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When different components of a stimulus carry different binaural information, processing of
binaural information in a target component is often affected. The present experiments examine
whether such interference is affected by amplitude modulation and the relative phase of modulation
of the target and distractors. In all experiments, listeners attempted to discriminate interaural time
differences of a target stimulus in the presence of distractor stimuli with ITD=0. In Experiment 1,
modulation of the distractors but not the target reduced interference between components. In
Experiment 2, synthesized musical notes exhibited little binaural interference when there were slight
asynchronies between different streams of notes (31 or 62 ms). The remaining experiments
suggested that the reduction in binaural interference in the previous experiments was due neither to
the complex spectra of the synthesized notes nor to greater detectability of the target in the presence
of modulated distractors. These data suggest that this interference is reduced when components are
modulated in ways that result in the target appearing briefly in isolation, not because of segregation
cues. These data also suggest that modulation and asynchronies between modulators that might be
encountered in real-world listening situations are adequate to reduce binaural interference to

inconsequential levels. © 2010 Acoustical Society of America. [DOI: 10.1121/1.3466868]

PACS number(s): 43.66.Pn, 43.66. Mk [MAA]

I. INTRODUCTION

When attempting to identify the source location of a
particular sound, a listener typically does so in the presence
of other sounds emanating from different locations. The lis-
tener’s task then amounts to associating the correct source
location with the spectral components of interest. It has been
shown that when numerous spectral components with differ-
ent interaural time differences (ITDs) are presented simulta-
neously over headphones, listeners have a great deal of dif-
ficulty in discriminating the ITD of a target subset of the
components. This effect has been shown to occur when the
spacing of the components is sufficiently close in frequency
such that there might be within-channel interactions (e.g.,
Henning, 1980; Dye, 1990; Stellmack and Dye, 1993) as
well as when the components are spaced so widely that the
interference represents an across-channel effect (e.g., Mc-
Fadden and Pasanen, 1976; Bernstein and Trahiotis, 1995;
Dreyer and Oxenham, 2008; Bernstein and Trahiotis, 2008).
Similar effects have been demonstrated with respect to inter-
aural level differences (ILDs; Bernstein and Trahiotis, 1995;
Dye, 1997). Comparable interference effects also have been
shown for sound sources in the free field (Perrott, 1984).
McFadden and Pasanen (1976) first described their effects as
“interference,” and the term “binaural interference” most of-
ten is used to refer specifically to such across-channel effects
rather than within-channel effects, in which energetic mask-
ing plays a role. However, effects which may involve within-
channel interactions also have been described as “binaural
interference” on occasion (Stellmack and Dye, 1993; Best et
al., 2007, in their review of the literature). In the present
paper, for convenience, we use the term “interference” to
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refer generally to the increase in threshold ITD for a target
component when distractors are present, such as when dis-
tractor sound sources interfere with a listener’s ability to lo-
calize a target sound source.

Presumably, in order to accurately extract the binaural
information in a subset of spectral components of a complex
stimulus, a listener must identify and perceptually segregate
the spectral components of interest from other components
that are present. Consequently, one might expect that binau-
ral information extraction is affected by monaural cues that
can lead to the perceptual segregation and fusion of spectral
components in a complex sound. Several studies have shown
mixed effects of simultaneous grouping cues, such as vary-
ing the harmonic relationship between target and distractor
components and introducing onset asynchronies between tar-
gets and distractors (Buell and Hafter, 1991; Hill and Dar-
win, 1996; Stellmack and Dye, 1993; Woods and Colburn,
1992). In an experiment looking at the effects of sequential
grouping cues, Best er al. (2007) showed that binaural inter-
ference by a 500-Hz distractor on a 4-kHz target (with both
target and distractor amplitude modulated at 250 Hz) could
be reduced when the distractor was temporally flanked by
identical pulses designed to capture the distractor into a dis-
tinct perceptual stream, thus segregating the distractor from
the target. In another study that looked at the effect of simul-
taneous grouping cues on binaural interference, one that has
particular relevance to the present experiments, Stellmack
(1994) showed that the interference between components
could be substantially reduced when the target component is
presented very briefly in isolation, such as when the distrac-
tor components are turned off for as little as 25 ms. One
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possibility is that gating off the distractors briefly provided a
monaural grouping cue to the segregation of the target and
distractors to reduce the interference by the distractors. Stell-
mack and Lutfi (1996) showed that the interaction of binau-
ral information across frequencies could be modeled in terms
of differential weighting of the information in different com-
ponents. Perhaps monaural cues to the segregation of stimu-
lus components serve to alter the perceptual weight that lis-
teners give to the binaural information in different
components of a stimulus.

Given these observations, one might ask what role the
interaction of binaural information from different sources
plays in everyday listening. Real-world sound sources usu-
ally produce complex stimuli (rather than pure tones) that
contain fluctuations in amplitude and frequency. In addition,
different sound sources rarely produce sounds that overlap
exactly in time from onset to offset even when they are in-
tended to do so. For example, when trained musicians per-
form ensemble music and they attempt to play notes simul-
taneously, the onsets of simultaneous notes in the musical
score typically vary by 30-50 ms when they are actually
played (Rasch, 1979). The asynchronous onsets and ampli-
tude modulations in real-world sounds can result in particu-
lar sounds appearing in relative isolation for brief periods.
The musical performance asynchronies noted by Rasch
(1979) or the amplitude modulation of 20 Hz or less that is
typical in speech (Drullman, 2006) can produce temporal
gaps that exceed the 25 ms that Stellmack (1994) found was
effective in reducing interference in the processing of ITDs.
As a result, one might expect binaural interference to be less
problematic in the case of such real-world sound sources.

