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Abstract
Introducing coherent masker envelope modulation to frequency regions neighboring the signal
frequency can reduce detection thresholds for a pure-tone signal. Verhey and Ernst (2009)
reported that irregular masker modulation conferred greater benefit than regular modulation when
the masker was broadband, but that there was no difference when the masker was narrowband.
The present study evaluated two possible explanations for this result: one based on modulation
adaptation and the other based on the introduction of relatively long-duration modulation minima
in the irregular masker modulation condition. The first experiment replicated the results of Verhey
and Ernst (2009), but also included conditions in which a 12.5-ms signal was presented in a 12.5-
ms modulation minimum, which was exempt from envelope jitter. The second experiment used a
continuous masker and suspended jitter during epochs associated with either a 12.5- or 87.5-ms
signal. No benefit of masker envelope irregularity before or after the signal was observed in either
experiment. These findings are inconsistent with an explanation based on modulation adaptation,
implicating instead the introduction of relatively long-duration modulation minima in the large
masking release obtained for a long-duration signal in an irregularly modulated masker.
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1. Introduction
Detection of a pure-tone signal in a fluctuating masker can be improved by increasing the
bandwidth of that masker, provided that the masker envelope is coherently amplitude
modulated across frequency. This phenomenon is referred to as comodulation masking
release (CMR). In a recent study, Verhey and Ernst (2009) compared CMR for periodic
amplitude modulation (AM) and for irregular AM. The envelope of the periodic stimulus
was a 40-Hz square wave, smoothed with a 5-ms Hanning window, and the envelope of the
irregular stimulus was constructed by temporally jittering the level transitions of the
smoothed 40-Hz square wave. One motivation for the Verhey and Ernst study was to test a
computational model of CMR based on the output of a modulation filterbank (Verhey et al.,
1999), which predicts greater masking release for periodic than for irregular masker
envelopes. Contrary to this prediction, Verhey and Ernst (2009) reported that thresholds in a
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broad (3750-Hz-wide) masker fell as the temporal jitter applied to the masker envelope
increased from 0% to 20% of the modulation period. In contrast, thresholds were constant
across masker jitter conditions when the masker was a narrow (128-Hz-wide) band of noise.
Two possible explanations were offered for the finding of better performance when the
broadband masker AM was jittered: 1) better across-channel cues associated with the
relatively long-duration AM minima introduced by the modulation jitter, and 2) reduced
modulation adaptation with the jittered masker envelope. These two possibilities are
considered in turn.

In the study of Verhey and Ernst (2009), the introduction of temporal jitter resulted in
masker modulation minima that were of non-uniform duration. In the regular modulation
condition, the masker envelope was a smoothed 40-Hz square wave, with a 50% duty cycle;
as such, modulation minima were 12.5 ms in duration. In the maximal (20%) jitter
condition, masker envelope transitions were jittered by ±20% of the modulation period; the
duration of modulation minima ranged from 2.5 to 22.5 ms, with a median value of 12.5 ms
(corresponding to 40 Hz). The pure-tone signal used by Verhey and Ernst (2009) was 200
ms in duration, measured from the half-rise points of the 50-ms onset and offset ramps1, so
it spanned approximately 8 modulation periods of the masker envelope. In the jittered-AM
masker, it is likely that one or more of the masker minima occurring during the signal
presentation would have been substantially longer than the 12.5-ms minima in the periodic
modulation condition. Previous work has shown the importance of modulation minima for
tone detection in a coherently modulated masker that spans multiple auditory filters, with
some indication that signal detection is dominated by ‘listening in the valleys’ of the masker
envelope (Buus, 1985; Buus et al., 1996; Grose and Hall, 1989). The ability to benefit from
masker modulation falls off with increasing modulation rate (Carlyon et al., 1989), an effect
that has been attributed to the limits of temporal resolution in this task (Bacon et al., 1997).
It is therefore possible that the occasional long-duration minima in the jittered-AM masker
could have provided particularly informative cues in the stimuli used by Verhey and Ernst
(2009). The dominant limit to temporal resolution is forward masking (Moore et al., 1988),
and it is possible that a reduction in the effects of forward masking was responsible for the
better performance in jittered-AM conditions.

Verhey and Ernst (2009) posed two arguments against the possibility that forward masking
played a role in the effect of masker envelope jitter. First, the model tested in that report
incorporates the effects of forward masking, and yet it does not predict better performance in
the jittered than the periodic comodulated masker conditions. Second, no effects of masker
envelope jitter were observed for narrowband noise maskers, where temporal resolution was
also presumed to be an important factor. Verhey and Ernst (2009) argued that within-
channel temporal resolution could not account for the effects of jitter, but that there could be
an additional limit to temporal resolution that is specific to modulation-based, across-
channel processes.

Another explanation proposed by Verhey and Ernst (2009) to account for the beneficial
effects of modulation jitter in the broadband masker conditions is related to modulation
adaptation. Modulation adaptation can be demonstrated by measuring AM detection
thresholds before and after exposure to an adaptor stimulus with pronounced AM. Using this
method, Kay and Matthews (1972) found that adaptation increased AM detection thresholds
by a factor of three. Modulation adaptation is maximized when the adaptor and the test
stimulus share the same carrier frequency and modulation rate (Richards et al., 1997;

1Verhey and Ernst (2009) reported the total signal duration as 250-ms, including 50-ms onset and offset ramps. Half-rise durations are
reported in the present study, in part to facilitate estimates of temporal integration for conditions that differed in onset/offset ramp
duration.
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Wojtczak and Viemeister, 2003). Whereas most studies of AM adaptation have measured
AM detection thresholds, Wojtczak and Viemeister (2003) observed similar effects for
supra-threshold AM using a modulation-matching procedure. In that task, listeners adjusted
the modulation depth of a 4-kHz comparison tone to match the subjective modulation depth
of a 1-kHz standard. Under some conditions, prior exposure to a 1-kHz AM adaptor
decreased the perceived AM depth of the standard, as reflected in the reduced AM depth of
the comparison tone at the point of subjective equality. Adaptation was largest when the AM
rate of the adaptor matched the AM rate of the standard. These results indicated a carrier-
specific reduction in the subjective modulation depth after adaptation. One interpretation of
modulation adaptation is that stimulation of neural channels tuned to AM leads to fatigue
(Kay and Matthews, 1972; Tansley and Suffield, 1983). This interpretation is brought into
question, however, by results indicating that adaptation to AM depends on attention
(Kawashima, 2009) and can be eliminated with extended practice (Bruckert et al., 2006).

