rate of change of phase
with frequency.



group delay as the frequency approaches zero — has to be indirectly inferred from
experimental data. Estimating the high-frequency I'TD from the phase spectrum is also
problematic, because torso reflections and pinna reflections and resonances will affect the
phase response for HRTF data for human subjects. However, the average high-frequency
ITD can be reliably estimated by the difference between the leading edges of the left-ear
and right-ear impulse responses [3]. In particular, when this procedure is applied to the
exact impulse responses for the spherical-head model, the results have been shown to
be in close agreement with Woodworth’s formula [6]. Thus, we chose to use the rise-
time method to estimate the high-frequency ITD, using Woodworth’s formula to link
the I'TD to the sphere radius, and multiplying the results by 1.5 when we wanted the
low-frequency I'TD.

For these reasons, this work will focus on the high-frequency ITD (called only ITD
from now on) and on Woodworth’s formula as its predictor. This study has two goals.
The first goal is to analyze the fit of the ITD of an optimal spherical-head approxima-
tion to the measured I'TDs for a population of subjects. The second goal is to devise,
for the same population, a predictive formula for the spherical-head radius based on

anthropometry.

2 Optimal Spherical-Head Radius from ITD
Measurements

The optimal head radius of the spherical-head model was computed using a least squares

fit between the measured ITD and the I'TD produced by Woodworth’s formula.



2.1 Measurements

HRTF data were collected using an interaural-polar coordinate system (see Fig. 2).
In these coordinates, the left/right dimension is measured by the lateral angle 0, often
denoted “azimuth” and the up/down dimension is measured by the polar angle ¢. Head-
related impulse responses (HRIR’s) were measured in the time domain, at a sampling
rate of 44.1 kHz, with a Crystal River Snapshot?™ system, using a Golay code of length
2048. The recordings were made with Etymotic ER—7C probe microphones (with their
battery-powered pre-amplifiers) and the interface to the PC was through a Momentum
56 PC card. The ITD measurements were obtained at 25 different lateral angles (—80° <
6 < 80°) and 50 polar angles (—45° < ¢ < 235°), for a total of N = 1250 measurements
for each ear for each subject (see [14] for more details on the measurement apparatus and
coordinate system). The high-frequency Head-Related Impulse Responses, HRIRs, were
obtained by filtering the measured response with a sixth-order high-pass Butterworth
filter with a 1500 Hz cut-off frequency. The high-frequency ITD was computed as the
difference between onset times of the left and right HRIRs. The onsets were defined as
the instants at which the impulse responses reached 20% of their first maximum peak
amplitudes. Onset times were computed at a resolution of an eighth of a sample. Fig. 3
shows an example of onset determination. The ITDs are evaluated over all azimuths
and elevations and can be mapped as an surface in two dimensions. Such a surface is
shown on the left of Fig. 4. We observe occasional irregularities in that surface that are
due to abrupt subject motion during the measurement session. To smooth out these
irregularities, a spherical harmonics expansion, equivalent to a Fourier series expansion
but for spherical coordinates,? is computed. Truncation of the high-order coefficients in

such an expansion result in the smoothed I'TD surface on the right of Fig 4.

2See for instance [13] for a discussion of the application of spherical coordinates to HRTFs.



Fig. 5 shows a representative example of the ITD function derived by this method.
For a perfect sphere and ears located at £90°, the constant ITD contours would be
vertical in the front view and concentric circles on the right view. In the experimental
data, most of the deviations from the I'TD of a sphere occurs for high lateral angles, as

illustrated next.