In an attempt to more closely approximate the condi-
tions that might occur in real-world listening, the present
experiments examined the effects of amplitude modulation
on the ability of listeners to discriminate the ITD of a target
in the presence of distractors. One might imagine two ways
in which amplitude modulation can have an effect: (1) modu-
lation might act as a simultaneous grouping cue that leads to
perceptual segregation of the target and distractors through
perceptual grouping mechanisms, which in turn might lead to
an increased ability to process the target ITD separately from
that of the distractor, or (2) modulation of the distractors may
offer brief “looks” at the target ITD in isolation, which might
enable more accurate processing of the target ITD. If (1) is
correct, one would expect that either the modulation of the
target or the distractor could act as a grouping cue that would
facilitate perceptual segregation of the target and, in turn,
processing of its ITD. [It should be noted that mixed results
have been obtained in past research on the effectiveness of
amplitude modulation as a monaural grouping cue, as dis-
cussed in Sheft (2008).] On the other hand, if (2) is correct,
only modulation of the distractor should be effective in re-
ducing interference between the target and distractor because
when the distractor is modulated, an unmodulated target will
appear in isolation during the envelope minima or dips in the
distractor modulation. When only the target is modulated, it
will never appear in isolation during an unmodulated distrac-
tor; as a result, one might expect substantial interference be-
tween the target and distractor to occur.
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To test these predictions, in the present series of experi-
ments, the just-discriminable change in ITD was measured
for a target in the presence of diotic distractors. In Experi-
ment 1, the targets and distractors were pure tones. In sepa-
rate conditions, either the target or distractors were ampli-
tude modulated, or the distractors contained a brief temporal
gap such that the target appeared briefly in isolation. The
threshold ITD of the target was lower when the distractor
was amplitude modulated in such a way that the target ap-
peared briefly in isolation during the listening interval. In
Experiment 2, the target and distractors were synthesized
sounds of plucked guitar strings. The target and distractor
notes repeated at a rate of 8 Hz. It was found that binaural
interference between the target and distractors was reduced
substantially when the target and distractor notes were
played slightly asynchronously. Experiment 3 produced re-
sults similar to those of Experiment 2 but with pure tones,
suggesting that the complex spectra of synthesized musical
notes is not necessary for the reduction in binaural interfer-
ence to occur with asynchronous modulation. Experiment 4
showed that the decrease in binaural interference that oc-
curred when the distractors were modulated was not due to
increased detectability of the target component. As a whole,
these results suggest that the release from binaural interfer-
ence does not occur as a result of the modulation serving as
a grouping cue that permits perceptual segregation of the
target, but rather that asynchronous modulation of the dis-
tractor envelope provides brief looks at the target in relative
isolation, which facilitates processing of the target ITD.

Il. EXPERIMENT 1: EFFECTS OF AMPLITUDE
MODULATION ON BINAURAL INFORMATION
SEGREGATION

In this experiment, ITD-discrimination thresholds were
measured for a pure-tone target in isolation and in the pres-
ence of diotic pure-tone distractors in order to establish the
baseline elevation of thresholds for the target with distrac-
tors. Thresholds then were measured with either the target or
distractors amplitude modulated at 4 or 8 Hz in order to
determine whether this potential perceptual grouping cue re-
duces the elevation in thresholds. ITD-discrimination thresh-
olds also were measured for the target in the presence of
distractors with a temporal gap as a comparison to previously
published results (Stellmack, 1994). The stimuli are depicted
schematically in Fig. 1.

A. Method
1. Stimuli

The stimulus in each listening interval was 500 ms in
duration and was windowed with 20-ms raised cosine on-off
ramps. The three listening intervals of each trial (see below)
were separated by 350 ms of silence. The target component
was a 753-Hz pure tone and the distractors were pure tones
with frequencies of 553, 653, 853, and 953 Hz (as in some of
the stimuli of Stellmack, 1994). All components were pre-
sented at 70 dB SPL (prior to modulation, if modulated). All
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FIG. 1. A schematic illustration of the envelopes of the stimuli of Experi-
ment 1. The envelope of the target is represented by the gray outline and the
envelope of the distractors is represented by the black outline. The target
carrier was a 753-Hz pure tone. The distractors prior to modulation were
pure tones with frequencies of 553, 653, 853, and 953 Hz.

stimuli were generated in Matlab and presented to listeners
seated in a sound-attenuating chamber over Sony MDR-V6
headphones.

The starting phases of the components were chosen ran-
domly and independently in each interval. In the two non-
signal intervals of each trial, the target and distractors were
presented diotically. In the signal interval, the distractors
were presented diotically and the target was presented with
an ITD that led to the left ear. Thus, the task could be con-
sidered a “left-center” discrimination task in which the lis-
tener chose the interval containing the target that was inter-
aurally delayed such that it likely would appear to be to the
left of the listener’s midline if presented in isolation. The
ITD of the target was produced by shifting the phase of the
target in one ear. The target was gated on and off simulta-
neously in the two ears.