The idea that AM is coded in channels that are tuned to modulation rate has been formalized
in models incorporating a modulation filterbank (Dau et al., 1997), including models of
CMR (Verhey et al., 1999). Modulation adaptation could reduce sensitivity to a pure tone in
a comodulated masker with a regular envelope in at least two ways. First, degradation in the
internal representation of AM in the auditory channel centered on the signal frequency could
reduce a listener’s ability to detect a reduction in AM depth associated with the addition of a
signal. Second, adaptation could reduce the efficacy of envelope-based across-channel
processes.

The goal of the present study was to examine further the effects of masker envelope
irregularity, with an emphasis on discriminating between an explanation based on greater
ability to benefit from relatively long-duration AM minima and one based on adaptation.
The primary strategy used to control effects related to temporal resolution was to suspend
masker envelope jitter during presentation of the signal, such that energetic masking was
comparable across periodic and irregular masker AM conditions. For example, in the first
experiment the signal was 12.5 ms in duration, matching the duration of a single envelope
minimum of a 40-Hz square-wave masker envelope. In the associated irregular envelope
condition, the envelope minimum coinciding with the signal was excluded from jitter and
was always 12.5 ms in duration. Whereas Verhey and Ernst (2009) used a 200-ms signal, the
motivation for using relatively brief signals in the present experiments was to avoid
suspending masker AM jitter for long periods of time. The premise was that masker
envelope jitter would affect thresholds for brief and long signals to a comparable degree.
Duration-specific effects would undermine this approach, however, so special attention to
duration is warranted in evaluating the results.

Increasing the duration of a relatively brief signal improves thresholds by approximately 3
dB per doubling of duration at 1000 Hz under many listening conditions (Gerken et al.,
1990), a result described as temporal integration. Similar patterns of temporal integration
have been observed whether the signal is presented in one burst or multiple sequential bursts
(Gerken et al., 1990), even if the intervals between signal bursts are filled with masking
noise (Viemeister and Wakefield, 1991)2. These observations support the idea that temporal
integration may be based on the selective combination of ‘multiple looks’ at the signal,
rather than the accumulation of power over a relatively long time window (e.g., leaky
integrator model). Temporal integration is considerably less than 3 dB per doubling if the

2 In a multiple-looks model, the provision of two independent ‘looks’ at the signal is expected to improve d′ by a factor of √2. For the
conditions in Viemeister and Wakefield (1991), this corresponded to a threshold improvement of about 1.5 dB. Temporal integration
for a pair of brief signals separated by a 100-ms masker was approximately 2.5 dB. This result was described as consistent with an
optimal combination of multiple looks (1.5 dB per doubling), but it is also quantitatively consistent with previous literature showing 3
dB per doubling.
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signal is spectrally broad relative to a critical band (van den Brink and Houtgast, 1990), and
temporal integration varies across individual listeners and particular stimulus conditions
(Gerken et al., 1990).

Several studies have noted particularly large temporal integration when the masker is a set
of comodulated narrow bands of noise separated in frequency (Buus, 1999; Schooneveldt
and Moore, 1989), although this is not always found (McFadden, 1986). Temporal
integration that is greater than 3 dB per doubling could be interpreted as indicating that
detection in a comodulated masker differs for brief and long signals. Alternatively, it could
reflect the variation in the duration or depth of masker modulation minima over time for
narrowband noise maskers, such that longer signals are more likely than short signals to
coincide with ‘the best’ minimum in the sample. This latter factor would not be expected to
affect results in the periodic-AM conditions of the present study; differences in modulation
minima of a square-wave AM noise band over time would be small apart from effects of
envelope jitter. The expectation was therefore that comparable temporal integration would
be observed for the steady (unmodulated) and periodic-AM masker conditions. Deviation in
the expected temporal integration in AM maskers would cast doubt on the assumption that
thresholds for short and long signals reflect the same underlying processes.

Both experiments reported below closely followed the methods of Verhey and Ernst (2009).
The first experiment assessed the contributions of long-duration minima to the benefit
associated with irregular masker AM by comparing results for a 200-ms signal, like that
used by Verhey and Ernst, and a 12.5-ms signal, presented during a fixed, 12.5-ms
modulation minimum. The second experiment followed this general paradigm but used a
different form of envelope jitter and continuous masker presentation, with the aim of
maximizing possible effects related to adaptation. Results were obtained for a 12.5-ms and a
87.5-ms signal, each presented during epochs of periodic modulation, to evaluate further the
importance of signal duration in the effects under study. In both experiments, the benefit
associated with periodic or regular modulation was determined with respect to threshold in
an unmodulated noise, for both narrow and broad masker bandwidths; in the present study,
the difference in threshold for steady and AM maskers (irrespective of masker bandwidth) is
referred to as the modulated/unmodulated difference (MUD). The term CMR is reserved for
the comparison between thresholds in the narrowband and broadband AM maskers, in which
the introduction of coherent masker AM in auditory channels flanking the signal frequency
is thought to improve performance3.

2. Experiment 1
The goals of the first experiment were to: 1) replicate the finding of lower thresholds with
jittered than periodic AM applied to a broadband masker for a long-duration signal, as
observed by Verhey and Ernst (2009), and 2) determine whether this effect could be
obtained under conditions controlling for possible effects of temporal resolution.

2.1. Listeners
Thirteen listeners were recruited. One was excluded due to excessive threshold variability,
with thresholds spanning a range of 29 dB in one condition. Two listeners were unable to
finish the experiment, although the data they provided were consistent with those for the
other listeners. The remaining group of ten listeners ranged in age from 29 to 59 years of age
(mean 37 yrs). All had pure tone thresholds of 20 dB HL or better at octave frequencies
250–8000 Hz (ANSI, 2010), and none of the listeners reported a history of ear disease.

