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ABSTRACT

In this contribution, we investigate the internal representations given by the binaural model pro-
posed by Breebaart et al. [1]. We focus on the cues used by an artificial observer when determin-
ing just noticeable differences in interaural time differences (ITDs) or interaural level differences
(ILDs). The binaural processor consists of an array of excitation-inhibition (El) cells, each charac-
terized by its internal interaural delay and internal interaural attenuation. This model is conceptu-
ally similar to a cross-correlation model and the relevant properties for ITD and ILD discrimination
tasks are changes in the binaural pattern along the internal delay and the internal attenuation
axis. For ITD discrimination of two coherent signals, the traditional approaches consist of search-
ing for a displacement of the peak of the normalized cross-correlation function or measuring the
difference in the cross-correlation function at lag zero. These approaches will be compared to
our strategy which maximizes the differences between the two normalized cross-correlation func-
tions. Threshold predictions depend on which position along the internal delay line is analyzed.
The characteristics of the binaural pattern with regard to ILD discrimination tasks will also be
investigated and compared to those that are relevant for ITD discrimination.

INTRODUCTION

The human auditory system senses its environment with two ears, as such, it is qualified as a
binaural system. While this is an obvious fact, the way our binaural auditory system is working
remains a matter of investigation. The human auditory system has such a degree of complexity
that it is traditionally divided into several parts that are studied in isolation. In an attempt to extend
knowledge about modeling of the human auditory system, we focus our research toward binaural
modeling. In this context, we propose to have a closer look at the internal representations given
by a binaural model which has the property to include both peripheral and binaural processing.
This type of investigation is made possible by the model proposed by Breebaart et al. [1]. This
model was originally designed to simulate binaural masking conditions. We are now interested in
bringing the model to a new area, namely ITD and ILD detection. To do so we need to understand
what are the characteristics and the nature of the cues that are usable for these tasks. We
therefore study the characteristics of the signals at the output of a binaural processor.

A BINAURAL MODEL

The signal processing model that we use in this study was developed by Breebaart et al. It
extends the monaural model of Dau et al. [2] with a binaural processor and an optimal detector
that operates on the output of the binaural processor, as well as monaural inputs. It is in essence
similar to an equalization-cancellation model. In this model the peripheral processing is preceding
the binaural processing and it is fundamental to consider both processes at the same time. An
introduction to the relevant processes in the model for the present study is given. Further details



can be found in [1]. A simplified representation of the model with the relevant parts for this study is
shown in Fig.1. The peripheral part of the hearing pathway is simulated through different stages.
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Figure 1: A simplified scheme of the binaural model.

The first stage combines an outer and middle ear filter that consists in this study of a bandpass
filter that is sufficient to simulate headphone conditions. The second block simulates the basilar
membrane and is modeled by a linear third-order gammatone filter bank. In simulations used for
determining absolute detection thresholds an internal noise is introduced at this stage (not shown
in Fig.1). The third block represents the inner haircell processing and consists of a half-way
rectifier followed by a fifth-order low-pass filter with a -3 dB cutoff frequency of 770 Hz. The last
stage includes the influence of adaptation with various time constants. The output of this stage
for a block function will first exhibit a large overshoot, then show a steady state behavior which
will be followed by a decay with a modest undershoot. For a signal with a flat temporal envelope,
the input-output characteristics in steady state is nearly logarithmic and the output is expressed in
model units (mu). Both left and right ear signals go independently through the peripheral stages.
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Figure 2: A simplified scheme of an El cell

weighting

The output of the adaptation loops are fed to the binaural processor. The binaural processor
consists of an array of excitation-inhibition (El) cells. Each cell is characterized by its specific
internal delay = and specific attenuation «. As shown in Fig. 2 an El cell is taking both right and
left input signals on which the specific delay and attenuation of the cell are applied. Then the
difference of the two signals is computed. The resulting signal is then temporally smoothed with a
double sided exponential window with a time constant of 30 ms. Finally the signal is weighted to
refer to the observation that the density of El cells differs with internal delay. Furthermore in the
context of this study we do not consider internal noise that is normally used to limit the accuracy
of the model when used as an artificial observer.

