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INTRODUCTION

This is a brief report on the effects of interaural
decorrelation and stimulus spectrum on the detection of
auditory motion based on dynamic changes in interau-
ral time differences (ITD). Naturally occurring sounds
are often not perfectly correlated at the two ears due to
a number of factors including extraneous signals [1, 2]
and differential filtering effects of the pinna and reflec-
tions off the torso (head-related transfer functions [3–
8]). In addition, the neural representations of sounds to
the two ears are further decorrelated as a result of addi-
tive independent neural noise in the ascending auditory
tracts prior to binaural convergence in brainstem nuclei
[9–14].

While a number of prior studies have investigated
how auditory motion detection is affected by such stim-
ulus parameters as bandwidth [15, 16], velocity [17–
23], acceleration [24], trajectory [18, 25, 26], and inter-
aural cue [27, 28], none has examined the effects of
interaural correlation. Investigating how stimulus cor-
relation at the two ears affects processing of dynamic
ITDs is important not only because natural signals are
often dynamic and partly decorrelated, but also for
what it can theoretically reveal about signal processing
by the binaural system, which computes spatial posi-
tion via neural cross-correlation [29–37].

Here we describe experiments on motion detection
based on dynamic ITDs for broadband and filtered
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noise (highpass >1500 Hz and lowpass <1200 Hz) as a
function of interaural correlation (

 

r

 

 = 0.1, 0.3, 0.5, 0.7,
and 1.0). We show that, for broadband noise, detection
remains above threshold (

 

d

 

'

 

 > 1) for correlations as low
as 0.3, comparable to performance previously reported
for lateralization of partially correlated stationary
sounds [38, 39]. Furthermore, we show that nearly all
the ability to detect dynamic ITDs of partially corre-
lated waveforms is based on low-frequency cues. Even
slight decorrelation (from 1.0 to 0.7) is sufficient to
reduce detectability of dynamic ITDs in highpass noise
from considerably above threshold (

 

d

 

'

 

 > 2) to near ran-
dom performance (

 

d

 

'

 

 < 0.4). The implications of these
findings for mechanisms of binaural interaction are dis-
cussed.

METHOD

 

Stimulus Generation and Calibration

 

All stimuli were generated digitally and presented
via 16-bit digital-to-analog converters (Sound Blaster
Live, –120 dB noise floor, Milpitas, CA). The sampling
rate was 44.1 kHz, and the analog output was filtered
through 20-kHz antialiasing filters. Stimulus genera-
tion and presentation was controlled via software run-
ning on a PC workstation. Stimulus levels were cali-
brated to 70 dB (A-weighting) using a 6cc coupler,
0.5'' microphone (B&K, Model 4189), and a modular
precision sound analyzer (B&K, Type 2260). The low-
pass and highpass stimuli were ramped with 20-ms lin-
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s/s). The stimulus spectrum was broadband (0.1 to 10 kHz), highpass above 1.5 kHz,
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ear rise–decay times to avoid spectral splatter. The
ramps were simultaneous and synchronized at the two
channels and thus provided no cues for resolving the
task. The timing and levels between left and right chan-
nels were checked for accuracy using a dual-channel
digital storage oscilloscope (Tektronix, Model
TDS210). All calibrations were conducted in a double-
walled steel acoustically isolated chamber (Industrial
Acoustics Company).

Broadband stimuli were Gaussian noisebursts fil-
tered between 0.1 and 10 kHz. The highpass and low-
pass stimuli were also Gaussian, but filtered in the fre-
quency domain with cutoffs of 1500 Hz (highpass) and
1200 Hz (lowpass). Generation of motion (dynamic
ITD) stimuli was a two-step process, with both steps
occurring in “real-time” between trials. In the first step,
a dichotic Gaussian noise waveform was produced with
a dynamic linear change in interaural delay, and in the
second step, the noise waveforms to the two channels
were partially decorrelated (when required) by the
addition of independent Gaussian noise to each chan-
nel. This added noise had the same spectrum as the
dynamic ITD stimulus.