3This convention is different from that used by Verhey and Ernst (2009), where the benefit of masker AM was identified as a CMR
for both narrowband and broadband maskers.
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Seven listeners were highly experienced in psychoacoustics, having participated in at least
one previous study of CMR. One author provided data in this experiment.

2.2. Procedures
Stimuli and procedures closely followed those of Verhey and Ernst (2009). The masker was
a band of noise that was either broadband (250 to 4000 Hz) or narrowband (923 to 1051
Hz). These bands were generated in the frequency domain by setting the magnitude of
components outside the desired passband to zero. The masker was either steady or amplitude
modulated via multiplication with a smoothed square-wave function4. In the periodic-AM
condition, the envelope was a 40-Hz square wave with 50% duty cycle, which was
smoothed via convolution with a 5-ms Hanning window; this envelope alternated between
12.5-ms maxima and minima. In the jittered-AM condition, the periodic envelope was
modified by delaying or advancing each level change (onset or offset) over the range of
±20% of the modulation period, based on random draws from a uniform distribution. As a
result, envelope minima and maxima could take on values between 2.5 and 22.5 ms.
Because the underlying rate was fixed (40 Hz), the longest- duration minima were preceded
and followed by relatively short-duration maxima and vice versa. All maskers had a duration
of 300 ms at the half-rise points, and they were gated on and off with 50-ms raised-cosine
ramps. Narrowband and broadband masker levels were 50 dB SPL and 65 dB SPL,
respectively.

The signal was a 986-Hz pure tone, temporally centered in the masker. In the 200- ms signal
condition, the signal was gated on and off with 50-ms raised-cosine ramps, and its duration
was 200 ms at the half-rise points. This is equivalent to the signal used by Verhey and Ernst
(2009). In the 12.5-ms signal condition, the signal had the same duration as a single
periodic-AM minimum (12.5 ms), with onset and offset smoothed via convolution with a 5-
ms Hanning window. This produced signal gating that was complementary to the gating
defining masker envelope transitions. In the long-dip signal condition, the signal duration
was equal to the duration of the longest masker modulation minimum in the corresponding
jittered-AM masker sample, with which it coincided. When the long-dip signal was
presented in the steady masker, a jittered-AM masker sample was generated with the sole
purpose of determining an appropriate signal duration. Thresholds for the long-dip signal
were not estimated in the periodic-AM masker.

Unlike the study of Verhey and Ernst (2009), the jittered-AM envelope always contained at
least one minimum that was exactly 12.5 ms in duration, matching the modulation minima
in the periodic-AM envelope. Examples of these stimuli are shown in Figure 1, with signals
at the top of the panel and maskers at the bottom of the panel. In the 200-ms signal
condition, this minimum occurred at a random time point in the masker array5. In the 12.5-
ms signal condition, the masker array was rotated so that the 12.5-ms minimum occurred in
the temporal center of the masker, coincident with the signal when it was present. In the
long-dip signal condition, the masker was rotated so that the longest-duration minimum in
the sample occurred in the temporal center of the masker, coincident with the signal, and the
12.5-ms minimum occurred at a random time point. A set of 1000 jittered-AM maskers was
generated to determine the duration of the ‘longest-duration’ minima. In this set, the longest-
duration minimum had a median value of 19.0 ms, with half of the samples falling between
17.7 and 20.0 ms.

4The narrowband conditions of Experiment 1 corresponded to those labeled “NB2” by Verhey and Ernst (2009). Filtering was applied
before, not after, modulation.
5In the 200-ms signal condition, the 12.5-ms masker envelope minimum could occur before or after the signal interval.
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All stimuli were generated in MATLAB, with novel samples of noise and jittered envelopes
on each presentation. Stimulus arrays were played out of a real-time digital signal processor
(RP2; Tucker-Davis Technologies), routed through a headphone buffer (HB7, Tucker-Davis
Technologies), and presented diotically over circumaural headphones (Sennheiser, HD 265).
The sampling rate was 12207 Hz.

A three-alternative forced-choice task was used, with 350-ms listening intervals and 500-ms
inter-stimulus intervals. The signal was equally likely to occur in each of the three listening
intervals. Listeners indicated the signal interval using a handheld response box, and visual
feedback followed each response. The masker level was fixed, and the signal level was
adjusted based on a two-down, one-up tracking rule that estimated the signal level
associated with 71% correct (Levitt, 1971). These adjustments were initially made in steps
of 8 dB; steps were reduced to 4 dB after the second track reversal and to 2 dB after the
fourth track reversal. A track continued until a total of 10 reversals had been obtained.
Threshold estimates were computed as the mean signal level at the last 6 track reversals. At
least three such estimates were obtained for each condition, with a fourth in cases where the
first three spanned a range of 3 dB or more. Listeners completed all threshold estimates in a
condition before moving on to the next condition. Conditions were visited in quasi-random
order, with the following exception; eight listeners completed the broadband conditions
before the narrowband conditions, and two completed the narrowband conditions before the
broadband conditions. In four cases, thresholds in a single condition varied by 8 dB or more
for an individual listener, and in those cases the associated data were replaced at the end of
the experiment. For two listeners, thresholds for the 12.5-ms signal were ~10 dB higher than
those for the remaining listeners; completing these conditions a second time brought the
performance of these listeners more in line with that of other listeners, and the second set of
values is reported here. Replacing these data did not change the general outcome of the
experiment. All simple effects tests used a Bonferroni correction.

2.3. Results
The pattern of results was consistent across individual listeners, so the mean data are shown
in Figure 2. Results for each signal condition are shown in a different panel. Thresholds
obtained with the narrowband masker are shown with filled triangles and dotted lines, and
thresholds obtained with the broadband masker are shown with open circles and solid lines.
Thresholds for signals in the steady masker, shown with horizontal lines, are described first.