2.2 Least Squares Fit

The optimal head radius of the spherical-head model for each subject was computed
using a least squares minimization procedure. The measured I'TD data for each subject
was approximated by minimizing the error between measurements and the I'TD produced

by Woodworth’s formula[l], which can be written as

#=(sin |6] +10]), —90° <6 < 90° (1)
C

In Eq. 1, 7 is the modeled I'TD, « is the radius of the sphere, ¢ is the speed of sound,
and @ is the lateral-angle. Suppose that we measure the actual ITD for N different
data points to produce the measured ITD vector 7 = [y, 73, -+, 7n]". Let ¥ = (a/c)r,
where r = sinf + 6, and let 7 be the corresponding vector of values of r» computed for
all measurement locations: 7 = [ry,ro,---,7y]7. Then the optimal radius ag can be
obtained by minimizing the length of the error vector € =7 — (a/c)F, which yields

T

— sl 2
ag CTTT (2)

In this optimization, the speed of sound was taken to be 343 m/s. To validate
this procedure, it was applied to I'TD measurements made for a bowling ball, where the

radius was known to be 10.91 cm. Except for some distortion at high lateral angles (of



about +2°) due to the HRTF measurement apparatus, Woodworth’s formula corresponds
closely to the high-frequency ITD derived from onsets. The optimal radius computed

from Eq. 2 yielded a value of 11.0 cm, thus introducing an estimate error of less than

1%.

2.3 Results

The subjects used in this study were adult students, both male and female, Caucasian
and Asian, with a representative range of head sizes. The distribution of optimal head
radius for the 25 subjects shows a range of values from 7.9 ¢cm to 9.5 cm, with a mean
value of 8.7 cm. The RMS error of the fit ranges from 22 to 47us, and has mean of
32us. The angular error can be determined by mapping the measured ITD to lateral
angle based on the optimal spherical-head model for each subject. Global results are
shown in Fig. 6 where the average angular error of all subjects is plotted as a function
of spatial coordinates. The individual errors of two representative subjects are shown
in Fig. 7. For the most part the angular error is smaller than 5 degrees. The largest
errors (in the order of 12 degrees) occur at high lateral angles, and for most subjects it is
largest at medium polar angles (above the subject). Note that front/back and left/right
asymmetries are more apparent for individual subjects. They are due, in part, to a slight
tilt of the head during the HRIR measurements.

This localized angular error is primarily due to the displacement of the entrance
to the ear canal with respect to the center of the head. As shown in [15], the polar
angle asymmetry introduced by this displacement causes the ITD to vary on a cone of
confusion, resulting in local deviations of up to 15% in ITD at medium polar angles.

It should also be mentioned that the non-spherical nature of the human head will

also contribute to this type of error. It can be shown that an ellipsoidal model with



offset ears will reduce the localized error of a spherical head model at mid-polar angles

[15].

3 Optimal Spherical-Head Radius Estimation
from Anthropometry

In the previous section, the optimal spherical-head model was computed from the acous-
tically measured ITD data for each subject.Usually the individualized HRTF is not
available and the ITD of the listener is unknown. A method to estimate a customized
spherical-head model from anthropometry would therefore be very attractive. Without
anthropometry, the head radius for the model could be taken to be the mean head radius
of the population. Doing so will clearly introduce large errors for listeners whose head
size is far from the mean. When the individual head dimensions are available, the task
of adapting the sphere radius to each listener becomes feasible.

Anthropometric parameters were obtained from photographs of the subjects. For
feature identification and calibration purposes, reference marks were attached to each
subject’s head (See Fig.1). Three head parameters, X; (head half width), X, (head
half height) and X3 (head half length) were computed from the side and front views of
the subject’s head by manually identifying head boundaries on high-resolution digital
photographs.

The optimal sphere radii can now be related to anthropometric parameters by em-
pirical regression formulas that are derived using the statistics of the population. In this
section we derive such empirical formulas for the estimation of the spherical-head model
radius.

A first approximation is to average the three head dimensions, length, width and



height. Comparison between the optimal radius and the average of the three head
parameters for all subjects indicates that the average overestimates the optimal radius
in all cases (see Fig. 8). Middlebrooks finds a high correlation between head width and
maximum ITD [16]. A more general linear model that can readily be optimized is to

estimate the head radius as a weighted sum of the head dimensions, i.e.

