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Summary

This paper discusses the application of atime-domain binaural signal-detection model in the context of estimates
of the temporal resolution of the binaural auditory system. It is demonstrated that the optimal detector which is
present in the model is crucial to account for specific temporal detection phenomena. In particular, the model can
account for the apparent differencesin the estimates of binaural time constants found with different experimental
paradigms. It is argued that the differences in temporal-window estimates stem from listeners ability to listen

off-time, whenever this enhances detection performance.

PACSno. 43.66.Pn, 43.66.Ba

1. Introduction

Several studies have reveded that the binaural auditory
system is sluggish in its processing of interaural differ-
ences. For exampl e, the minimum audible angle of asound
source strongly depends on its velocity [1]. Severa au-
thors have tried to describe the tempora resolution of
the binaural auditory system by a single temporal averag-
ing window. For example, experiments using time-varying
interaural intensity differences (11Ds) revealed that 11D
detection shows a lowpass behavior with a cutoff fre-
guency of about 20Hz [2]. The detection of dynamic in-
teraural time differences (ITDs) seems to be even worse
[3]; dynamically-varying ITD detection has a lowpass re-
sponse with a cutoff frequency of 2 to 5Hz. Detection ex-
periments performed using a masker with a time-varying
interaural correlation show that the binaural auditory sys-
tem can be described as having a time constant between
44 and 243 ms[4, 5, 6, 7], which is rather high compared
to the 4 to 44 ms for monaural processing [5, 8]. Thelarge
range in the temporal estimates isin part due to the vari-
ability of the temporal resolution across subjects. How-
ever, different estimates are also obtained for one specific
listener when different experimental procedures are used
to determinethetemporal resolution. For example, Holube
et al. [9] estimated the time constants related to the bin-
aural auditory system using two experimental procedures.
The first method comprised the presentation of a short Sw
signal in a masker with a stepwise change in interaural
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correlation from +1 to —1. If the signal was presented in
the masker portion with an interaural correlation of +1,
the stimulus condition was effectively NoSx and hence a
BMLD was observed. For a presentation of the signal in
the masker portion with a correlation of —1, no BMLD
was observed. Thegradua changein threshold for asignal
presented close to the masker-phase transition enabled the
authors to estimate the binaural time constant, resulting
in an temporal-window estimate with an equivalent rect-
angular duration (ERD) between 40 and 70ms. The sec-
ond method incorporated the presentation of an St signal
in a masker with a sinusoidally-varying correlation. The
temporal center of the signal occurred at a position cor-
responding to a masker correlation of +1. By varying the
correl ation-modul ation frequency, Holube et al. estimated
the ERD to be twice the value found in the previous exper-
iment, i.e., between 90 and 120ms. A possible explanation
for these differencesin the estimate of the ERD was given
by Holube et al. They stated that the reason for this mis-
match seems to be the different detection strategies em-
ployed for the varioustasksthat are affected by the consis-
tency of binaural information across frequency and time.
In their fitting procedure, Holube et al. and also Kollmeier
and Gilkey [5] obtained the predicted thresholds by com-
puting the weighted integration of the instantaneous inter-
aural cross-correlation at the temporal center of the signal.
For the sinusoidal changes in the correlation, it is likely
that this detection strategy resultsin the highest signal-to-
masker ratio, given the fact that both the temporal window
and the correlation modulation are symmetric around the
signa center. It is not obvious, however, that this strat-
egy is aso optimal for stepwise correlation changes; pos-
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sibly, off-time listening could enhance the performance.
In this paper, it will be shown quantitatively that differ-
ent detection strategies in the two exprimental conditions
can indeed account for the discrepancy between the ERD
estimates. In particular, simulations with a binaural signal
detection model [10, 11, 12] demonstrated that assuming
listener’s possibility of off-time listening can account for
the observed differencesin ERD estimates.

2. Off-timelistening

The model by Breebaart et al. was used to investigate the
effect of off-time listening. This model is very suitable
for this task because it incorporates an optimal detector
which automatically selects the optimal time interval of
a presented stimulus to derive its predictions. Since the
complete model is described elsewhere, the reader is re-
ferred to thereferences abovefor adetailed model descrip-
tion,while a short description will be given below. Com-
parison with the data given by Holube et al. [9] is very
attractive because in their fitting procedure, Holube et al.
used a double-exponential temporal window which is ex-
actly the same window shape as present in the binaural
model.

The model consists of three stages. The first stage com-
prises a peripheral preprocessor, including a gammatone
filterbank to simulate the spectral resolution of the basi-
lar membrane, a simple inner haircell model and adapta-
tion loops. The second stage consists of a binaural pro-
cessor, in which the signals from the left and right ears
are compared by so-called El (Excitation-inhibition) ele-
ments, a framework which is closely related to Durlach’s
EC-theory [13]. The output of the El elements is tempo-
rally smoothed by convolving the output with a double-
sided exponential window with a certain equivalent rect-
angular duration (ERD). This smoothing process is incor-
porated to account for a limited binaural temporal resolu-
tion (binaural sluggishness). In the original model paper,
the ERD of this window was set to 60 ms, which resulted
in model simulations that closely mimic the most sensi-
tive subjects in temporal resolution experiments[12]. Be-
cause in the present paper, we try to explain differences
in estimates of binaural time constants that are derived for
different experimental procedures, we have chosento sim-
ulate individual data for one subject from the Holube et
al. study. The subject which has a maximum BMLD that
corresponds to the maximum BMLD of the model (sub-
ject CM) had an ERD estimate for sinusoidal correlation
changes of 120 ms. Therefore, simulations with the same
ERD of 120 mswere performed. Therationalefor aso ap-
plying alower ERD value of 40msis explained below.