To generate a noise waveform with a dynamic linear
shift in interaural delay (i.e., motion), we first generated
a Gaussian noise burst for one of the two audio chan-
nels in the frequency domain with amplitudes sampled
from a Rayleigh distribution and phases from a uniform
(0, 

 

2

 

π

 

) distribution. The spacing between frequency
components (

 

∆ω

 

) of this waveform is dependent on
duration (

 

∆ω

 

 = 1/

 

T

 

), and the Discrete Fourier Trans-
form (DFT) will only have the measured energy at the
harmonics of 

 

T

 

 [40]. To generate the stimulus for the
second channel, we selected a duration (

 

T

 

2

 

) for the
waveform to channel 2 that produces a DFT array with
component spacing 

 

∆ω

 

2

 

, such that each frequency com-
ponent of channel 2 would be shifted relative to the cor-
responding component in channel 1 by a proportion
required to produce a binaural-beat waveform with a
linear shift in interaural delay. This array is then filled
with complex numbers (amplitudes and phases) from
channel 1. For example, a 0.1-s stimulus will have
DFT component spacing of 10 Hz at {0, …, 500, 510,
…, 1000, 1010, …} Hz. To produce a motion velocity
of 2000 

 

µ

 

s/s, channel 2 will require a frequency spac-
ing of 

 

∆ω

 

2

 

 = 10.02 Hz, a duration 

 

T

 

2

 

 = 1/

 

∆ω

 

2

 

 =
99.800399 ms, and thus component frequencies of
{0, …, 501, 511.02, …, 1002, 1012.02, …} Hz.

 

2

 

 The
inverse FFT of the stimuli at channels 1 and 2 provides
the time waveforms for these channels. We have used
this procedure to generate linear interaural-delay-

 

2

 

The duration is rounded to the nearest digital sampling period,
which for the current study is ~23 

 

µ

 

s. Thus, the maximum quanti-
zation error in estimating duration is 11.5 

 

µ

 

s, which for a 1-s
stimulus (the duration used in the current experiments) results in
a maximum frequency quantization error of less than 0.00002 Hz.

 

based motion for a number of complex sounds, includ-
ing noise waveforms, natural sounds, and speech sen-
tences. The perceived image is of a smoothly moving
intracranial image along the interaural axis (see [41]
for details).

Even though the interaural delay of such waveforms
is dynamic, we label this dichotic condition as having
an interaural correlation of 1, consistent with binaural
studies of stationary sounds [11, 38, 39] and because
such a stimulus is perceived as a punctuate auditory
image (for a motion velocity of zero, the measured cor-
relation is unity). To produce stimuli with an interaural
correlation of 

 

r

 

, we added independent bursts of Gaus-
sian noise to each channel [42]:

where 

 

X

 

L

 

 and 

 

X

 

R

 

 are the left and right channel wave-

forms, respectively, 

 

k

 

 =  

 

is a scalar for indepen-

dent noise samples 

 

X

 

1

 

 and 

 

X

 

2

 

, and 

 

X

 

mL

 

 and 

 

X

 

mR

 

 are the
left- and right-ear motion stimuli generated in the pre-
vious step. By definition, when 

 

r

 

 is 0, two independent
noise bursts are used. The final levels of 

 

X

 

L

 

 and 

 

X

 

R

 

 were
calibrated to 70 dB SPL.

 

Procedure

 

Three normal-hearing subjects participated in the
experiments. Each subject practiced on the various
experimental conditions for two hours prior to data
collection. Subjects listened through Sennheizer HD-
400 headphones in a double-walled acoustically iso-
lated steel chamber (IAC). There were 15 experimen-
tal conditions and each subject completed two runs of
100-trials per condition. Five of the conditions were
broadband, five were highpass, and five were lowpass
conditions. The five conditions in each category corre-
sponded to five interaural correlation values of 0.1,
0.3, 0.5, 0.7, and 1.0. The experiments were run in a
block design with the correlation and spectral content
held constant within a run. The order in which sub-
jects ran the various conditions was completely ran-
domized.

The experimental design was single-interval forced-
choice, in which the subject had to indicate whether the
sound moved or was stationary. On a given trial, either
a single stationary stimulus (constant ITD) or a single
motion stimulus (dynamic ITD) was presented with
equal prior probabilities. The stimuli on stationary tri-
als had the same spectral content as the dynamic stim-
ulus for that run (i.e., if the motion condition was high-
pass, the stationary trials in that run contained highpass
stimuli). When the trial was a motion trial, the direction
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of motion (i.e., the direction of change in ITD) was ran-
domly selected toward the right or left along the inter-
aural axis. The motion stimulus had a duration of 1 s
and a maximum change in interaural delay of 500 

 

µ

 

s
(i.e., “distance”) and thus a velocity of 500 

 

µ

 

s/s. This
velocity was chosen because previous studies have
shown that it produces a strong perception of intracra-
nial motion as well as low motion-detection thresholds
[23, 43]. A random offset interaural delay was used to
reduce absolute position cues. The offset allowed the
dynamic interaural delay to cover a 500-

 

µ

 

s distance
selected from the range of –500 to 500 

 

µ

 

s. For example,
the motion stimulus could have had a starting interaural
delay of –300 

 

µ

 

s and a terminating interaural delay of
+200 

 

µ

 

s, or a starting delay of +50 

 

µ

 

s and an ending
delay of –450 

 

µ

 

s. If the trial was a “stationary” trial, a
single 1-s stimulus was presented which had an interau-
ral delay randomly selected from the range of –500 to
500 

 

µ

 

s.

