No spatial release from amplitude modulation masking
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In many signal detection and speech intelligibility studies, performance is
improved if there is a perceived spatial separation between the target and
the masker, as compared to when the target and masker are perceived to be
co-located. The goal of the present study was to determine if a similar spatial
release from masking can be measured in a masked amplitude modulation
(AM) detection experiment. Temporally interleaved transposed stimuli were
used as AM carriers for the experiments. These carriers could be lateralized
separately using only interaural time differences (ITDs) and not interaural
level differences (ILDs). The first experiment measured the perceived
lateral positions of the probe and masker, independently and in combination.
Experiment two used the same stimuli as carriers for measuring masked
modulation detection thresholds. The results showed that the probe and masker
could be perceived to come from separate lateral positions. The modulation
detection results showed bandpass modulation-frequency tuning. There was
no improvement in modulation thresholds when the target was diotic and
the masker was lateralized with a 1-ms ITD, as compared to the co-located
condition.

INTRODUCTION

In many masked signal detection experiments, there can be a significant improvement
(often around 15 to 20 dB) in the detection thresholds when there is a perceived
spatial separation between the target and the masker, created using interaural time
differences (ITD). This has been demonstrated in the masked detection of signals
(e.g., van der Heijden and Trahiotis, 1999; Kop¢o and Shinn-Cunningham 2008).
These prior studies all dealt with the ability to hear a sound presented simultaneously
with a masking noise, but were not concerned with the ability to hear details about
the target sound itself, e.g., its pitch trajectory or the shape of its amplitude envelope.
The present study sought to determine whether there is a similar spatial release from
masking in the detection of sinusoidal amplitude modulation (AM) imposed on a
suprathreshold carrier in the presence of an amplitude-modulated masker.

Previous studies of masked AM detection have focused on monaural or diotic
listening (e.g., Houtgast, 1989). In those prior studies, a sinusoidal AM target was
imposed together with an AM masker (either sinusoidal or narrowband noise) on a
broadband-noise or pure-tone carrier, and the minimum target modulation depth was
measured as a function of the modulation-frequency spectrum of the masker. These
experiments typically show modulation-frequency tuning in that the thresholds are
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highest when the modulation frequency of an AM target is close to or within the
modulation-frequency spectrum of the AM masker, and lower when the target and
masker are separated in their modulation spectra.

Other studies have investigated AM detection and binaural interactions in terms of
binaural modulation detection interference (MDI; Bacon and Opie, 1994; Sheft and
Yost, 1997). MDI is a form of masked modulation detection where the target AM
and masker AM are imposed on carriers in different audio-frequency regions. For
example, when the target AM was applied to a 1-kHz carrier and a masker AM was
applied to a 4-kHz carrier, and both were presented monaurally in the same ear, then
thresholds increased by about 7 to 8 dB relative to the unmasked case. When the
masker was moved to the other ear, then thresholds were only about 2 to 3 dB higher
than in the unmasked case (Bacon and Opie, 1994), showing about a

5 dB release from masking. When the target and masker modulation were presented
with different ITDs, so that there was target and masker energy in both ears (Sheft
and Yost, 1997), there was an improvement of about 2 dB in the thresholds relative to
the diotic condition, showing a small, but significant, release from MDI. These studies
suggest that there is a small interaction between AM processing and binaural (spatial)
processing in the auditory system, at least across audio-frequency channels.

The goal of the experiments in the present study was to investigate the interactions
between AM and binaural processing by measuring lateralization of AM carriers and
masked AM detection thresholds when the probe and masker AM were imposed on
carriers within the same spectral region (similar to the experiments from Houtgast,
1989), but whose ITDs could be controlled independently.

GENERAL METHODS

The two experiments performed in the present study measured different aspects
of perception using the same stimuli. The first experiment tested whether two AM
carriers with the same spectral content could be lateralized separately using ITDs
only. When the two carriers could be lateralized separately, the second experiment
measured AM detection thresholds as a function of the masker ITD and modulation-
frequency content. The common aspects of the experiments are presented here, with
specific details in the subsequent sections.