2.3.1 Thresholds for Signals in the Steady Masker—Thresholds for signals in the
steady maskers tended to improve with signal duration. Recall that temporal integration for
detection of a tone in a steady noise is approximately 3 dB per doubling of duration under
many conditions (Garner and Miller, 1947). A 12-dB improvement is therefore expected
when the signal duration is increased from 12.5-ms to 200-ms. This is consistent with the
temporal integration observed for the broadband masker (12.8 dB; t9=1.85, p=0.098), while
integration for the narrowband masker was significantly less than expected (8.0 dB; t9=5.13,
p=0.001). One reason for the relatively modest temporal integration observed for the
narrowband masker could be related to spectral splatter. The spectrum of the 12.5-ms signal
was only approximately 13 dB down at the limits of the narrow (128-Hz-wide) masker. Cues
related to splatter would have had less of an effect on thresholds in the 200-ms signal
conditions, due to the longer onset/offset ramps (50 ms vs. 5 ms).

2.3.2 Effects of Masker AM (MUD)—The introduction of masker AM consistently
reduced thresholds for signals in the broadband masker. In contrast, thresholds for signals in
the narrowband masker improved only for the 200-ms signal conditions; masker AM had no
beneficial effect for the 12.5-ms or long-dip signal conditions. One reason for the absence of
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a MUD for brief signals in the narrowband masker could be related to splatter. Whereas
splatter associated with signal ramps could provide a detection cue in a steady masker, the
splatter associated with masker AM could mask that cue in both the periodic-AM and
jittered-AM masker conditions.

Values of the MUD in the 200-ms signal conditions are considered first. For the broadband
masker, the MUD was larger for the jittered-AM (15.2 dB) than for the periodic-AM (12.1
dB) masker condition. For the narrowband masker, there was a somewhat smaller difference
in the MUD obtained in the jittered-AM (13.1 dB) and the periodic-AM (11.6 dB) masker
conditions. A repeated-measures analysis of variance (ANOVA) was performed to assess
this pattern of results, with factors masker bandwidth (broad, narrow) and masker envelope
regularity (jittered-AM, periodic-AM). There was no effect of bandwidth (F1,9=1.57,
p=0.242). There was, however, a significant effect of masker envelope regularity
(F1,9=66.05, p<0.001), and an interaction between bandwidth and envelope regularity
(F1,9=9.80, p=0.012). Simple effects tests indicated a significant effect of masker AM jitter
for both the broadband masker (3.1 dB; p<0.001) and the narrowband masker (1.5 dB;
p=0.009). These results broadly replicate those of Verhey and Ernst (2009), with the
exception of the modest but significant effect of masker envelope regularity for the
narrowband masker.

The pattern of results for the 12.5-ms signal was very different from that for the 200-ms
signal. For the broadband masker, the MUD was comparable for the jittered-AM (14.7 dB)
and the periodic-AM (13.6 dB) masker conditions. For the narrowband masker, the mean
values of the MUD were negative for both the jittered-AM (−2.7 dB) and the periodic-AM
(−1.2 dB) masker conditions. The negative MUD for a brief signal in a narrowband masker
could be due to the availability of a splatter cue in the steady but not the AM masker
conditions. Another possibility is that the introduction of a modulation minimum coincident
with a brief signal degrades cues related to peak stimulus intensity. A repeated-measures
ANOVA indicated a main effect of bandwidth (F1,9=214.40, p<0.001), no effect of envelope
regularity (F1,9=0.08, p=0.788), and a significant interaction (F1,9=7.41, p=0.024). Simple
effects tests were performed to assess this interaction. The effect of masker AM jitter was
not significant for the broadband masker (1.1 dB; p=0.361), but there was a non-significant
trend for higher thresholds in the jittered-AM than the periodic-AM narrowband maskers
(−1.6 dB; p=0.086).

Results of the 200-ms signal conditions replicated the greater benefit of masker AM in the
broadband masker for irregular envelopes observed by Verhey and Ernst (2009). This did
not occur for the 12.5-ms signal, which was coincident with a 12.5-ms AM minimum; in this
condition, masker envelope jitter before and after signal presentation did not significantly
improve performance, as would be expected if adaptation were responsible for the beneficial
effects of masker envelope irregularity in the 200-ms signal conditions. The long-dip signal
condition was designed to evaluate the role of longer-than-average modulation minima in
the jittered-AM, 200-ms signal condition. For the narrowband masker, the MUD for the
long-dip signal was not significantly different from zero (0.67 dB; t9=0.73, p=0.483), similar
to results of the 12.5-ms signal conditions. For the jittered-AM broadband masker, however,
the MUD for the long-dip signal condition was 22.9 dB, which is about 8 dB greater than the
MUD in comparable 12.5-ms and 200-ms signal conditions. These results are consistent
with the idea that the effect of masker envelope jitter for the 200-ms signal was due to the
introduction of relatively long AM minima, which reduced thresholds for signals in the
broadband but not the narrowband masker.

2.3.3 Effects of AM Masker Bandwidth (CMR)—In the present study, CMR was
defined as the difference between thresholds obtained with narrowband and broadband
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maskers. For the 200-ms signal, the CMR was modest, with means of 3.3 dB for the jittered-
AM and 1.7 dB for the periodic-AM maskers. The CMR was substantially larger in the 12.5-
ms signal conditions, with means of 13.9 dB for the jittered-AM and 11.2 dB for the
periodic-AM maskers. A repeated-measures ANOVA was performed, and there was a main
effect of both duration (F1,9=52.58, p<0.001) and envelope regularity (F1,9=12.21, p=0.007),
but no interaction (F1,9=1.27, p=0.289). The CMR was greater in the jittered-AM than the
periodic-AM masker conditions for both bandwidths, but for different reasons. For the 200-
ms signal conditions, in which modulation jitter continued during signal presentation, the
larger CMR in the jittered-AM condition was due to relatively good performance with the
broadband masker. For the 12.5-ms signal conditions, in which modulation jitter was
suspended during signal presentation, the larger CMR in the jittered-AM condition was
probably affected by relatively poor performance in the narrowband jittered-AM condition.
This latter point is weakly supported by the findings of no effect of envelope regularity for
the broadband masker and a statistical trend for better performance in the periodic-AM
narrowband masker with the 12.5-ms signal.

2.3.4 Effects of Signal Duration in AM Maskers—Temporal integration for a signal
in a broadband masker was 11.3 dB for the periodic-AM and 13.3 dB for the jittered-AM
condition. These values represent approximately 3 dB per doubling of signal duration (12
dB). If integration were acting on cues associated with listening in the dips, then a 12-dB
decrease in threshold would represent 4 dB per doubling in duration (1 vs 8 minima).