RESULTS

Figure 1 shows results from all three bandwidth
conditions. Data are from 3 subjects (symbols) and
their mean performance (solid lines). The abscissa rep-
resents interaural correlation and the ordinate repre-
sents the index of detectability 

 

d

 

'

 

 calculated from hit
and false-alarm rates associated with 200 trials per con-
dition per subject. A hit (H) was defined as a “motion”
response when the stimulus had a dynamic interaural
delay, and a false-alarm (FA) was defined as a “motion”
response when the stimulus interaural delay was con-
stant (stationary). Motion detection was then calculated
from 

 

d

 

' = 

 

z

 

(

 

H

 

) – 

 

z

 

(

 

FA

 

),

 

 where the 

 

z

 

 transform is the
inverse of the normal distribution function [44, 45]. A
ceiling value of 

 

d

 

'

 

 = 3.29 was imposed on performance
by assuming a 2% inattention rate (

 

P

 

(

 

c

 

)

 

 = 0.99) to
reduce estimation problems associated with the high
variance of large 

 

d

 

'

 

 given limited sample sizes on which
the 

 

d

 

'

 

 estimate is based [45–47].

As is evident from Fig. 1, all subjects performed
well in the broadband and lowpass conditions when the
interaural correlation was equal to or greater than 0.3.
Even at a correlation value of 0.3, all subjects per-
formed above threshold (

 

d

 

'

 

 > 1). Near-perfect perfor-
mance is observed for correlation values of 0.5 and
higher. It is clear, however, that although subjects can
detect dynamic ITDs in highpass stimuli when the
interaural correlation is 1.0, even a small reduction in
correlation (from 1.0 to 0.7), which has no evident
effect in the lowpass or broadband conditions, results in
a complete failure of subjects to detect motion based on
dynamic ITDs. The average 

 

d

 

'

 

 at a correlation of 0.7 for
the highpass condition is 0.33. It thus appears that the
ability to detect a dynamic ITD in partially correlated
broadband stimuli is primarily determined by informa-

tion contained in low-frequency bands. This result,
however, should be qualified by the observation that
subjects performed at ceiling levels in the lowpass and
broadband conditions when the correlation was above
0.5; thus, a small drop in performance between correla-
tions of 1.0 and 0.7 may not have been measurable
given the excellent performance at these correlations.
Nonetheless, subjects reported a very clear perception
of motion for both the 1.0 and 0.7 correlations and no
noticeable subjective interference of the slight decorre-
lation at 

 

r

 

 = 0.7 in the lowpass and broadband condi-
tions. The dashed line in the lower panel of Fig. 1 shows
average performance for the broadband motion condi-
tion (from top panel) and is replotted here to facilitate
visual comparison. Note that the abilities to detect
dynamic ITDs in broadband and lowpass filtered noise,
as a function of interaural correlation, are nearly identi-
cal. A two-way repeated-measures analysis of variance
on the data of Fig. 1 showed a statistically significant
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Fig. 1.

 

 Motion detection as a function of interaural corre-
lation and bandwidth. Each panel shows results from one
bandwidth condition. Abscissa represents interaural corre-
lation and ordinate represents index of detectability 

 

d

 

'

 

.
Different symbols represent different subjects and the
solid lines show mean performance. The dashed line in the
bottom panel is the same as the solid line in the top panel
and is replotted to allow comparison between the broad-
band and lowpass conditions. Motion velocity was
500 

 

µ

 

s/s.
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effect of interaural correlation (

 

F

 

4,

 

 8 = 71.36, p < 0.001)
a significant effect of bandwidth (F2, 4 = 59.85, p <
0.001) and a significant interaction between bandwidth
and correlation (F8,16 = 14.32, p < 0.001).3 