The stimulus conditions are depicted in Fig. 1. In order
to measure the baseline interference produced by the distrac-
tors, ITD discrimination thresholds were measured for the
753-Hz target alone and in the presence of the four distractor
frequencies, with all components unmodulated and gated on
and off simultaneously, termed [Tynmon» Dunmonl- In order
to replicate some of the conditions of Stellmack (1994), ITD
discrimination thresholds also were measured with gaps in
the temporal center of the distractors in each listening inter-
val, termed [ Tynmons Dgapl)- The gap durations were 25, 50,
and 100 ms. At the beginning and end of each gap, the dis-
tractors were gated off and on with 10-ms raised-cosine
ramps. The gap durations did not include the onset-offset
ramps.
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In additional conditions, only the target was amplitude
modulated, termed [Tyop,Dunmonl. or only the distractors
were amplitude modulated, termed [Tynmop.DPmopl. In
these conditions, the appropriate components were sinusoi-
dally amplitude modulated as follows:

x(1) =0.5[1 + m cos(2mf,,t) JcosRmf.1), (1)

where f. was the component frequency and f,, was the
modulation frequency (either 4 or 8 Hz). The modulation
index m was 1.0. The 0.5 scaling factor in Eq. (1) served to
hold the peak amplitude of the modulated components equal
to that of the unmodulated components and to that of the
distractors in the [Tynmon,Dgap] conditions. Threshold
ITDs also were measured for the modulated target in isola-
tion at the two modulation rates, termed [Tyopl-

2. Procedure

All thresholds were measured using a three-interval,
three-alternative forced-choice procedure in which one inter-
val contained the target with a nonzero ITD. The target ITD
was varied using a 2-down, l-up adaptive procedure that
tracked to the 70.7-percent correct point on the psychometric
function (Levitt, 1971). The target ITD was varied in geo-
metric steps by multiplying or dividing the target ITD by
1.25 for the first 4 reversals and 1.12 for subsequent rever-
sals. The target ITD was set to a well-detectable level that
was 3—4 steps above the expected threshold, based on previ-
ous experience. The adaptive procedure was limited such
that the program would terminate if the target ITD exceeded
664 us (half of a period of the 753-Hz target), which would
cause the target to lead in phase to the opposite ear. This
occurred occasionally for some listeners in the
[Tunmon»Dunmon] condition and is discussed below. Each
adaptive run continued until 12 reversals were obtained, with
the geometric mean of the final eight reversals taken as
threshold for that run; geometric means were computed be-
cause geometric steps were used in the adaptive tracking
procedure to estimate thresholds. For each condition, a total
of four runs were completed and the geometric mean of the
four threshold estimates for each condition was taken as the
final threshold estimate for that condition. All of the condi-
tions were run in a pseudo-random order that was chosen by
the experimenters.

Subjects initiated each run and made responses by press-
ing keys on the PC keyboard. At the start of each trial, a
“ready” light was illuminated on the PC monitor for 250 ms
followed by a 350-ms pause and then the first listening in-
terval. Each interval was marked with a visual marker on the
PC monitor and subjects received visual correct-answer feed-
back after each trial.

3. Subjects

Five subjects provided data in all conditions. One of the
subjects was the first author. The remaining subjects were
four undergraduate students (three female and one male)
from the University of Minnesota who were paid to partici-
pate in the study. All listeners had pure-tone thresholds of 15
dB HL or better at octave frequencies from 250-8000 Hz.
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FIG. 2. The results of Experiment 1 averaged across 5 listeners. Threshold
AITDs are plotted in us on a log axis for each condition. The numbers on
the labels of the abscissa are used in the text to refer to the conditions. The
error bars represent standard errors of the mean computed across subjects.

All subjects had previous experience in other psychoacous-
tical tasks and performed several practice runs of the un-
modulated target alone condition and the [ Tynmon»> Dunmon)
condition prior to data collection in order to familiarize them
with the task and to reach asymptotic performance.

B. Results and discussion

Although there were individual differences between sub-
jects in terms of overall sensitivity, the pattern of thresholds
was similar across listeners. Therefore, the geometric means
of the threshold AITDs (the ITD of the target in the signal
interval at threshold) averaged across listeners are plotted in
Fig. 2. Threshold AITDs are plotted in microseconds on a
logarithmic axis.

The two leftmost bars (bars 1 and 2) show the thresholds
for the target-alone condition and the [TynmonsDunmonl
condition. The presence of the diotic distractors greatly el-
evated thresholds. For the four listeners other than the first
author, the adaptive procedure occasionally exceeded the
maximum allowable target ITD in the [Tynmon»>Punmon)
condition and the run was terminated. In those cases, addi-
tional runs were performed until the procedure terminated
without the target ITD exceeding the maximum. Thus, the
plotted thresholds for the [Tynmon, Dunmon) condition (bar
2) potentially underestimates the true thresholds. Bars 3-5
show the threshold AITD for the [ Tynmon> Dgap] conditions.
Consistent with the data of Stellmack (1994), it can be seen
that thresholds were substantially lower when the distractors
were turned off briefly during the course of the stimulus. The
next two bars (bars 6 and 7), representing the
[TunmonsDmon] conditions, show that thresholds when the
distractors were amplitude modulated were comparable to
those in the [Tynmon>Dgapl conditions.

The four rightmost bars represent thresholds for the
target-modulation conditions for the two modulation rates,
without and with distractors. Thresholds for the modulated
targets in isolation (bars 8 and 10) were similar to those for
the unmodulated target in isolation (bar 1). Thresholds for
the [Tmon» Dunmon] conditions (bars 9 and 11) were similar
to those for the Tynmop-Dunmop condition (bar 2). These
results indicate that the interference between components
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was reduced when only the distractors were modulated but
not when only the target was modulated. This was true for
the individual subjects as well as the mean data.