In theory the binaural processor is a combination of a virtually infinite number of El cells. The
combination of the outputs of all El cells constitutes the internal representation of the left and right
ear signals, and is depicted as the binaural pattern. In practice only a finite amount of El cells
are used for simulations. Depending on the nature of the left and right ear signals the relevant
parts of the binaural pattern are located at different positions and have different characteristics.
In headphone reproduction, lateralization can be obtained by either delaying the signal on one
side or by attenuating the signal on one side. The ability to perceive a change in lateralization
is referred to as ITD and ILD detection and are the two conditions for which we are studying the
properties of the binaural pattern.

ITD CASE

At first we have a look at the binaural pattern when a delay is introduced between the left and
the right ear signals. Left and right ear signals will always have the same intensity we can restrict
the binaural pattern, which has by nature two dimensions («, 7) to a one dimensional pattern, the
T-axis.
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nature of the binaural pattern

The sinusoidal signals used in this paper are 400 ms long, have a frequency of 838 Hz and an
amplitude of 65 dB SPL. Furthermore all binaural patterns and signal waveforms are shown for an
auditory filter centered at 838 Hz. The binaural patterns for this signal with zero interaural delay
and with an ITD of 100 us are presented in the left panel of Fig. 3 at two instances of time. The
two upper curves represent the binaural pattern of the centered (solid line) and the lateralized
(dashed line) sinusoid at the instance 50 ms. The two lower curves represent the binaural pattern
of the centered (dash-dotted line) and the lateralized (dotted line) sinusoid at the instance 300 ms.
The sinusoid without internal delay has a representation centered at 0 ms on the 7-axis. At this
internal delay the curves reache 0 mu which means that there is a perfect cancellation of the two
signals in the binaural processor. On each side of the 0-ms point, the curves increase until a
maximum is reached. The curve is symmetrical around 0 ms and will be periodic along the -
axis. The internal representations of the 100-us lateralized sinus (dashed and dash-dotted lines)
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Figure 3: Left: binaural pattern of a 0 ITD and a 100 us ITD 838Hz sinusoid at instance 50 ms
(two top curves) and at 300 ms. Right: waveform of the output of the -0.068 ms El cell for the
100 us lateralized (solid line) and centered sinus (dashed line).

are somewhat similar. However the cancellation is not perfect and the minimum of the patterns
does not reach its minimum for 0 ms but for an internal delay of 100 us. In the right panel, the
output of the El cell characterized by an internal delay of -0.068 ms for lateralized (solid line) and a
centered (dashed line) sinus are plotted. An El cell with a non-zero 7 was selected to demonstrate
the temporal behavior of the ouput. The presence of information for negative time and after end
of the signal (time>400 ms) is due to filtering in the peripheral stages and temporal smoothing in
the binaural processor. For both signals shown in the right panel of Fig. 3, the waveform exhibits
first a strong overshoot which is followed by a steady state where the output is stabilized until its
decay.

optimizing the detection

One way to detect an ITD in the model is by looking at a displacement of the minimum of the
El pattern. Rather than looking at the 0 point along the r-axis, previous studies have already
reported the possible benefit of considering other positions (Colburn et al. in [3]). Therefore,
we propose to perform the detection of an ITD by choosing the El cell(s) that will maximize the
difference between the binaural pattern of the centered version and the lateralized version of a
signal. This concept is somewhat following the idea of a best delay place along an internal delay
axis that has been previously mentioned in the literature (see [4]). Consequently we compute the
difference between the two binaural patterns corresponding to the lateralized and the centered
version of the signal. The resulting El output difference as a function of = is shown in the left
panel of Fig. 4 for a given instance in time. The curve elicits two extrema. Both extrema are
by definition the places along the 7-axis that maximize the difference between the two binaural
patterns. These two extrema are referred to as optimal El cells. The curve in the right panel
represents the time course of the difference of the outputs of the binaural processor between the
lateralized and centered signal taken at one optimal El cell.