The signal in the long-dip condition had a median duration of 19 ms, and yet thresholds in
this condition were 10.7 dB below those for the jittered-AM, 12.5-ms signal. This finding is
broadly consistent with effects of forward masking, in that the longer AM masker minimum
containing the long-dip signal is associated with greater decay of forward masking than the
minimum coincident with the 12.5-ms signal. It is difficult to make a direct comparison
between results in the long-dip and 200-ms signal conditions for the jittered-AM masker,
due to the random distribution of modulation minima. Nevertheless, the fact that long-dip
and 200-ms thresholds in the jittered-AM masker differed by only 2.6 dB is consistent with
the idea that detection of the 200-ms signal was dominated by cues associated with the
longer-duration modulation minima.

2.4. Discussion
The results for the 200-ms signal in the broadband masker replicated those of Verhey and
Ernst (2009), showing greater benefit in the jittered-AM than in the periodic-AM conditions;
this effect was approximately 3 dB in both datasets. Whereas a similar pattern of results was
obtained with the narrowband masker in the present study, the benefit associated with
jittered-AM was significantly larger for the broadband than for the narrowband masker. In
the jittered-AM condition, some masker AM minima were longer than the median value of
12.5 ms, and some were shorter. The brief signal conditions were designed to test the
contribution of the relatively long minima by suspending envelope jitter for one period of
masker modulation. Masker AM jitter did not reduce thresholds in the 12.5-ms signal
conditions for either masker bandwidth, and there was a non-significant trend for jitter to
impair performance for the narrowband masker. When the signal had the same duration as
the single longest-duration modulation minimum in a jittered envelope, thresholds
approached those for the 200-ms signal in the broadband masker, but not in the narrowband
masker. These results are consistent with the idea that the presence of relatively long
duration minima increased the MUD in the broadband jittered-AM, 200-ms signal condition.
Relatively long modulation minima could be more beneficial than short minima due to
limited temporal resolution, including within-channel factors (e.g., forward masking) and
across-channel factors (e.g., ‘listening in the valleys’).
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The present results for the 12.5-ms signal in periodic and jittered maskers are useful in
assessing the possible influence of adaptation to modulation. An important finding was that
when a 12.5-ms signal was presented coincident with a 12.5-ms modulation minimum, there
was no effect of surrounding masker modulation regularity. That is, jittering the envelope
before and after the time of the signal presentation did not affect performance. This result
undermines the idea that adaptation to modulation played an important role in differences
obtained for periodic and jittered maskers with the 200-ms signal. However, there are
several factors in the design of this experiment that could have reduced the opportunity to
observe effects of adaptation. The first is the use of gated stimuli. Tansley and Suffield
(1983) observed that adaptation to modulation is a gradual process, taking 20–30 min to
reach asymptote, and is quick to decay, with full recovery after 60 sec. Previous studies of
adaptation have used adaptor durations on the order of 10 min (Richards et al., 1997;
Wojtczak and Viemeister, 2003) or 12 sec (Kay and Matthews, 1972). Short-term reductions
in sensitivity to AM have been observed with stimuli less than 1 sec in duration in studies of
forward masking of modulation (Moore et al., 2009; Wojtczak and Viemeister, 2005),
although it is unclear how this phenomenon relates to adaptation. Exposure to stimulus AM
in the present paradigm was relatively limited, consisting of 300-ms segments, so it is
possible that continuous masker presentation would increase the probability of observing
effects of adaptation.

The second stimulus feature that could reduce the opportunity to see effects of adaptation is
related to the method used to generate irregular envelopes. The envelope in the jittered-AM
condition of Experiment 1 was generated by delaying or advancing envelope transitions in a
40-Hz square-wave. This results in a prominent 40-Hz modulation even in the jittered-AM
condition, as illustrated in the lower left panel of Figure 3. This form of jitter might
therefore offer a more modest reduction in adaptation than other forms of envelope jitter that
are dominated to a lesser extent by a single modulation frequency.

3. Experiment 2
The primary purpose of Experiment 2 was to assess the effect of masker envelope jitter
under conditions more likely to show effects of adaptation. To that end, the masker was
continuous, and envelope jitter was designed to more broadly distribute envelope spectral
components, as illustrated in the lower right panel of Figure 3. In this experiment, envelope
jitter was introduced by randomly selecting the modulation period on a cycle-by-cycle basis.
Masker AM was either periodic at 40 Hz, or it was jittered, with the duration of each AM
maximum and subsequent minimum of each period randomly selected from the range 2.5 to
22.5 ms. This range was the same as that used in Experiment 1, although jittering the
duration for each period eliminated the peak in the envelope spectrum at 40 Hz that was
present in the stimuli of the previous experiment. Another advantage of this method is that
each modulation minimum was equal in duration to the preceding maximum. As a result,
suspending envelope jitter during the signal presentation in the irregular envelope conditions
equated both simultaneous and forward masking with that for the regular envelope
conditions.

A secondary goal of this experiment was to examine further the possible effect of signal
duration on the ability to benefit from periodic and jittered masker AM. The premise of
Experiment 1 was that the effect of masker envelope jitter would be the same for brief and
long signals in all respects other than the availability of longer-than-average modulation
minima in the 200-ms signal conditions. Experiment 2 assessed possible effects related to
signal duration more directly by including two signal durations (12.5 and 87.5 ms), with
modulation jitter suspended during signal presentation in both cases.
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3.1. Listeners
Listeners were nine adults, ranging from 29 to 59 years of age (mean 38 yrs). All had pure
tone thresholds of 20 dB HL or better at octave frequencies 250–8000 Hz (ANSI, 2010), and
none reported a history of ear disease. All of these listeners were highly experienced in
psychoacoustics; all but one had previously completed Experiment 1.