DISCUSSION

A number of previous studies have examined later-
alization of stationary sounds for partially correlated
dichotic noise stimuli. These studies have shown that
interaural delay thresholds remain fairly high for corre-
lation values as low as 0.2–0.3, consistent with our find-
ings on the detection of dynamic ITDs for broadband
and lowpass stimuli. In a classic study by [38], subjects
were instructed to center the perceived position of an
intracranial image by adjusting a noiseband’s ITD
using a keypad. The variance of position adjustments
was then taken as a measure of the detectability of inter-
aural delays. Performance remained relatively constant
for correlation values from 1.0 to 0.2, but decreased
precipitously for correlations less than 0.2. Neurophys-
iological studies have also shown results consistent
with these observations. Optic tectum neurons in owls

3 Parts of the broadband data have been used elsewhere in develop-
ing a model of motion detection.

display identifiable spatial receptive fields for interau-
ral correlations as low as 0.4 [11] and nucleus laminaris
neurons as low as 0.2–0.4 [10]. Furthermore, owls also
show behavioral sensitivity to ITDs even when interau-
ral correlation is as low as 0.2–0.3 [11]. Although the
owl’s dominant frequency region for ITD coding is
considerably higher than that for humans, these find-
ings are, in principle, comparable, since ITD-sensitive
neurons in the owl phase-lock to binaural time-differ-
ence cues in waveform carriers as high as 9 kHz. It is
also worth noting that interaural decorrelation does not
significantly affect interaural-level coding either neuro-
physiologically [48] or behaviorally [48, 49] even when
interaural correlation is zero.

The current study also showed that the ability to
detect dynamic ITDs in partially correlated waveforms
is a low-frequency phenomenon, since even a small
change from perfect correlation results in a failure to
detect dynamic ITDs in high-frequency noisebands.
This finding, that low-frequency ITD processing is rel-
atively immune to decorrelation, is consistent with a
recent neuroimaging study of human cortical activation
in response to interaural decorrelation, which reported
a nearly linear relationship between local cortical acti-
vation levels and interaural correlation in the primary
auditory cortex located bilaterally at the lateral extent
of Heschl’s gyrus, a primarily low-frequency region of
the auditory cortex. Activation patterns for correlation
values near unity were more distinct than those near
zero. Furthermore, activation levels associated with
interaural correlations of 0.33 and 0.60 were distin-
guishable, but those associated with 0.33 and 0.00 were
not distinguishable [50]. Since it is well documented
that lateralization at high frequencies is based on enve-
lope cues and not on fine-structure interaural delays
[51–56], one may speculate from our findings that a
reduction in interaural correlation at high frequencies
will have a relatively large impact on waveform enve-
lope correlation. Figure 2 shows that this is in fact the
case. The top panel of this figure shows two samples of
narrowband noise waveforms with a correlation of 1.0,
and the bottom panel shows two noise samples with a
waveform correlation of 0.7. All waveforms in this fig-
ure were bandpass-filtered between 3 and 3.3 kHz,
roughly equivalent to the bandwidth of an auditory fil-
ter at this frequency range [57]. The envelopes, derived
from the Hilbert Transform of the original waveforms,
are shown as dashed curves and slightly displaced ver-
tically to facilitate visual inspection. The correlations
shown are the measured waveform and envelope corre-
lations. Although only a small part of the waveform is
shown in this figure, the actual correlations were mea-
sured for 1-s-duration waveforms at a sampling rate of
44.1 kHz. Note that when two waveforms have a corre-
lation of 0.70, their envelopes are substantially less cor-
related (0.49). We have examined envelope correlations
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Fig. 2. Effects of waveform decorrelation on envelope cor-
relation. Note from the bottom panel that when the wave-
form correlation is 0.7, the envelope correlation is consider-
ably lower at 0.49. This additional reduction in envelope
correlation may underlie the rapid drop in motion detection
as a function of decorrelation for high-frequency stimuli.
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for a number of waveform correlations and have found
that the envelope correlation is always lower than wave-
form correlation, and is especially lower when wave-
form correlation is between 0.3 and 0.7.

In summary, we found that the auditory system can
process dynamic ITDs in highly corrupted signals.
Above-threshold performance is observed even when
interaural correlation is reduced to as low as 0.3. This
finding is in line with that reported for lateralization of
partially correlated stationary sounds, as well as with
findings from animal neurophysiology. Furthermore,
we found that the ability to detect dynamic ITDs in par-
tially correlated sounds is primarily a low-frequency
phenomenon. Our analysis showed that decorrelation
of high-frequency waveforms has a substantial effect
on interaural envelope correlation, which likely par-
tially underlies the rapid decline in performance as a
function of decorrelation at high frequencies.
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