Stimuli

The main requirement for the stimuli was to have two temporally and spectrally
overlapping carriers be perceived to come from different lateral positions. A sound
can be lateralized by creating an ILD and/or an ITD. By definition, an ILD changes a
signal’s energy in at least one ear, thereby creating different SNRs in each ear when
the target and masker have different ILDs. In many cases, signal detection thresholds
with ILD-based lateralization can simply be predicted by considering the ear with
the higher SNR, or the “better-ear advantage.” Therefore, for the present study, it was
desired to only use ITDs to create the lateralization.
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In order to have different ITDs on the probe and masker carriers without phase
cancellation effects, temporally-interleaved transposed stimuli were used as the
carriers. Transposed stimuli were originally designed to create firing patterns in high-
frequency auditory-nerve fibers, based on the stimulus envelope, that are similar to
those of low-frequency nerves, based on the stimulus fine-structure (van de Par and
Kohlrausch, 1997).

All stimuli were generated digitally using MATLAB at a sampling rate of approx. 98
kHz. The signal envelope was created by convolving the positive half-wave of a 250-
Hz sinusoid with a 125-Hz pulse train. In order to restrict the bandwidth of the signal,
it was low-pass filtered at 1250 Hz. This envelope was then multiplied with a 5-kHz
sinusoidal carrier, creating the transposed stimulus. A second stimulus was created
using the same method, only with a time delay that was randomly drawn from a
distribution given by 4+B(4,2) [ms], where B(4,2) is a beta distribution, with equal
probability of plus or minus. This distribution was selected so that the two stimuli’s
pulses would have no temporal overlap for any combination of ITDs up to 1 ms. An
ITD and AM were then applied to each stimulus, depending on the measurement
condition. An excerpt of the result of adding the two stimuli together is shown in Fig.
1, with the probe stimulus in black and the masker stimulus in gray.

——
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Fig. 1: Example combined stimulus for one ear. The masker stimulus is in gray and
the probe stimulus in black.

In some of the measured conditions, an AM was applied to the masker and probe
stimuli. The transposed stimulus effectively samples the modulator at a rate of 125
Hz, so the frequency content of the modulator is limited to half this rate, or 62.5 Hz,
to avoid aliasing. The probe stimulus was defined as a function of time t as:

Vs O)= 1+ msin 27,1+ 9)) ., (1) (Eq. 1)

193



Eric R. Thompson ef al.

where m is the modulation depth, f,, is the modulation frequency (always 16 Hz in the
present study), ¢ was a random starting phase selected from a uniform distribution
over the interval [0; 2], and x,,4.(?) is the transposed-stimulus carrier described
above. The masker modulator was a 5.6-Hz-wide Gaussian-noise masker with a
variance of 0.1 (power of 10 dB FS) and was applied as:

Ve ()= (14 0(1)]- 3,0 0) (Eq.2)

where n(f) is the masker modulator and x,,,.(?) is the transposed-stimulus carrier
described above. The center frequency of the masker noise was an experimental
parameter, as described below. The masker modulator was generated by creating
a two-second-long Gaussian noise and setting the magnitudes of the frequency
components outside the desired passband to zero.

In order to further enhance the perceptual separability of the two stimuli, they were
also gated separately. Both stimuli were gated with 10 ms cos? ramps at the beginning
and end. The masker stimuli had an overall duration of 600 ms, and the probe stimuli
had a 200 ms gating delay, relative to the onset of the masker stimulus, and an overall
duration of 300 ms. An excerpt from an example of a combined stimulus is shown
in Fig. 2.

Next, an ITD was applied to the masker and probe stimuli in the time domain. Then,
the levels of the two stimuli were equalized, they were added together to form the
complete stimulus, and the overall level was set to 65 dB SPL in each ear.