3.2. Procedures
Stimuli were identical to those of Experiment 1 unless otherwise specified. The signal was a
986-Hz pure tone, gated on and off with 2.5-ms raised-cosine ramps6. The signal duration
was either 12.5 or 87.5 ms, measured at the half-rise points. The noise masker was either
broadband (250 to 4000 Hz) or narrowband (923 to 1051 Hz). Prior to each threshold
estimation run, a 10.7-s masker sample was generated in the frequency domain by setting
the magnitude of components outside the desired passband to zero. This sample was played
continuously throughout the course of a threshold estimation track. Prior to modulation, the
narrowband masker level was 50 dB SPL, and the broadband masker level was 65 dB SPL.
Modulation reduced these levels by just over 3 dB.

The masker envelope was manipulated using 2.5-ms raised-cosine gates that were controlled
using software running on the real-time digital signal processor (RP2; Tucker-Davis
Technologies). For the periodic-AM pattern, the masker was gated on and off at a rate of 40-
Hz. Masker modulation in the jittered-AM condition was identical to that in the periodic-
AM condition, except that the duration associated with each phase of a modulation period
(maximum and subsequent minimum) was randomly selected from a uniform distribution
spanning 2.5 to 22.5 ms. Modulation jitter was suspended for either one or four periods in
each listening interval, coinciding with time points when the 12.5- or 87.5-ms signal might
be presented. When jitter was suspended, the AM period was fixed at 12.5 ms per phase,
consistent with the modulation pattern of the periodic-AM condition. The onset of the signal
coincided with the offset of a masker envelope maximum, such that the 12.5-ms signal was
temporally centered in a single modulation minimum, and the 87.5-ms signal spanned four
modulation minima. The relationship between the signal timing and masker modulation is
illustrated in Figure 4.

Each listening interval was 200 ms in duration, and the inter-stimulus interval was 500 ms in
duration. Signal level was adjusted using a 3-down, 1-up procedure, estimating the signal
level associated with 79% correct (Levitt, 1971). Initially the signal level was adjusted in
steps of 4 dB; steps were reduced to 2 dB after the second track reversal. A track continued
until 8 reversals had been obtained, and threshold estimates were computed as the mean
signal level at the last 6 reversals. At least three such estimates were obtained, blocked by
condition, with a fourth in cases where the first three spanned a range of 3 dB or more.
Conditions were completed in quasi-random order. All simple effects tests used a Bonferroni
correction.

3.3. Results
The pattern of results was consistent across individual listeners, so the mean data are shown
in Figure 5. Thresholds for signals in the narrowband masker are represented with filled
triangles and dotted lines; thresholds for signals in the broadband masker are represented
with open circles and solid lines. Results obtained using the steady masker, shown with
horizontal lines, are described first.

6The use of 2.5-ms ramps for gating the signal and masker ensured that the masker was 100% modulated, even for the briefest AM
minimum of 2.5 ms.
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3.3.1. Thresholds for Signals in the Steady Masker—Thresholds for signals in the
steady broadband masker improved on average by 8.8 dB with increasing signal duration,
representing a rate of 3.1 dB per doubling in duration. In contrast, temporal integration for
signals in the narrowband masker was only 1.3 dB, representing 0.5 dB per doubling in
duration. As discussed in the context of the previous experiment, less than the expected
temporal integration in the steady narrowband masker could be related to cues based on
spectral splatter.

3.3.2. Effects of Masker AM (MUD)—The introduction of masker AM reduced
thresholds for signals in the broadband masker for both jittered and periodic AM; recall that
some of this benefit could be related to the 3-dB reduction in masker level association with
masker modulation. For signals in the narrowband masker, the introduction of masker AM
improved thresholds for the 87.5-ms signal conditions, but it elevated thresholds for the
12.5-ms signal. Masking release for the 87.5-ms signal is considered first. For the 87.5-ms
signal in the broadband maskers, the MUD was similar for the jittered-AM (12.5 dB) and the
periodic-AM (12.7 dB) masker.

For the narrowband masker, there was a somewhat smaller MUD for the jittered-AM (8.7
dB) than for the periodic-AM (10.9 dB) masker conditions. A repeated-measures ANOVA
was performed to assess this pattern of results, with the factors masker bandwidth (broad,
narrow) and envelope regularity (jittered-AM, periodic-AM). There was a main effect of
bandwidth (F1,8=49.12, p<0.001), a main effect of masker envelope regularity (F1,8=18.52,
p=0.003), and an interaction between bandwidth and envelope regularity (F1,8=11.15,
p=0.010). Simple effects tests confirmed no effect of masker AM jitter for the broadband
masker (p=0.465) and a smaller MUD for the jittered-AM than for the periodic-AM
narrowband masker (−2.1 dB; p=0.003).

The effect of envelope jitter on the MUD observed with the 12.5-ms signal was broadly
similar to that observed with the 87.5-ms signal. For the broadband masker, the MUD for
the 12.5-ms signal was similar for the jittered-AM (11.3 dB) and the periodic-AM (11.3 dB)
masker conditions. For the narrowband condition, there was a negative MUD for both the
jittered-AM (−6.4 dB) and the periodic-AM (−3.6 dB) masker conditions, despite the fact
that masker AM reduced the overall masker level. A repeated-measures ANOVA indicated a
main effect of bandwidth (F1,8=1250.18, p<0.001), a main effect of envelope regularity
(F1,8=9.13, p=0.016), and a significant interaction (F1,8=8.05, p=0.022). Simple effects tests
revealed that the effect of masker AM jitter was not significant for the broadband masker
(p=0.93), and there was a smaller MUD for the jittered-AM than for the periodic-AM
narrowband masker (−2.8 dB; p=0.003). Recall the proposal that spectral splatter could have
provided a cue for detecting the 12.5-ms signal in the steady narrowband masker but not in
the AM maskers, thereby reducing the estimates of MUD; the availability of a splatter cue
could play a role in the negative MUD observed for the narrowband AM maskers, but it
would have had the same effect in the jittered-AM and the periodic-AM conditions.