A repeated-measures ANOVA showed that significant
differences existed among the 11 conditions shown in Fig. 2,
F(10,40)=46.80, p<0.001. In order to perform post hoc
comparisons of the conditions of particular interest, indi-
vidual subjects’ means were computed across the conditions
with distractor modulation (6 and 7) and, separately, with the
[Tyop>Dunmon] conditions (9 and 11). Post hoc compari-
sons were performed with the Bonferroni correction for mul-
tiple comparisons and showed that mean thresholds with
only the distractors modulated (6 and 7 pooled) were signifi-
cantly different from thresholds with only the target modu-
lated (9 and 11 pooled), #(4)=4.78, p=0.009. Mean thresh-
olds with modulated distractors (6 and 7 pooled) were
significantly different from thresholds with the target alone
(condition 1), #(4)=4.279, p=0.013. These results indicate
that some binaural interference was produced by the modu-
lated distractors with an unmodulated target, but less than the
amount of binaural interference produced by unmodulated
distractors on a modulated target.

As a whole, these results suggest that modulation of the
distractors reduces interference with the target because it
provides brief looks at the target ITD in isolation, similar to
the situation for temporal gaps in the distractors. Because
substantial interference occurs (thresholds remain high)
when only the target component is modulated, these results
do not support the idea that modulation introduces segrega-
tion cues that facilitate processing of the target ITD.

lll. EXPERIMENT 2: SEGREGATION OF BINAURAL
INFORMATION IN SYNTHESIZED MUSICAL
SOUNDS

Playing a series of notes on a musical instrument effec-
tively produces a stream of notes with envelope modulation
at a relatively low rate due to the timing of successive notes.
This experiment examined the role of the low-rate envelope
modulations associated with playing a series of notes in per-
mitting the segregation of binaural information in multiple
simultaneous streams of musical notes.

In this experiment, the target and distractor stimuli con-
sisted of sounds of plucked acoustic guitar strings produced
by a keyboard synthesizer. The target was a repeating G5
(with a fundamental frequency of about 784 Hz). The diotic
distractors were a repeating C5 and B6 (with fundamental
frequencies of about 523 and 988 Hz, respectively). The tar-
get and distractors were presented simultaneously to simulate
two guitars playing different sequences of notes at slightly
different locations. The listener’s task was to discriminate
ITDs in the target stream of notes as a function of the degree
of synchrony between the target and distractors. Given the
results of Experiment 1, it was expected that asynchronies
that occur between the different streams of notes would af-
ford opportunities to extract the binaural information in the
target stream.
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FIG. 3. Upper panel: The time-domain waveform of a synthesized plucked
guitar string used as a target in Experiment 2. Center panel: The spectrum of
the same target, which had a 784-Hz fundamental. Lower panel: The spec-
trum of the distractor in Experiment 2, the sum of two synthesized plucked
guitar strings with fundamental frequencies of 523 and 988 Hz.

A. Method
1. Stimuli

The stimuli were produced by playing notes on a key-
board synthesizer (Casio CTK-900). All target and distractor
notes were performed using the same voice (tone 080, PurA-
coGt, the synthesized plucked guitar string sound as identi-
fied on the synthesizer). Each target and distractor stream of
notes consisted of a single note repeated at a rate of eight
notes per second for a duration of 1 s, resulting in an 8-Hz
modulation rate. The target and distractor streams of notes
were recorded on the synthesizer’s internal sequencer. The
timing of the notes was controlled by the sequencer by set-
ting the sequencer’s metronome and the note durations to
nominally produce eight notes per second. The contents of
the sequencer were played back and sampled on a PC (using
Audacity sound-editing software) at a sampling rate of 44.1
kHz. The sampled sequences were inspected visually to de-
termine that the desired timing was achieved. Each sequence
of repeating notes (one sequence containing the target and
another containing the two distractors) was sampled sepa-
rately and the samples were combined with the appropriate
relative phases between streams of notes in Matlab. The
time-domain waveform of a sampled sequence of target
notes and the spectra of the target and distractors are shown
in Fig. 3. The effective modulation index of the stimulus in
the top panel of Fig. 3 was estimated by extracting its Hilbert
envelope, low-pass filtering it at 20 Hz, and finding the
maximum and minimum amplitudes of the result, which
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yielded an estimated modulation index (m) of 0.95. Recall
that for the sinusoidally amplitude-modulated stimuli of Ex-
periment 1, m=1.0.

In order to produce ITDs of the target, one channel of
the target was interaurally delayed by multiplying the spec-
trum of the sampled guitar sound with that of a delayed
impulse in Matlab. The time-domain waveform was recon-
structed from the resulting spectrum via inverse fast Fourier
transform. As in Experiment 1, thresholds were measured in
a three-interval, three-alternative forced-choice task.

Experiment 1 utilized a left-center task in which the sig-
nal interval contained an interaurally delayed target compo-
nent and diotic distractors while in the non-signal interval,
all components were diotic. It is possible that the interaural
correlation or perceived width of the stimulus served as a cue
to solving the task rather than the perceived intracranial lo-
cation of the target component. In contrast, in Experiment 2,
the target phase led to the left ear in the signal interval and to
the right ear by the same amount in the non-signal intervals,
and the distractors were always presented diotically. Thus the
task in Experiment 2 amounted to a left-right task, where the
listener chose the interval in which the target appeared to be
to the left of the midline. Because the target was interaurally
delayed by the same amount to the left or right ear in each
interval, the interaural correlation and presumably the per-
ceived width of the stimulus was equal in all intervals of
each trial and could not serve as a cue to performing the task.