The difference of the binaural patterns in the left panel of Fig. 4 was computed for a single
instance in time. It is possible to compute such a curve for each sample of a signal. For each
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Figure 4: Left: Difference of binaural patterns between a 100 ms ITD and a 0 ITD sinusoid as
a function of the internal delay. Right: difference of the output of the binaural processor for one
optimal El cell as a function of time.

sample the curve would be different but it is possible to extract valuable information of such a
process. It is beyond the scope of this contribution but it can be shown that despite the presence
of the overshoot, the positions of the optimal El cells can be considered constant over the duration
of the signal. It can also be shown that positions of the optimal El cells do not directly depend
on the amplitude of the signals. However the positions of the optimal El cells depend on the
external ITDs and it is possible to derive a relationship between the external ITD and the position
of the optimal El cells along the 7-axis. Consequently we have computed by model simulations,
using sinusoidal input signals, the position of the two optimal El cells for a range of useful external
ITDs, and for individual auditory channels. The results of the simulations can be interpolated
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Figure 5: Left: ITD tuning curve for a single channel centered at 838 Hz. Dashed and solid lines
represent for the two different optimal El cells, Right: ITD tuning curves for 9 auditory channels
between 320 Hz and 1100 Hz

and the resulting polynoms are called ITD tuning functions and their representations ITD tuning
curves. The ITD tuning curves for nine auditory channels are shown in the right panel of Fig. 5.
The dashed lines represent the positions of one of the optimal El cells, the solid lines represent
the positions of the other one. These curves show that the position of the optimal El cells are
depending on the considered auditory channel, each curve eliciting the same shape. In the left
panel, the ITD tuning curve of the channel centered at 838 Hz in isolation shows that for small
external ITDs (<100us) the position of the optimal El cell could be considered as constant. It also
shows that for larger ITDs the position of the optimal El cells are considerably shifted from their
value at lower ITDs. These ITD tuning curves can now be incorporated in the binaural processor
and detection thresholds for various types of conditions can be compared by using the so called
optimal El cells and other approaches.

ILD CASE & COMPARISON

In a similar manner, the investigations on the characteristics of the binaural pattern in the case of
a lateralization created by attenuation of the signal on one side can be studied. The detection of
such an attenuation is referred as ILD detection.
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nature of the binaural pattern

As done previously, the binaural pattern for this part of the study can be restricted to one dimen-
sion, the internal attenuation axis («-axis). The binaural pattern for a 400 ms, 838 Hz sinus is
presented in the left panel of Fig. 6 as a function of « at two instances in time (same convention
of representation as for ITD). The solid and the dash-dotted line reaching the (0,0) point are the
binaural pattern of the centered signal at 50 ms and at 300 ms. The temporal output of the binaural
processor for an El cell characterized by an internal attenuation of 2 dB and an input comprising
a sinus with an ILD of 10 dB (solid line) and the centered sinus (dashed line) are plotted in the
right panel. The waveforms of both signals exhibits a roughly similar shape as for the ITD case. A
strong overshoot is first developed, then comes a steady state and finally the amplitude will drop
(not shown). However there are also differences which will be discussed in the next section.
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Figure 6: Left: binaural pattern of a 0 dB and a 10dB ILD 838 Hz sinusoid, at instants 50 ms (two
top curves) and 300 ms. Right: waveform of the output of the 2 dB El cell for the 10 dB lateralized
(solid) sinus and the centered (dashed) sinus.