For both signal durations, the regularity of masker AM had no effect on the MUD obtained
in the broadband masker conditions, but the MUD was somewhat greater (less negative) in
the periodic-AM than the jittered-AM conditions for the narrowband noise masker. This
effect of envelope regularity for the narrowband masker was somewhat greater for the 12.5-
ms signal than for the 87.5-ms signal (effects of 2.8 vs. 2.1 dB, respectively). It is of interest
to determine whether the effect of AM regularity of the narrowband noise masker was
significantly different for the two signal durations. To that end, a repeated-measures
ANOVA was performed with the factors masker envelope regularity (jittered-AM, periodic-
AM) and signal duration (12.5, 87.5 ms). There was a main effect of envelope regularity
(F1,8=40.56, p<0.001) and a main effect of signal duration (F1,8=1172.35, p<0.001), but no
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interaction between envelope regularity and signal duration (F1,8=0.51, p=0.49). The failure
to find a significant interaction between signal duration and envelope regularity is consistent
with the hypothesis that the effect of masker AM regularity is not more pronounced for the
shorter signal duration. This result provides support for the assumption that envelope effects
observed with a brief signal also apply to longer signals.

3.3.3. Effects of AM Masker Bandwidth (CMR)—For the 87.5-ms signal, the CMR
was modest, with means of 2.3 dB for the jittered-AM and 0.3 dB for the periodic-AM
maskers. The CMR was substantially larger for the 12.5-ms signal conditions, with values of
8.7 dB for the jittered-AM and 6.0 dB for the periodic-AM maskers. A repeated-measures
ANOVA indicated there was a main effect of envelope regularity (F1,8=20.23, p=0.002), a
main effect of signal duration (F1,8=112.14, p<0.001), but no interaction between envelope
regularity and signal duration (F1,8=0.39, p=0.547). For both durations, the CMR was
greater in the jittered-AM than the periodic-AM masker conditions, due to relatively poor
performance in the narrowband jittered-AM condition.

3.3.4. Effects of Duration for Signals in AM Maskers—Temporal integration for a
signal in the broadband masker was 10.2 dB in the periodic-AM and 10.1 dB in the jittered-
AM masker condition. These values represent approximately 3.6 dB per doubling of signal
duration. If integration were acting on cues associated with listening in the dips, then a 10-
dB decrease in threshold would represent 5 dB per doubling in duration (1 vs 4 minima).

Temporal integration for a signal in a narrowband masker was 15.9 dB in the periodic-AM
and 16.5 dB in the jittered-AM masker conditions. This represents approximately 5.7 dB per
doubling of signal duration. The finding of relatively large integration for the narrowband
AM could be interpreted as evidence that spectral splatter played little or no role in the
results for these conditions. The splatter cues at signal onset and offset would be comparable
for the two signal durations, so temporal integration should be reduced or eliminated by
reliance on these cues.

3.4. Discussion
One goal of the present experiment was to determine whether effects of modulation
adaptation could be observed when the masker was played continuously over the course of
the threshold estimation track, and the jittered envelope lacked a prominent spectral
component at the standard envelope rate. Recall that modulation jitter was suspended during
presentation of the signal, so energetic masking was equivalent in the periodic and jittered
envelope conditions. Thresholds for signals in the broadband masker were not significantly
different in the jittered-AM and periodic-AM conditions for either the 12.5- or 87.5-ms
signal. This provides further support for the idea that the 200-ms signal data in Experiment 1
and those of Verhey and Ernst (2009) reflect the introduction of relatively long-duration AM
minima rather than modulation adaptation.

Another goal of this experiment was to assess what role signal duration might play in the
effect of masker envelope regularity for the broadband masker. The effect of envelope
regularity on the MUD did not differ for the 12.5- and 87.5-ms signal conditions. Whereas
there was no effect of envelope regularity for the broadband masker, thresholds were higher
and the MUD was smaller in the jittered-AM than the periodic-AM narrowband noise
conditions. There is precedent for this finding in the results of Buss et al. (2009). In that
study, detection thresholds for a brief signal in a narrowband masker were lower when the
masker envelope was periodic than when its rate was changed unpredictably before and after
the signal interval. One interpretation of this result is that listeners benefit from a regular
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envelope pattern when the masker is spectrally narrow. Deviations from this regular pattern
could serve as a cue to the presence of the signal.

The CMRs obtained with both the jittered-AM and periodic-AM maskers were about 6 dB
larger for the 12.5-ms than for the 87.5-ms signal. Some studies of CMR have found greater
masking release for long than short signals (Buus et al., 1996), although this is not always
the case (Hicks and Bacon, 1995). For example, Hicks and Bacon (1995) measured tone
detection in a masker that was composed of one or more sinusoidally amplitude modulated
tones. The CMR in that study was larger when the signal was a single burst, coincident with
an AM minimum, than when it was a series of three bursts, coincident with three
consecutive AM minima. As in the present data, Hicks and Bacon (1995) found substantially
more than 3 dB of temporal integration per doubling of signal duration when thresholds
were estimated with a single narrowband masker. They proposed that detection of the three-
burst signal was based on a change in envelope statistics, but that this cue was unavailable to
the listener with the single-burst signal. A similar argument was proposed by Schooneveldt
and Moore (1989) to account for the finding that AM applied to a narrowband masker
improved performance when the signal was relatively long (> 100 ms) but not when it was
relatively short (< 100 ms). The present dataset is broadly consistent with this hypothesis,
with the caveat that listeners in the present study were able to benefit from narrowband
masker envelope periodicity even for a brief (12.5-ms) signal. One factor that may be
important in differentiating studies finding greater CMR with short vs. long signals could be
the consistency of masker envelope minima. Greater CMRs for longer signals would be
expected for stimuli with inconsistent modulation minimum depth or duration, due to the
increased probability of the signal coinciding with a ‘good’ minimum. This is consistent
with the fact Buus et al. (1996) manipulated the coherence of noise-based envelopes and
found greater CMR for long signals, whereas Hicks and Bacon (1995) used sinusoidally
amplitude modulated tones as maskers and found greater CMR for short signals.

