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Abstract

Interaural time differences (ITDs) constitute a
prominent cue for the perceived lateralization of
a sound source. Naturally occurring ITDs are
slightly dispersive. However, psychoacoustic stud-
ies revealed that such natural I'TDs may be indis-
tinguishable from broadband delays that allow for
more efficient implementations of virtual auditory
displays. Consequently, numerous methods evalu-
ating interaural cross-correlation, onset threshold-
ing, or interaural group delay have been proposed
to estimate the broadband delay best approximat-
ing natural ITDs. A recent study evaluated those
estimators against listeners lateralization responses.
Here, we extended this line of research by examining
the geometrical consistency of proposed estimation
methods by applying them to head-related trans-
fer functions (HRTFs) of spherical heads for which
the time of arrival can be determined analytically.
With this procedure, we tested the estimators at
various signal-to-noise ratios (SNRs) and used bin-
aural stimuli to compare the estimates of standard
approaches with predictions from a computational
model including an approximation of the auditory
periphery. Overall, approaches based on the maxi-
mum of interaural cross-correlation, especially when
applied on signal envelopes, turned out to be gen-
erally most consistent with analytic geometric con-
siderations and to be least affected by both additive
and convolutional noise.

Introduction

The human auditory system utilizes a variety of acous-
tic cues to establish a spatial representation of a sound
source. Head-related transfer functions (HRTFs) and the
corresponding impulse responses (HRIRs) characterize
the acoustic properties introduced by a listener’s torso,
head, and pinnae. The spatial separation between the
two ears and the limited speed of sound cause interau-
ral time differences (ITDs) whose magnitude systemat-
ically increases with spatial laterality with little disper-
sion. Concordantly, ITDs constitute a prominent cue for
the perceived lateralization of a sound source, in particu-
lar if sounds provide energy at low frequencies. Psychoa-
coustic studies demonstrated that broadband interaural
delays if chosen properly are perceptually equivalent to
the naturally dispersive phase response [1, 2].

The simplicity of broadband ITDs offers a large potential
to create very efficient auditory displays while raising the
need for computational methods to estimate perceptu-
ally valid broadband ITDs from HRTFs. A large variety
of such methods has already been proposed and recent
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work aimed to evaluate the correspondence of those ITD
estimators against psychoacoustic responses [3]. They
concluded that a simple -30 dB-thresholding procedure
applied to the low-pass filtered impulse responses per-
formed superior to all proposed methods including also
a rather sophisticated model of auditory processing [4].
These investigations were only based on HRIRs with high
signal-to-noise ratio (SNR).

In the present study we extended previous work by test-
ing the geometrical consistency of the proposed methods
at different SNRs and also if applied to binaural stimuli
instead of impulse responses. To this end, we applied the
ITD estimators to spherical head HRTF's, for which the
time-of-arrival (TOA) at each ear and thus the ITDs can
be derived analytically [5].

Methods

ITD estimators

In line with [3] we investigated ITD estimation methods
following different approaches based on the analysis of
onset thresholds, cross-correlations, or group delays — as
listed in Table 1. All methods were evaluated both on
broadband signals as well as versions low-pass filtered at
3kHz by using a 6th-order Butterworth filter as in [3].

Table 1: ITD estimators

Method Description
Threshold (m)  Threshold of -10 dB relative to local peak
Cen-e2 (m) Centroid of the squared envelope of HRIRs
MaxIACCr Maximum of the IACC of HRIRs
MaxIACCe Maximum of the IACC

of energy envelopes of HRIRs
CenIACCr Centroid of the IACC of HRIRs
CenIACCe Centroid of the IACC of envelopes of HRIRs
CenIACC2e Centroid of the squared IACC

of energy envelopes of HRIRs
PhminXcor (m)  Cross-correlation with minimum-phase version
IRGD Integrated relative group delay
Dietz Auditory lateralization model

Monaural TOA estimators

(m)

HRIRs of spherical heads

We used numerically calculated HRIRs of spherical heads
with various left-right-symmetric angular positions of the
ears on the sphere, as provided by [5]. The head diameter
was fixed to 87.5mm and the 9 different ear positions
are denoted in Figure 1. These HRIRs were sampled at
48 kHz and had a length of 5 ms. They were calculated for
1550 directions reaching from an elevation of -40° to 80°
in steps of 5°. The azimuthal angle covered the full 360°
with 2.5° steps within the interaural horizontal plane and



Figure 1: Angular positions of the ears on the spherical head.
® denotes azimuth and © denotes elevation.
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Figure 2: Illustration of the geometric model used to cal-
culate TOAs. The circle represents the head with radius r.
The green line shows the propagation path of the incoming
wave h(®,0) to the ear position ear(®,0) used to calculate
the TOA.

larger steps within other horizontal planes in order to
obtain an approximately constant directional resolution.