EXPERIMENT I: ITD-BASED LATERALIZATION OF MASKER AND
PROBE

Procedure

The lateralization experiment was conducted to determine whether the listeners
would be able to lateralize the masker and the probe stimuli separately, or whether
the two temporally-interleaved stimuli could be heard at two separate locations. The
listeners’ task was to adjust the ILD of a pointer sound until it was perceived to come
from the same lateral position within the head as the target stimulus, which was
either the masker or the probe stimulus, depending on the condition. The ILD-pointer
method was similar to methods used in previous studies to measure the extent of
laterality of a stimulus (e.g., Bernstein and Trahiotis, 2003). There were six conditions
measured: (1) the alignment target was the probe stimulus, presented alone, (2)
the target was the masker stimulus, presented alone, (3) the target was the probe
stimulus with a fixed ITD of 0 ms, presented in the combined stimulus, measured as
a function of the masker ITD, (4) the target was the masker stimulus, presented in the
combined stimulus, measured as a function of the masker ITD when the probe had a
fixed ITD of 0 ms, (5) the target was the probe stimulus, presented in the combined
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stimulus, measured as a function of the probe ITD when the masker had a fixed ITD
of 1 ms, and (6) the target was the masker with a fixed ITD of 1 ms, presented in the
combined stimulus, measured as a function of the probe ITD (the conditions are also
summarized in the legend of Fig. 2). Note that the stimuli were identical in conditions
3 and 4, and in conditions 5 and 6, but the target for alignment changed between the
conditions. These six conditions were measured as a function of either the masker
or probe ITD 1 for t = {-1; -0.5; 0; 0:5; 1} ms, with a positive ITD indicating right
ear leading. For this experiment, the masker AM was always centered at 16 Hz, the
probe AM frequency.
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Fig. 2: Normalized ILD pointers as a function of masker or probe ITD. The circles
indicate alignment with the probe stimulus, and the squares indicate alignment with
the masker stimulus. The data points connected with dashed lines were measured with
one stimulus only, and those connected with solid lines were measured as part of the
combined stimulus. The solid black markers indicate that the points were measured for
a fixed ITD (see legend) as a function of the ITD (t) of the other part of the combined
stimulus.

The ILD pointer was a 5-kHz tone, fully amplitude modulated at 250 Hz. The
duration of the pointer was 600 ms, and was gated with 10 ms cos? ramps. Each
measurement started with a random pointer ILD selected from a uniform distribution
of integers from -8 to +8 dB, with a positive ILD indicating a higher level in the right
ear. The probe, masker or combined stimulus was presented first, followed by a 200-
ms pause and the pointer stimulus. The listener could step the pointer to the right
or left by changing its ILD or continue to the next alignment target when they were
satisfied with the alignment. The stimuli were presented in blocks by the condition,
with conditions 3 and 5 blocked together and conditions 4 and 6 blocked together, with
the five ITDs for each condition presented in random sequence within each block.
Each test subject completed five repetitions for each data point.
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Results

Figure 2 shows the normalized pointer ILD required to align with the lateral position
of the stimuli in the six measured conditions as a function of the ITD parameter t.
There was a large variance between test subjects in the pointer ILD required for
alignment, similar to prior studies (e. g., Heller and Trahiotis, 1996), and may reflect
a different relative sensitivity to ILDs and ITDs between subjects. Therefore, each
test subject’s data were normalized for plotting and for the analysis using their mean
data from the lateralizations when the two stimuli were presented alone (conditions 1
and 2). The results shown in Fig. 2 are the mean normalized data across subjects with
error bars representing one standard deviation of the mean. The data were analyzed
in the following using analyses of variance with repeated measures (RM-ANOVA)
with a level of 0.05 required for statistical significance.

The two conditions with a fixed ITD on the alignment target (conditions 3 and 6, filled
symbols in Fig. 2), where the probe lateralization was measured as a function of the
masker ITD and vice versa, show little change with the ITD of the other stimulus. In
condition 3 (filled circles in Fig. 2), the ITD of the probe stimulus was fixed at 0 ms,
and there was no significant change in the normalized pointer ILD as the ITD of the
masker stimulus was changed from -1 to 1 ms [F(4,16)=0.56, p=0.70]. In condition 6
(filled squares in Fig. 2), the ITD of the masker stimulus was fixed at 1 ms, and there
was also no significant change in the normalized pointer ILD with the ITD of the
probe stimulus [F(4,16)=0.88, p=0.50].