Qe = ’UJ1X1 + ’wQXQ + w3X3 + b. (3)

If the optimal sphere radius is the desired parameter, then a regression on the anthro-
pometric data for all subjects can be used to compute the values of the weights wy, wy
and ws, and the bias b. Performing such a regression on the data for all subjects yields
the following weights: w; = 0.51, wy = 0.019, w3z = 0.18, and b = 3.2 cm. These results
show that the dimension Xy, the half height of the head, is not very significant. The
height dimension is also the most difficult to determine for human heads. It is interesting
to note as well the large constant term in the regression equation.

To investigate the sensitivity of the weights in the regression equation, the error in
head radius caused by perturbing them was analyzed. These sensitivities are measured in
radius error in centimeters per percent change in the weight. The results are: A,,, = 0.36,
Ay, = 0.003, Ay, = 0.18, and Ay = 0.32 [em/A%]. As expected, the weight ws is not
critical and could be set to zero. The weights w; and ws are both important as well as
the significant constant offset b.

The estimation error from Eq. 3 is shown in Fig. 8 together with the errors introduced
by using a generic model and the mean of the head dimensions (i.e. w; = wy = w3 = 1/3,
and b = 0). This generic model will introduce large errors, in the order of 0.8 cm for
subjects whose head radii are away from the mean. In contrast, the anthropometry-

derived radii are closer to the optimal throughout the range of head sizes, with an



average error of 0.12 cm. Notice that averaging the head dimensions to obtain the
sphere radius is the worst strategy.

We can also map angular errors due to a head radius mismatch into angular errors
by using Woodworth’s formula. We find that angular errors are worse for high lateral
angles and when the head radius is under estimated. The perceptual effects of large ITD
errors is complex, and excess I'TD, beyond the subject’s normal experience, leads to a

diffuse source which is difficult to localize[8].

4 Conclusion

It has been shown that the high-frequency I'TD of human subjects can be predicted with
high accuracy by a customized spherical-head model derived from HRTF measurements.
Customization based on simple head measurements was also derived and tested. The
anthropometry based empirical formula robustly predicts the optimal radius of the model

for the population investigated.
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List of Figure Captions

Figure 1. Head parameters obtained from digital photographs, where 2X;=head
width, 2X5 = head height and 2X3= head length. The photograph has 1024 by
1344 pixels and 0.04 cm/pixel spatial resolution.

Figure 2. Interaural polar coordinate system.

Figure 3. Threshold determination of onsets on the ipsilateral and contralateral
HRIRs.

Figure 4. The raw I'TD shows small irregularities due to head motion during the
measurement session. These are smoothed by truncation of the spherical harmonic
series representation of the ITD surface.

Figure 5. An experimental high-frequency I'TD function.

Figure 6. Average angular error, in degrees, produced by the optimal spherical-
head model.

Figure 7. Angular error produced by the optimal spherical-head model for two
representative subjects.

Figure 8. Error between the optimal head radii and a generic radius (-). the mean
head dimension (...) and the anthropometry derived radii (-.). Subjects sorted by
head size.
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Figure 1: Head parameters obtained from digital photographs, where 2.X;=head width,
2X, = head height and 2X3= head length . The photograph has 1024 by 1344 pixels
and 0.04 cm/pixel spatial resolution.
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Figure 2: Interaural polar coordinate system
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Figure 3: Threshold determination of onsets on the ipsilateral and contralateral HRIRs.
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Figure 4: The raw I'TD shows small irregularities due to head motion during the mea-
surement session. These are smoothed by truncation of the spherical harmonic series
representation of the ITD surface.

17



Figure 5: An experimental high-frequency I'TD function
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Figure 6: Average angular error, in degrees, produced by the optimal spherical-head
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Figure 7: Angular error produced by the optimal spherical-head model for four repre-
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