The onset delay of the target notes relative to the dis-
tractor notes was set to either 0 ms (the onsets of all notes
were simultaneous), 31 ms, or 62 ms, which correspond to
delays of zero, 1/4, and 1/2 of a modulation period, given the
125-ms repetition rate of the notes. Thus, in the 0-ms delay
condition, the onsets of the target and distractor notes oc-
curred simultaneously, while in the 62-ms delay condition,
the onsets of the target and distractor notes essentially were
perfectly interleaved. In the 0- and 31-ms conditions, eight
target notes were played while in the 62-ms delay condition,
only seven target notes were played so that each note was
temporally flanked by distractor notes. In all conditions, the
two distractor notes (C5 and B6) were played synchronously.
The target stream of notes was presented at an overall level
of 72 dB SPL and the distractor stream of notes, consisting
of both C5 and B6 played together, was also presented at an
overall level of 72 dB SPL. Thus, the target notes were
slightly more intense than either individual distractor note in
all conditions.

All stimulus manipulations were performed in Matlab.
The stimuli were presented over Sony MDR-V6 headphones
to listeners seated in a sound-attenuating chamber, as in Ex-
periment 1.

2. Procedure

Thresholds were measured using the same adaptive pro-
cedure as in Experiment 1. Thresholds were measured in a
random order for all four conditions. Final threshold esti-
mates were based on the mean threshold of four adaptive
runs in each condition.
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FIG. 4. The results of Experiment 2 averaged across four listeners. Thresh-
old AITDs for the synthesized plucked guitar string target are plotted in us
on a log axis. The error bars represent standard errors of the mean computed
across subjects.

3. Subjects

Three of the listeners in this experiment, the first author
and a male and female, also participated in Experiment 1.
The fourth listener was the second author, who had pure-tone
thresholds of 15 dB HL or better at octave frequencies from
250-8000 Hz. The second author had substantial experience
in other similar psychoacoustical tasks and required no train-
ing prior to data collection.

B. Results and discussion

Thresholds varied across listeners but the pattern of
thresholds across conditions was similar, therefore thresholds
were averaged geometrically across listeners and are plotted
in Fig. 4. Threshold AITDs are plotted as the difference in
target ITD in us between the signal and non-signal intervals
at threshold (i.e., twice the target ITD in the signal interval).
The leftmost bar represents the threshold for the target alone
and the three remaining bars represent thresholds in the
target-delay conditions.

A repeated-measures ANOVA indicated that significant
differences existed across the four conditions shown in Fig.
4, F(3,9)=12.25, p=0.02. Post hoc tests using the Bonfer-
roni correction for multiple comparisons were performed to
compare selected individual conditions. The mean of the
target-alone condition was significantly different from that of
the 0-ms target-delay condition [#(3)=7.70, p=0.005] but
not that of the 31-ms target-delay condition [#(3)=5.09, p
=0.015] or the 62-ms target-delay condition [#(3)=3.09, p
=0.054]. However, the mean of the O-ms target-delay condi-
tion was not significantly different from that of the 31-ms
target-delay condition [#(3)=1.70, p=0.19] or the 62-ms
target-delay condition [#(3)=2.41, p=0.095]. Although it
failed to reach statistical significance for the small number of
subjects used here, there was a trend for decreasing thresh-
olds with increasing target delay.

Comparing the target-alone and 0-ms target-delay
thresholds, the presence of synchronous distractors elevated
thresholds for these synthesized guitar sounds, although the
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elevation was not as great as for the pure-tone stimuli of
Experiment 1. Delaying the entire target waveform relative
to the distractor waveform by 1/4 or 1/2 period of modula-
tion reduced thresholds to nearly that for the target alone.
Note that the 31-ms target delay is on the order of the aver-
age asynchrony that is observed between musicians in per-
formed music (Rasch, 1979). Thus, for asynchronies compa-
rable to those that are typically exhibited in musical
performance, there appears to be little interference between
the binaural information in the different streams of musical
notes presented here.

IV. EXPERIMENT 3: SEGREGATION OF BINAURAL
INFORMATION IN ASYNCHRONOUSLY
MODULATED TONES

Experiment 1 showed that the binaural information in a
target is more readily available when distractor components
are turned off briefly or amplitude modulated in order to
permit brief looks at the target in relative isolation. Experi-
ment 2 showed that for synthesized musical sounds, binaural
information in a target series of repeating notes is perceived
more accurately when distractor notes are presented asyn-
chronously. It is possible that the asynchronous modulation
between the target and distractor notes in Experiment 2 ef-
fectively introduced brief isolated glimpses at the target
notes, which in turn facilitated processing of the ITD of the
target as in Experiment 1. However, the stimuli in Experi-
ment 1 (pure tones and modulated pure tones) were much
more spectrally simple than those in Experiment 2. Perhaps
the complexity of the stimuli in Experiment 2 accounts for
the facilitation of ITD processing in the presence of modu-
lation. Furthermore, different stimulus durations were used
in Experiments 1 and 2 and in some conditions of Experi-
ment 2, the target and distractors were both modulated with
equivalent temporal envelopes, which was not the case in
Experiment 1. Experiment 3 linked the observations of Ex-
periments 1 and 2 by presenting conditions that were similar
to those of Experiment 2 using pure tones and amplitude-
modulated pure tones.

A. Method

As in Experiment 2, threshold AITDs were measured for
a target component in the presence of two distractors. Unlike
Experiment 2, the target and distractors in this experiment
were pure tones. The target frequency was 784 Hz and the
distractor frequencies were 523 and 988 Hz, which were the
fundamental frequencies of the musical notes of Experiment
2.