The other four conditions, for which the alignment target’s ITD was the experimental
parameter, all show a monotonic increase in normalized pointer ILD as the ITDs
of the target stimuli were increased from -1 to 1 ms. An RM-ANOVA across these
four conditions with main factors of condition and ITD found a significant effect of
ITD [F(4,16)=159, p<0.0001], but no significant effect of condition [F(3,12)=0.88,
p=0.48]. There was, however, a significant interaction [F(12,48)=2.15, p<0.05], which
a post hoc analysis showed to be a small repulsion effect in condition 5 (open circles
connected with a solid line in Fig. 2) for positive ITDs (see also, e.g., Carlile ef al.,
2001). This repulsion was only seen in the data of two listeners.

Discussion

The results of the lateralization experiment show that the two stimuli (masker and
probe) can be perceived as coming from two separate locations within the head. This
suggests that they may be perceived as two separate auditory objects.

The two stimuli were gated separately, so the masker stimulus began 200 ms before
the onset of the probe stimulus. Previous studies have shown robust lateralization
with 100 ms and 200 ms long stimuli (Buell ez al., 1991), so it is likely that the listeners
could lateralize the masker stimulus before the probe stimulus even started. On the
other hand, the probe stimulus started after the masker stimulus and ended before
the masker stimulus ended, so it could only have been lateralized separately from the
masker stimulus if it was perceived to be a separate auditory object from the masker
stimulus.
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When two sounds are presented simultaneously with similar interaural parameters,
but are not perceptually grouped together, there can be a repulsion effect, or pushing.
This effect is seen in the data shown in Fig. 2 for condition 5 (open circles connected
with a solid line) with positive ITDs, where some of the listeners required smaller
pointer ILDs to align with the probe stimulus than were required for the same ITD in
the other conditions (see conditions 1, 2 and 4 in Fig. 2), indicating that the perceived
position was pushed towards the mid-line. Since there was no significant pushing
effect seen with a masker ITD of 1 ms and a probe ITD of 0 ms (diotic), it was assumed
that the perceived distance between the masker and probe was larger enough that
they could be used to investigate a spatial release from modulation masking in a
modulation-detection experiment.

EXPERIMENT II: MASKED AMPLITUDE MODULATION DETECTION

Procedure

The same temporally-interleaved transposed stimuli were used as carriers in the
modulation detection experiment to test the hypothesis that a perceived spatial
separation of a probe and a masker would improve the detectability of AM applied to
the probe. Similar methods to those used in previous masked modulation detection
studies were used (e.g., Houtgast, 1989), in which a narrowband-noise modulator was
used to interfere with detection of a sinusoidal modulator. In the previous studies,
the masker and probe modulators were applied in series to a common carrier. In the
present study, in order to achieve a spatial separation of the masker and the probe, the
modulators were applied to separate carriers.

The minimum modulation depth m required to detect a sinusoidal AM imposed on
the probe stimulus was measured as a function of the center frequency of the masker
modulator, and of the masker ITD, either 0 ms (diotic) or 1 ms. For this experiment,
the probe stimulus always had a 0 ms ITD. The center frequencies of the masker were
6.3,10.1, 16, 25.4 and 40.3 Hz. In addition, two control measurements were made with
no AM imposed on the masker transposed stimulus, both with 0 ms ITD and with 1
ms masker ITD.

A 3-interval, 3-alternative, forced-choice (3-AFC) design was used, with one randomly
selected signal interval and two reference intervals. There was no AM imposed on the
probe stimulus in the reference intervals, and a sinusoidal AM was imposed on the
probe stimulus in the signal interval. The modulation depth was adaptively tracked,
following a 2-down, 1-up rule (Levitt, 1971). Each track started with a modulation
depth of -5 dB, and a step size of 4 dB. After the second and fourth change of step
direction, the step size was halved, and the track continued for eight further reversals
at the final step size of 1 dB. The threshold was defined as the mean of the modulation
depths (in dB) of the last eight reversals in each track. Each test subject completed
four tracks for each data point.
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Results

Figure 3a shows the modulation detection thresholds for four masker conditions: (1)
with no AM imposed on the masker stimulus with the masker carrier at 0-ms ITD
(filled circles), (2) with no AM imposed on the masker stimulus with the masker
carrier at 1-ms ITD (filled squares), (3) with a noise AM imposed on the masker
stimulus with a masker ITD of 0 ms (open circles), and (4) with a noise AM imposed
on the masker stimulus with a masker ITD of 1 ms (open squares). Figure 3b shows
the same data, but replotted as the difference in threshold between the conditions with
the modulated and unmodulated maskers for corresponding masker ITDs.