An unexpected finding of the present experiment is the relatively large temporal integration
observed for the broadband, AM maskers. Based on a multiple looks model (Viemeister and
Wakefield, 1991), increasing the signal duration from 12.5- to 87.5-ms was expected to
improve thresholds by 6 dB, due to the factor-of-four increase in the number of masker
modulation minima containing the signal. Integration was approximately 10 dB for both
envelope patterns, however. While greater than expected integration has been observed
previously for signals in comodulated maskers, where AM was due to inherent fluctuation of
a narrowband noise or to multiplication with a lowpass noise (Buus, 1999; Schooneveldt and
Moore, 1989), it was not expected in the present paradigm. Noise-based AM is associated
with variability in the depth and duration of modulation minima, so greater integration in
those maskers could reflect the increased probability of the signal coinciding with a ‘good’
masker minimum. The use of square-wave modulation in the current study was predicted to
provide more uniform opportunities to detect the signal. Stimuli used in the present
experiment share some salient features with the stimuli used by Viemeister and Wakefield
(1991). In that study, temporal integration was measured for a pair of 10-ms tone bursts
presented in 10-ms gaps of noise, separated by 100 ms. Thresholds improved by 2.5 dB
when the number of tone bursts was increased from one to two. It is unclear what accounts
for the greater-than-expected integration in AM maskers of the present study. One
possibility is that signal energy outside of the modulation minima also contributed to
performance. Further study is needed to more fully understand temporal integration in a
coherently amplitude modulated masker.
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4. General Discussion & Conclusions
The experiments reported here followed up on the finding of greater ability to benefit from
broadband masker modulation with an irregular pattern than with a periodic pattern of AM,
reported by Verhey and Ernst (2009). The first experiment replicated this finding with a
200-ms tone, as used in that study, but found no benefit of envelope jitter when a 12.5-ms
signal was presented in a modulation minimum of fixed duration. This finding provides
evidence against a role of adaptation for the long signal and instead supports the idea that
occasional, relatively long-duration AM minima are especially beneficial for signal
detection. Experiment 2 used a continuous masker and a different procedure for introducing
envelope jitter, associated with a broad distribution of envelope modulation frequencies. As
in the previous experiment, introducing temporal jitter to the broadband masker envelope
had no reliable effect on brief-signal thresholds when the duration of masker AM minima
coincident with the signal was fixed. This was true for both 12.5- and 87.5-ms signal
durations. As in Experiment 1, there was no indication that adaptation to modulation played
a role in the results.

While envelope jitter before and after the signal presentation did not affect thresholds for
signals in the broadband maskers, it did affect thresholds for the signal in the narrowband
maskers. Thresholds for a brief signal presented in narrowband maskers tended to be lower
for the periodic-AM than the jittered-AM conditions. While this effect failed to reach
significance in Experiment 1, it was significant for both signal durations in Experiment 2.
One way to think about these results is in terms of informational masking. In general,
informational masking is largest under conditions of stimulus uncertainty and signal/masker
similarity (Durlach et al., 2003; Kidd et al., 1994; Neff, 1995). If the addition of a signal to a
narrowband masker results in stimulus features that resemble the features of the masker
alone, then confusion could have a significant impact on performance. The introduction of
comodulated masker components remote from the signal frequency, however, could reduce
this confusion, perhaps due to cued listening (Buus, 1985) or a process related to auditory
grouping (Dau et al., 2005; Grose and Hall, 1993). The benefit of narrowband masker
envelope regularity is likely related to the observation that non-simultaneous masking for a
narrowband masker can be reduced with the introduction of off-frequency cues to masker
onset and offset (Moore and Glasberg, 1982; Neff, 1986). By this view, the detection
threshold for a signal in a masker that spans multiple auditory filters is a better indicator of
energetic masking than threshold in a narrowband masker.

The results of both experiments reported here support the conclusion that the greater MUD
with irregular than a periodic broadband masker AM in long-duration signal conditions (Exp
1 of the present report; Verhey and Ernst, 2009) is due to the introduction of relatively long
duration AM minima. When jitter was suspended during the signal presentation, no effect of
envelope regularity was observed with broadband maskers. In contrast, envelope regularity
appeared to benefit detection in the narrowband masker under some conditions, a result that
was interpreted in terms of stimulus uncertainty and informational masking. One challenge
for future modeling efforts will be to capture these narrowband masker effects. Additional
work is also needed to understand the effects of signal duration on the ability to benefit from
broadband masker AM.
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Abbreviations

AM amplitude modulation

CMR comodulation masking release

MUD modulated-unmodulated difference
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Highlights

• Introducing jitter to the masker envelope pattern can affect the detection
threshold for a pure-tone signal.

• Effects of masker irregularity are not found when jitter is suspended during
presentation of the signal.

• Results are more consistent with local envelope rate effects than modulation
adaptation.
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Fig. 1.
Basic features of the temporal envelopes used in Experiment 1 are illustrated as a function of
time. Signals are illustrated with dark fill, and masker envelope patterns are illustrated with
light fill. Notice that the 12.5-ms signal is coincident with and equal in duration to a
modulation minimum in both the periodic-AM and jittered-AM maskers. The long-dip
signal is coincident with and equal in duration to a modulation minimum in the associated
jittered-AM masker.
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Fig. 2.
Mean thresholds are plotted in dB SPL for each masker condition, with results from the
three signal conditions in separate panels. Open circles and solid lines indicate mean
thresholds in the broadband masker conditions. Filled triangles and dotted lines indicate
mean thresholds in the narrowband masker conditions. Error bars show ± 1 standard error of
the mean. Standard errors for the steady masker conditions (not shown) were between 0.9
and 1.7 dB.
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Fig. 3.
Magnitude spectra for the periodic-AM and jittered-AM conditions in each experiment are
shown in the top and bottom panels, respectively. Stimuli for Experiment 1 are shown in the
left column, and those for Experiment 2 are shown in the right column. Magnitude is plotted
in dB relative to the magnitude at the peak modulation frequency in the periodic-AM
condition. Frequency was computed with a resolution of 0.1 Hz.
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Fig. 4.
Basic features of the temporal envelopes used in Experiment 2 are illustrated as a function of
time, following the conventions of Fig 1. Two examples of the jittered-AM envelope are
shown: one appropriate for the 87.5-ms signal and one appropriate for the 12.5-ms signal.
Notice that modulation jitter is suspended for AM periods associated with the signals.
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Fig. 5.
Mean thresholds are plotted in dB SPL for each masker condition, with results for the two
signal conditions in separate panels. The plotting conventions follow those of Fig 2. Error
bars show ± 1 standard error of the mean. Standard errors for the steady masker conditions
(not shown) were between 0.7 and 1.0 dB.
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