Threshold AITDs for the target were measured in the
following conditions: target and distractors unmodulated
[TuxmonsDunmonl),  only  the  target  modulated
[Tyop>Dunmonls and only the distractors modulated
[TunmonsPwmonl- Equation (1) was applied to modulate the
appropriate components, with f,,=8 Hz and m=1.0. The
stimulus duration was 500 ms in the [ Tynmon» Dunmon] con-
dition, while the duration was 1000 ms in the remaining
conditions. The target and distractors were gated on and off
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FIG. 5. A schematic illustration of the relative timing of the target and
distractor envelopes in the three target delay conditions of Experiment 3.

simultaneously in these conditions. These conditions are
similar to those of Experiment 1, although with different
frequencies and durations.

Unlike Experiment 1, three conditions also were run in
which both the target and distractors were modulated
[Tmon>Dmonl with several onset delays of the target, as was
done with the musical sounds in Experiment 2. For these
conditions, the target and distractor were modulated as fol-
lows:

x(1) =0.5[1 = m cos2mf,,t) Jcos(2af.1). (2)

Note that the phase of the modulator in Eq. (2) is inverted
relative to Eq. (1), meaning that the target and distractors
began and ended during envelope minima. As in Eq. (1), the
0.5 scaling factor in Eq. (2) held the peak amplitude of the
modulated stimulus equal to that of the unmodulated stimu-
lus.

The envelopes of the target and distractors are illustrated
in Fig. 5. In the [Tyop,DMmop] conditions, the target onset
was delayed relative to the onset of the distractors by 0, 31,
or 62 ms, the latter two delays corresponding to approxi-
mately 1/4 and 1/2 period of the 8-Hz modulator. In the O-
and 31-ms target-delay conditions, the target and distractors
were 1000 ms in duration. Thus, in the 0-ms delay condition,
the target and distractors were presented synchronously and
were modulated in phase. In the 31-ms target-delay condi-
tion, the entire 1000-ms target stimulus was delayed such
that both the onset and the offset of the target occurred 31 ms
after the distractor onset and offset. In the 62-ms delay con-
dition, the target was reduced to 7 cycles of modulation such
that the onset of the target occurred after that of the distrac-
tors but the offset of the target preceded the offset of the
distractors. In the 62-ms target-delay condition, peaks of the
target modulation occurred essentially in the temporal center
of the dips of the distractor modulation.

Each target and distractor component was windowed
with 20-ms raised cosine on-off ramps in all conditions. All
components were presented at 70 dB SPL prior to modula-
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FIG. 6. The results of Experiment 3 averaged across four listeners. Thresh-
old AITDs for the target are plotted in us on a log axis. The numbers on the
labels of the abscissa are used in the text to refer to the conditions. The error
bars represent standard errors of the mean computed across subjects.

tion. This is in contrast to Experiment 2, in which the target
level was set equal to the overall level of the combined dis-
tractors.

Thresholds were measured using a three-interval, three-
alternative forced-choice procedure. In one interval, the tar-
get component carried an ITD leading to the left ear and in
the remaining two intervals the target ITD led to the right
ear. Thus, the listener’s task was a left-right task such that the
listener selected the interval in which the target appeared to
be to the left of midline, as in Experiment 2.

Thresholds were measured using the same adaptive pro-
cedure as in Experiments 1 and 2. Thresholds were measured
for all conditions in a random order. The four listeners from
Experiment 2 participated in this experiment.

B. Results and discussion

Thresholds averaged across listeners are plotted in Fig.
6. The threshold AITDs are plotted as the difference between
the ITD of the target in the signal and non-signal intervals at
threshold, that is, twice the ITD of the target in the signal
interval at threshold in us. The black bars represent thresh-
old AITDs for the target in isolation (either modulated or
unmodulated, depending on the condition) and the gray bars
represent thresholds for the same target in the presence of the
distractors.

Comparing the black bars across conditions, threshold
AITDs of the target were essentially equal across the two
durations (500 and 1000 ms) independent of target modula-
tion. These results match those of Tobias and Zerlin (1959),
who found that threshold ITDs for noise bursts decreased
with increasing duration, reaching an asymptote at a duration
of about 700 ms, but thresholds were nearly equal for dura-
tions of 500 and 1000 ms.

As shown in Fig. 6, thresholds were elevated by differ-
ent amounts by the distractors in the different conditions.
Generally, thresholds were elevated most by the distractors
when the target was overlapped completely by the distrac-
tors, ie., in the [Tyxmop,Dunmonls [TmopsDunmonl, and
0-ms target-delay conditions (bars 2, 6, and 7, respectively).
Thresholds were elevated much less by the distractors when
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the stimulus was such that the target appeared in relative
isolation during a brief portion of the stimulus, i.e., in the
[Tunmons Dmon] condition (bar 4), and 31- and 62-ms target
delay conditions (bars 8 and 9). These data support the idea
that the binaural information in a target can be extracted
reasonably well from a complex stimulus when the target
appears very briefly in isolation due to asynchronous modu-
lation of components. Complex target and distractor spectra,
such as those of the musical notes in Experiment 2, are not
necessary to produce this effect. This might be expected
given that the higher harmonics of the guitar sounds are near
or above the frequency at which ITDs can be discriminated
on the basis of fine structure (i.e., interaural phase differ-
ences; Yost, 1974), so they may not contribute substantially
to the lateralization of these sounds on the basis of ITD.