Geometric model

The listener’s head is modeled as a rigid sphere that is
positioned at the center of the measurement system. Fig-
ure 2 illustrates the model for an arbitrary ear position
on the sphere. Assuming plane-wave propagation, the
TOA is modeled as the time the sound requires to travel
along the shortest propagation path for a given direction
h. Details on how this propagation path is calculated can
be found in [5]. The ITD is simply the TOA difference.

Additive noise

For testing the robustness of ITD estimates against poor
SNRs, we superimposed the reference HRIRs with Gaus-
sian white noise. Tested SNRs ranged from 20dB up to
the clean signal (about 300dB as limited only by numer-
ical round offs).

Convoluted noise

While most of the ITD estimators were designed to be
directly applied to HRIRs, the Dietz model includes a
filterbank approximation of the auditory periphery and
was designed to predict lateralization perception based
on binaural stimuli. Hence, to allow fair comparisons
between the standard estimators and this psychoacous-
tic model, tests were conducted on Gaussian white noise
bursts with a duration of 0.5 s convolved with the respec-
tive HRIRs.
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Several of the standard estimation models have funda-
mental issues when applied to stimuli. In particular, we
excluded the PhminXcor method from this investigation
because minimum-phase representations are only mean-
ingful for linear time-invariant systems and not stimuli.
Further, the threshold approach fails mainly because the
reference peak may be located randomly across the whole
stimulus duration. The Cen-e2 returns arbitrary results
if the noise is much longer then the HRIR because the
centroid of the convolution of the two then is dominated
by the noise and therefore not anymore representative for
the impulse response.

Performance measure

We evaluated the standard deviation between ITD es-
timates and the analytic ITDs, also referred to as the
adjusted norm of residuals (ANR) [5]:

ANR =[5 3 5 -

Given a sampling rate of 48kHz, the time difference
between two adjacent sample points amounts to 20 us.
Therefore, an ANR of approximately 6 us is considered
as the lower bound reflecting best possible consistency.

Results
Effect of SNR

Figure 3a shows the ANR of the estimators for differ-
ent SNRs. Note that the ANR is plotted on logarith-
mic scale. Overall, smaller SNRs yielded larger ANRs,
that is, poorer performance. However, certain estimators
are more severely affected by additive noise than others.
Centroid-based methods performed rather poorly over-
all and were significantly degraded already at SNRs of
40 dB, while the MaxIACCe method performed best and
almost identical for SNRs down to 30dB. Also the other
cross-correlation methods (MaxIACCr, PhminXcor) per-
formed comparably well. The threshold and IRGD esti-
mators performed well down to 40dB but deteriorated
at 30dB or lower. At the lowest tested SNR of 20dB,
none of the methods performed well, resulting in ANRs
> 100 ps.

(1)

Low-pass filtering increased the perceptual validity of the
vast majority of ITD estimators in a previous study [3].
For our geometrical examinations, low-pass filtering does
not seem to be beneficial in general. While low-pass fil-
tering generally improved consistency of Cen_e2 and Ce-
nIACCr, the opposite is true for both MaxIACC esti-
mators. Also the other estimators yielded contradictory
effects of low-pass filtering across SNRs.

Comparison with auditory model

Figure 3b shows the ANR for MaxIACCr, MaxIACCe,
IRGD, and Dietz. For both broadband and low-pass fil-
tered stimuli, MaxIACCe performed better than MaxI-
ACCr, followed by the auditory model from Dietz et al.
and finally the IRGD approach. The ANR of the IRGD
approach fluctuated strongly, as reflected by very large
standard deviations.
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Figure 3: ANR of different ITD estimation methods (a) at
different SNRs and (b) when applied to noise stimuli. The
colored bars represent the ANR of the respective estimator
based on broadband HRIRs. Error bars denote the standard
errors of the means (across ear positions).
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Discussion

Results of a recent psychoacoustic evaluation [3] ranked
the following five estimators based low-pass filtered
HRIRs as superior: Threshold —30dB or —20dB, Ce-
nIACCr, MaxIACCe. In our evaluation, MaxIACCe and
Threshold are the best estimators at high SNRs. Yet, Ce-
nIACCr performs poorly in our examination, especially
for low SNRs, which might indicate a high SNR pro-
vided by the HRTF measurement procedure used in [3].
PhminXcor yielded very high geometrical consistencies
in our evaluation, but performed only moderately well in
[3]. The very simple approach of detecting onset thresh-
olds at a predefined level of —30dB relative to the global
peak of the HRIR has been favored by [3] but has here
been shown to be highly susceptible to noise for a rela-
tively high threshold of —10dB. Lower thresholds yielded
very inconsistent results for low SNRs and thus were not
reported here.

Overall, our evaluations suggest that the MaxIACCe
measure is geometrically most consistent and least af-
fected by additive and convolutional noise. The code
(itdestimator function) and data we used to conduct
this study is publicly available as part of the open-
source Auditory Modeling Toolbox (http://amtoolbox.
sourceforge.net/) [6].
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