ILD vs ITD

Looking at the binaural patterns for ITD in the left panel of Fig. 3 and for ILD in the left panel
of Fig. 6, allows us to make comparisons. In both cases, the patterns for the centered sinus
are symmetrical around 0 dB or 0 ms regardless of the instant of time (solid and dash-dotted
lines). While the binaural patterns of the ITD case are periodic, those of the ILD case are not.
What happens in the these patterns is similar to the properties of the cross-correlation of two
signals where in one case one would be delayed and in another case one would be attenuated. In
both cases, the binaural pattern of the lateralized sinus during the overshoot does not reach zero
activity, which is a consequence of the decorrelation resulting from the behavior of the adaption
loops. While in the ITD case, the pattern during the overshoot is almost a scaled replica of the one
in steady state. In the ILD case other non linearities are involved and we do not observe the same
phenomenon. Furthermore the pattern of the lateralized signal for the ITD case is symmetrical
around an internal delay equal to the external ITD i.e. 100 us. In the case of the ILD a very strong
compression occurs and even though the pattern of the lateralized sinus is slightly shifted along
the a-axis, the minimum of the curve is clearly away from a value corresponding to the external
ILD, i.e. 10 dB.

Now looking in the time dimension rater than the internal delay or internal attenuation dimension,
we can compare the waveforms of the outputs of the binaural processor shown in the right panel
of Fig. 3 for the ITD case and in the right panel of Fig. 6 for the ILD case. The reader should
remember that even though it is not shown here, the characteristics of the these curves are greatly
varying depending on the considered El cell. The ones for which the output is depicted were chose
to provide a first insight. One can immediately notice that all curves present a strong overshoot.
The steady state in the ILD case is however much lower than that for the ITD case. Furthermore
the differences between the output of the centered and the lateralized signals are much smaller
in the ILD case than the ITD one. The interesting point is that the characteristics of all curves
are actually given by the same parts of the model. In the ILD case the difference of amplitude
between the right and left signals will be emphasized by the adaption loops during the overshoot
thus creating the difference between the internal representation plotted in the right panel of Fig.
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6. However, in steady state the logarithmic behavior of the adaption loops will strongly decrease
the difference between the two input signals and thus reduce the output to nearly zero for any El
cell. In the ITD case the situation is more complex. The presence of the overshoot, which is not
as pronounced as for the ILD case, is also resulting from the adaptation loops but for different
reasons. Adaptations loops are sensitive to the absolute start phase of the signals. Since one
the signal is delayed, both left and right signals do not have the same absolute phase and will
excite the adaptation loops in a different manner. The El output in steady state, however is larger
for the ITD case than for the ILD case because the considered El cell along the 7-axis is away
from zero. The even larger amplitude in steady state for the lateralized signal is mainly resulting
from a combination of the subtraction in the binaural processor of the two phase shifted signals
in combination with the temporal smoothing that occurs at the output of the binaural processor.
These processes will result in the curves in the right panel in Fig. 4 for the ITD case and Fig.
7 for the ILD case. The two curves are not directly comparable in terms of amplitude because
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Figure 7: Left: Differences of binaural pattern between a 0 dB ILD and a 10 dB ILD for a 838Hz
sinus. Right: Waveform of the difference of the output of the binaural processor for one El cell.

an attenuation of 10 dB does not correspond to the same perceptual lateralization as a delay of
100us. From these representations we can see that, in the ILD case, the behavior of the model
is totally determined by the behavior of the adaptation loops in their transient phase. In the ITD
detection case, the contribution of the overshoot is less important though it remains a large part
of the total information.

CONCLUSION

In this contribution we used a binaural model that can derive lateralization thresholds by consider-
ing the processes occurring in both peripheral areas and in the binaural processor. We proposed
a strategy to mathematically describe the optimal places on the binaural pattern in order to per-
form ITD detection. Further investigations and simulation should be done to confirm the validity
and the limitations of the tuning curves. Comparisons have been made between internal repre-
sentations of stimuli for ITD and ILD cases and we have seen that two different techniques of
lateralization, ITD and ILD, can lead to different characteristics of the binaural pattern.
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