In terms of statistical analysis of the data, a repeated-
measures analysis of variance (ANOVA) comparing the
means shown in Fig. 6 was significant [F(8,24)=14.78, p
<0.001], indicating that two or more of the means in that
group were significantly different from one another. In order
to identify which pairs were significantly different, post hoc
comparisons were performed using the Bonferroni correction
for multiple comparisons. These post hoc analyses showed
that the mean of the 0-ms target delay condition (bar 7) was
significantly different from the mean of the 62-ms target de-
lay condition [bar 9, #(3)=6.73, p=0.007], but not signifi-
cantly different from the mean of the 31-ms target delay
condition [bar 8, #(3)=3.31, p=0.04]. Furthermore, the
mean of the modulated target-alone condition (bar 5) was not
significantly different from the means of the 0-ms target de-
lay condition [bar 7, #(3)=4.41, p=0.022], the 31-ms target
delay condition [bar 8, #(3)=5.63, p=0.01], or the 62-ms
target delay condition [bar 9, #(3)=2.50, p=0.09]. Although
some of the larger mean differences failed to reach signifi-
cance due to the small sample size, the trends in the data
were consistent across listeners and support the conclusions
described above.

V. EXPERIMENT 4: EFFECT OF SENSATION LEVEL
ON TARGET LATERALIZATION WITH
MODULATED DISTRACTORS

Experiments 1 and 3 showed that threshold AITDs for
the target are lower in the presence of distractors that are
amplitude modulated compared to unmodulated distractors.
One potential explanation for this result is that the target is at
a higher sensation level and may be more detectable in the
presence of modulated distractors than among unmodulated
distractors, given that a pure tone is more detectable in a
modulated masker than in an unmodulated masker (the so-
called modulated-unmodulated difference, or MUD; Carlyon
et al., 1989; Bacon et al., 1997). Perhaps increasing the de-
tectability of the target (and so increasing its sensation level)
in the presence of distractors makes its ITD more separable
and reduces thresholds. This experiment examined the effect
of target level on threshold target AITD in the presence of
modulated distractors. Specifically, in this experiment,
thresholds were measured for the target in the presence of
modulated distractors when the target was at the same sen-
sation level as the target among unmodulated distractors. By
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reducing the sensation level of the target when in the pres-
ence of modulated distractors, we are not eliminating the
potential for listeners to benefit from listening to the target
during dips of the distractor modulation, rather we are coun-
teracting the increase in sensation level that occurs when a
masker is modulated.

A. Method

The target and distractors were identical in frequency
and duration to those in Experiment 3 in the
[Tunmon»DPwmop] condition. In order to establish the detect-
ability of the target in the presence of the distractors, detec-
tion thresholds were measured binaurally for a diotic 784-Hz
target in the presence of unmodulated and modulated distrac-
tors (523 and 988 Hz) that also were presented diotically.
The distractors, when modulated, were modulated sinusoi-
dally using Eq. (1) at f,,=8 Hz, m=1. The distractors were
presented at 70 dB SPL prior to modulation. Stimuli were
presented in a three-alternative forced-choice task in which
the three intervals of each trial were 1 s in duration, sepa-
rated by 350 ms of silence. Detection thresholds were mea-
sured using a two-down-one-up adaptive procedure in which
the target level was varied to estimate threshold. The step
size was 4 dB for the first four reversals and 2 dB thereafter.
Each run was terminated after 12 reversals and the target
levels at the final eight reversals were averaged to yield
threshold. Four such runs were completed and the mean
threshold of those four runs was taken as the final detection
threshold.

The difference between the thresholds in the presence of
the modulated and unmodulated maskers was computed; this
is the value of the MUD. The target level in the
[Tunmon»>DPwmopl condition of Experiment 3 (70 dB SPL)
was then reduced by the MUD for each individual subject
and threshold ITD was measured again for the unmodulated
target in the presence of modulated distractors. (Note that
even when the threshold was reduced by the MUD, the target
was still well above its detection threshold.) Thresholds were
measured using the same procedure as in Experiment 3.

The three listeners in this experiment participated in the
previous experiments. They were the first and second authors
(S1 and S3, respectively) and a female undergraduate student
from the University of Minnesota (S2).

B. Results and discussion

Threshold AITDs for the three individual listeners are
shown in Fig. 7. The black bars in the figure show the thresh-
old for each listener measured in the [Tyxmon>Pmopl con-
dition of Experiment 3 with the target at 70 dB SPL. The
gray bars show the threshold measured in the present experi-
ment with the target level adjusted to the same sensation
level as in the [Tynmons Dunmon] condition of Experiment
3. The levels of the target for S1, S2, and S3 in these condi-
tions were, respectively, 55, 41, and 50 dB SPL (correspond-
ing to sensation levels of 29, 20, and 32 dB). It can be seen
that thresholds were not influenced by target SL over this
range of target levels. Independent-samples t-tests using the
four individual threshold estimates that contributed to each
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FIG. 7. The results of Experiment 4 for three individual listeners. Threshold
AITDs for the target are plotted in us on a log axis. Thresholds represented
by the black bars were measured with the pure-tone target at 70 dB SPL.
Thresholds represented by the gray bars were measured with the pure-tone
target at the SPL that makes the target equally detectable to the unmodulated
target in the presence of unmodulated distractors. The error bars represent
standard deviations of the four threshold estimates for each individual lis-
tener.

mean showed no significant differences between the means
represented by each pair of bars in Fig. 7 [S1:#(6)
=1.20, p=0.28; S2:14(6)=0.34, p=0.75; S3:1(6)

=0.52, p=0.62]. Therefore, the lower threshold AITDs in
the [TynmonsDmop] condition of Experiment 3 relative to
the [Tynmon»> Dunmon] condition cannot be attributed to the
increased SL of the target. This is consistent with the idea
that modulation of only the distractors affords brief looks at
the target in isolation that result in more precise discrimina-
tion of the target ITD.