Thethird stage of the model consistsof acentral proces-
sor. The El-type element outputs are corrupted by an ad-
ditive internal noise. Subsequently, the internal represen-
tations of the external stimuli (for examplein a3 interval,
forced-choice procedure) are compared to a template that
consists of the average masker-alone representation from
previous trials. The differences between the actual stimu-
lus and the template are weighted and integrated both in
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the time and the frequency domain according to an opti-

mal criterion. This enables the optimal detector to reduce

the influence of the interna noise, and to accumulate in-
formation about the signal by adapting its observation in-
terval (matched temporal integrator).

As stated in [12], the optimal detection moment for a
stepwise correlation change may be up to 10ms further
away from the masker-phase transition than the temporal
center of the signal. This meansthat if the listener adjusts
his or her detection strategy on binaural cues present just
before or after (depending on the stimulus configuration)
the signal rather than exactly at the signal, better detection
performanceis obtained. This strategy istermed ' off-time
listening’. To demonstrate the effect of off-time listening,
the thresholds of subject CM in the study by Holube et
al. will be analyzed. This subject was chosen because the
maximum BMLD of this subject matches the maximum
BMLD of the model. In their Figure 7, Holube et al. esti-
mated the ERD for sinusoidally-varying interaural corre-
lation at 120ms for this particular subject, while stepwise
correlation changes resulted in an ERD estimate of 40 ms.
The data of this subject are shown by the triangles in the
upper and lower panel of Figure 1, for the stepwise and
sinusoidally-varying correlation, respectively.

The curves in Figure 1 correspond to three different
conditions of model simulations.
¢ On-time detection only with adouble-exponential win-

dow with an ERD of 40ms. This simulation was per-
formed to check whether the data with stepwise corre-
lation changes of Holube et al. could be replicated by
the model. Results are shown by the dotted curves.

e Optimal detection (i.e., with the possibility of off-time
listening) following temporal averaging with adouble-
exponential window with an ERD of 40ms. Thissim-
ulation gives insight whether off-time listening indeed
resultsin increased detection performance. Results are
shown by the solid curves.

e Optimal detection following temporal averaging with
a window ERD of 120ms. This simulation tends to
provide evidence that the decrease in detection per-
formance by the degraded temporal resolution can
be compensated by off-time listening. The results are
shown by the dashed curves.

If the stepwise correlation changes are considered (up-
per panel of Figure 1), the on-time simulation with a 40-
ms-ERD window gives a good fit to the data, demon-
strating that we can indeed replicate the origina analy-
sis by Holube et al. (dotted curve). If off-time listening
is enabled and the same temporal window is used (solid
curve), the simulated thresholds decrease by several dB
indicating that indeed off-time listening can increase the
detection performance. The dashed curve shows that this
advantage can be compensated by enlarging the ERD of
the temporal-averaging window of the model. Hence from
these results alone, it is difficult to discriminate between
a system which has a window ERD of 120ms combined
with the ability to listen off-time, and a system with awin-
dow ERD of 40ms which can only listen on-time.
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Figure 1. Experimental data adapted from Holube et al. [9]
for stepwise masker correlation changes (upper panel) and
sinusoidally-varying interaural masker correlation (lower panel).
Thresholds re NoSo are shown as afunction of the temporal cen-
ter of the signal relative to the masker phase-transition (upper
panel) and as a function of the modulation period (lower panel).
The curves represent simulations with different model settings
(seetext).

The lower panel of Figure 1 shows thresholds re NoSo
for a sinusoidally-varying masker correlation. In this con-
dition, off-time listening does not improve the detection
performance and optimal detection can be obtained on-
timeThus off-time and on-time predictions are the same
(solid and dotted curve). Furthermore, the simulation with
a window ERD of 40ms (solid curve) clearly overesti-
mates the detection performance of the subjects. On the
other hand, the simulation with awindow ERD of 120ms
fits the data quite well. Thus, both experiments can be
accurately described by a model which includes a fixed
temporal window with an ERD of 120ms which is able
to listen off-time if such a process enhances the detection
performance. Furthermore, it seems that the fitting proce-
dure used by Holube et al. underestimates the time con-
stants of the binaural auditory system by excluding the
possibility of off-timelistening in experimentswith astep-
wise correlation change. Finally, it should be mentioned
that although the model predictions were obtained for
masker correlations changing from +1 to —1, the model
can also account for similar effects obtained with correla
tion changes from —1 to +1 (see [12] for the correspond-
ing model simulations).
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3. Conclusions

The temporal resolution data obtained by Holube et al.
suggested that different experimental conditions result in
different estimates of the binaural auditory time constant.
It was argued that these differences result from different
detection strategies. More precisely, the data suggest that
listeners are able to listen ' off-time’ if such a process en-
hances the detection performance. Therefore, experiments
that aim at estimating time constants should either prevent
listeners to listen off-time or include off-time listening in
the analysis of the data.
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