The RM-ANOVA showed that a significant effect of masker ITD [F(1,4)=10.5,
p<0.05], and of masker center frequency [F(4,16)=10.3, p<0.001], but no significant
interaction [F(4,16)=2.04, p=0.14]. Post-hoc analyses showed that the thresholds
measured with a 0-ms masker ITD were lower than those with a 1-ms masker ITD.
The data from the unmodulated-masker conditions showed no significant effect of
masker ITD on the thresholds [F(1,4)=1.54, p=0.28].

Discussion

The data do not show any spatial release from modulation masking. Even though the
masker and probe could be lateralized separately, indicating a perceptual segregation,
the modulation detection thresholds did not improve. In fact, there was a small
increase in the modulation detection thresholds when the masker was at a different
perceived lateral position than the probe. However, this did not translate into a
statistically significant increase in the modulation masking levels. These results were
unexpected from the original hypothesis that there would be a spatial release from
the modulation masking, in which case, the detection thresholds with a masker ITD
of 1 ms would have been lower (less masked) than the detection thresholds measured
with a diotic masker.
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Fig. 3: Panel a: Thresholds in dB for detection of AM imposed on the probe stimulus
with no AM imposed on the masker stimulus (filled symbols) and with a masker AM
(open symbols), for a masker with 0-ms ITD (circles) and 1-ms ITD (squares). The
probe stimulus always had a 0-ms ITD. Panel b: The difference between the thresholds
measured with modulated and unmodulated maskers as a function of masker modulator
center frequency and masker ITD.

The measured data show similar bandpass tuning to the data reported in the previous
masked modulation detection studies, even though the stimuli used in the present
study are very different from those used in previous masked modulation detection
studies (e. g., Houtgast, 1989; Bacon and Grantham, 1989). Houtgast (1989) imposed
the masker and probe modulators in series on a common carrier, either a broadband
noise or a pure-tone, while Bacon and Grantham (1989) added the masker and probe
modulators together before imposing them on a carrier. In the present study, separate
carriers were used for the masker and the probe. The magnitude spectra of the masker
and target carriers were identical, with only a frequency-dependent phase change
related to the temporal delay. This means that the modulation spectra of the masker
and probe modulators were added together, as in the study from Bacon and Grantham
(1989), instead of convolved, as they are when imposed in series. These procedural
differences make a quantitative comparison difficult, but, qualitatively, the prior and
present studies show similar bandpass tuning in the modulation domain.

Other studies have shown an interaction between binaural listening and modulation
processing. For example, in one dichotic MDI experiment (Bacon and Opie, 1994),
there was a small increase in monaural modulation detection thresholds when the
masker was played in the opposite ear, although much less than when both target and
masker were played in the same ear. Sheft and Yost (1997) showed that ITDs in the
masker slightly reduced the amount of masking in another dichotic MDI experiment.
These experiments were quite different from the present study, since the target and
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masker modulators in those studies were imposed on carriers with a large audio-
frequency difference, as opposed to the present study where they were applied to
carriers with the same audio-frequency content. The MDI studies require interactions
across audio-frequency channels to explain their results, while, in the present study,
the modulation masking occurs within one audio-frequency channel. It is possible
that the binaural interaction affects the cross-channel processing from the MDI
experiments, but creates no release from masking in the within-channel masking
from the present experiments.

SUMMARY AND CONCLUSIONS

Two experiments were performed using two temporally-interleaved transposed stimuli
as carriers for an AM masker and for an AM probe. The lateralization experiment
showed that the two stimuli could be lateralized separately using ITDs. There was a
small amount of repulsion, or pushing, when the masker and probe stimuli had similar
ITDs, indicating that the two stimuli were perceptually segregated.

Inthe masked modulation detection experiment, bandpass modulation tuning was seen
in the data, but there was no release from modulation masking on the AM probe when
the AM masker was lateralized with a 1-ms ITD. The measured tuning corresponds to
the tuning reported in previous monaural studies of masked modulation detection.
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