VI. GENERAL DISCUSSION

As described in the introduction, previous research has
shown that when multiple spectral components carry differ-
ent ITDs, thresholds for the discrimination of the ITD of a
target subset of those components are elevated relative to
when those components are presented in isolation. The
present data suggest that the threshold elevation is dimin-
ished greatly when asynchronies exist between components
such that the target components to be discriminated appear
very briefly in isolation by either asynchronous modulation
of the components or by turning off the distractors. The types
of asynchronies used in these experiments are similar in
quality and timing to those that often occur in real-world
situations, such as in musical performance.

In the presence of unmodulated distractors, threshold
AITDs for the target are nearly as high when the target is
modulated as when it is unmodulated. This suggests that the
reduction in thresholds does not stem from segregation cues
that might result when a subset of the stimulus components
are modulated (although perceptual segregation per se was
not measured in the present experiments). Furthermore, Ex-
periment 4 showed that the greater sensitivity to target ITDs
does not occur as a result of changes in the SL of the target
that might occur with modulation of the distractor compo-
nents. Rather, the critical feature for enhanced segregation of
binaural information of the target is that the modulation and
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relative phases must be such that the target appears in rela-
tive isolation for at least a brief period during the stimulus.
This is consistent with explanations of monaural detection
phenomena that favor “dip-listening” over explanations of
those phenomena that depend on modulation-based grouping
cues across frequency (Moore et al., 1990; Borrill and
Moore, 2002).

The present results stand in contrast to the results of
Best ef al. (2007), who found that grouping cues did reduce
the interference between target and distractor components.
However, as noted in the introduction, Best er al. used much
more widely spaced components than in the present experi-
ments (500 Hz and 4 kHz) and they studied the effects of
sequential grouping cues that occur across time. Most of the
experiments in the present series utilized pure tones that
were more closely spaced and examined the effects of simul-
taneous grouping cues, namely, amplitude modulation. It is
possible that asynchronous modulation could serve as a si-
multaneous grouping cue that permits segregation of binaural
information in a target from that of distractors for wider fre-
quency spacings, but it should be noted that the original bin-
aural interference effects reported by McFadden and Pasanen
(1976) were between a 230-Hz wide target band of noise
centered at 4 kHz and a 50-Hz-wide distractor band of noise
centered at 500 Hz. Although the target and distractor bands
had different temporal envelopes, there was still ample bin-
aural interference between bands. The 50-Hz bandwidth of
the distractor band would provide only very short duration
looks at the target band in relative isolation (presumably
around 10 ms, on average), which clearly was insufficient to
eliminate binaural interference.

The present results support the idea that binaural inter-
ference produced by distractors is greatly reduced when a
target appears very briefly in isolation. When listeners are
asked to describe the apparent lateral position of a target and
distractors that are presented synchronously but with differ-
ent ITDs, listeners often report that the complex stimulus is
perceived at some intermediate position that seems to be
based roughly on the average of the individual component
ITDs (e.g., Dye, 1990). When the distractors in such a stimu-
lus are briefly turned off, the remaining ITD is that of the
continuing target component. If the listener can lateralize the
target when the distractors are turned off for 25 ms nearly as
well as when the target is in complete isolation for over 100
ms, this implies that the binaural system can react very
quickly to changes in binaural information. However, numer-
ous studies have shown that the binaural system responds
gradually to changes in the binaural information in an ongo-
ing stimulus, over about 100 ms after the change occurs
(e.g., Grantham and Wightman, 1978; Kollmeier and Gilkey,
1990). Given the apparent sluggishness of the binaural sys-
tem, it is more likely that the ITD of the target is individually
accessible to the binaural system and turning off the distrac-
tors causes the target to be perceived as a separate auditory
event, which results in its ITD being quickly segregated from
that of the distractors. This is consistent with the idea that
binaural interference represents a weighted combination of
binaural information and that cues to source segregation
might alter the perceptual weight given to the binaural infor-
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mation of the individual components (Stellmack and Lutfi,
1996). Stellmack (1994) discussed these general issues more
extensively.

Although the interference effects produced by simulta-
neous frequency components bearing conflicting binaural in-
formation might yield important insights into the operation
of the binaural system, the present results suggest that this
type of interference may be of little consequence in everyday
listening. For example, in the asynchronous conditions of
Experiment 3, the average threshold AITD for the modulated
target alone (i.e., with no distractors) was about 17 us while
the average threshold in the condition in which only the dis-
tractor was modulated (bar 4 in Fig. 6) and the two nonzero
target delay conditions (the asynchronous distractor condi-
tions, bars 8 and 9 in Fig. 6) was about 28 us. Using a
simple spherical head model to compute the corresponding
changes in azimuthal angle for real sound sources (Wood-
worth and Schlosberg, 1954), those threshold AITDs corre-
spond to differences in azimuth (which might be analogous
to minimum audible angles) of about 1.9 degrees for the no
distractor condition and 3.1 degrees for the asynchronous
distractor conditions. In contrast, the average threshold AITD
for the Tyop-Dunmop and 0-ms target delay conditions (the
conditions in which the distractors overlapped the target
completely in time and maximum interference occurred) was
61 wus, or about 6.8 degrees of azimuth using the spherical
head model, a substantial increase over the asynchronous
conditions. Thus, the estimated decrease in localization ac-
curacy is substantially smaller, and perhaps of little practical
significance, in those situations in which the target is not
overlapped completely by the distractor. Furthermore, this
release from binaural interference occurred when the ITDs of
the target and distractors (at or near 0 us) were consistent
with sources that were in close spatial proximity. One might
expect interference between components to be less evident
when the sources have greater spatial separation, as sug-
gested by the data of Hill and Darwin (1996), which is far
more likely in real-world listening situations.
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