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In this study we demonstrate an effect for amplitude modulation (AM) that is analogous to forward
making of audio frequencies, i.e., the modulation threshold for detection of AM (signal) is raised by
preceding AM (masker). In the study we focused on the basic characteristics of the forward-masking
effect. Functions representing recovery from AM forward masking measured with a 150-ms

40-Hz masker AM and a 50-ms signal AM of the same rate imposed on the same broadband-noise
carrier, showed an exponential decay of forward masking with increasing delay from masker offset.
Thresholds remained elevated by more than 2 dB over an interval of at least 150 ms following the
masker. Masked-threshold patterns, measured with a fixed signal rate (20, 40, and 80 Hz) and a
variable masker rate, showed tuning of the AM forward-masking effect. The tuning was
approximately constant across signal modulation rates used and consistent with the idea of
modulation-rate selective channels. Combining two equally effective forward maskers of different
frequencies did not lead to an increase in forward masking relative to that produced by either
component alone. Overall, the results are consistent with modulation-rate selective neural channels
that adapt and recover from the adaptation relatively quickly. © 2005 Acoustical Society of

America. [DOI: 10.1121/1.2042970]
PACS number(s): 43.66.Mk, 43.66.Dc [GDK]

I. INTRODUCTION

Envelope fluctuations provide important cues in the per-
ception of auditory stimuli. Envelopes that differ in their
temporal structure may help perceptually segregate sounds
with overlapping spectra (Grimault et al., 2002; Roberts er
al., 2002), and thus extract the target sound from the back-
ground. On the other hand, interference between concurrent
temporal envelope fluctuations may adversely affect speech
intelligibility, especially in listeners with reduced spectral
resolution, such as hearing-impaired listeners (Hedrick and
Jesteadt, 1996) or cochlear-implant users (Hedrick and Car-
ney, 1997; Kwon and Turner, 2001).

Most sounds have envelopes that are complex wave-
forms and can be represented by a combination of sinusoidal
amplitude modulations. An important question is whether the
auditory system performs a spectral analysis on envelopes by
processing different modulation components in modulation-
rate selective channels or whether processing of envelopes is
based on a purely temporal code.

Studies of modulation masking have demonstrated that
the auditory system exhibits modulation-rate selectivity
(Houtgast, 1989; Bacon and Grantham, 1989), albeit limited,
as indicated by relatively broad masking patterns. This find-
ing has inspired models of auditory processing that imple-
ment a bank of modulation filters at the output of individual
peripheral channels (Dau et al., 1997a, b; Ewert and Dau,
2000). Modulation-rate selective channels could be realized

YPortions of these data were presented at the XXVII Midwinter Research
Meeting of the ARO (M. Wojtczak and N. F. Viemeister, Abstract No. 838).

YSend correspondence to Magdalena Wojtczak, Psychoacoustics Lab, Elliott
Hall, N218, 75 East River Rd., Minneapolis, Minnesota 55455.

3198 J. Acoust. Soc. Am. 118 (5), November 2005 0001-4966/2005/118(5)/3198/13/$22.50

Pages: 3198-3210

by neurons that have bandpass modulation transfer charac-
teristics. Such neurons have been found in the cochlear
nucleus (Frisina et al., 1990; Rhode and Greenberg, 1994), in
the inferior colliculus (Rees and Mgller, 1983; Langner and
Schreiner, 1988), and in the auditory cortex (Schulze and
Langner, 1999; Liang et al., 2002). Langner and Schreiner
(1988) reported systematic mapping of best modulation fre-
quencies (BMFs) in the inferior colliculus (IC) of the cat.
That mapping, however, is not robust to changes in carrier
level. Krishna and Semple (2000) observed that the BMF in
the IC varies substantially across carrier levels, even over a
relatively small (20-dB) range. Interpretation of the physi-
ological data is further complicated by the fact that neural
representations at all processing stages above the auditory
nerve are nonhomogeneous and that different cell types ex-
hibit different characteristics in their response to AM stimuli
(for a review see Joris et al., 2004). It is also unclear which
characteristics of the response to AM are important for the
perception of envelope fluctuations. Comparisons between
psychophysical data from a variety of tasks involving modu-
lation detection and discrimination and different response
characteristics measured physiologically are, therefore, cru-
cial for elucidating the mechanisms that underlie AM pro-
cessing.

In this study we demonstrate a forward-masking effect
in which a highly detectable AM raises the threshold for the
detection of subsequently presented AM. The effect is analo-
gous to forward masking in the domain of audio frequencies.
Nonsimultaneous interference in modulation detection has
been observed in numerous studies of adaptation to AM (Kay
and Matthews, 1972; Regan and Tansley, 1979; Tansley and
Suffield, 1983). Experiments in those studies were designed
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to produce the maximum amount of adaptation and thus,
very long durations of adapting modulations were used
(20-30 min). It was found that such long exposures to a
sinusoidal AM decreased sensitivity to an ensuing modula-
tion of the same rate. It is not clear whether the observed
effect of adaptation plays any role in the perceptual process-
ing of envelopes, since only negligible threshold elevation
was observed after just a few minutes of exposure (Tansley
and Suffield, 1983). More recently, Sheft (2000) observed
significant threshold elevation (up to 7 dB) using a 3-min
adapting AM before trials began and then interspersing the
adaptor for 16 s between trials. However, long durations of
uninterrupted exposure to a constant pattern of a temporal
envelope are not commonly encountered. In addition, it has
been questioned whether or not the adaptation paradigm is
valid for elucidating the mechanisms responsible for encod-
ing and processing AM. It has been demonstrated that for
FM and frequency sweeps, the loss of sensitivity due to long
prior exposure to these features, considered initially as re-
flecting neural adaptation, disappears with training (Moody
et al., 1984), or is small enough to be explained in terms of
nonsensory factors (Wakefield and Viemeister, 1984). Re-
cently, Lorenzi et al. (2004) measured adaptation to AM and
found that a post-exposure impairment of AM detection, al-
though initially in agreement with the data reported in earlier
studies of adaptation, also disappears after extensive training.

Early studies that measured adaptation to AM have used
the same modulation rate for the adapting AM and the signal
to be detected. Thus, modulation-rate selectivity of the adap-
tation effect was not investigated. There is a hint in the study
by Richards et al. (1997) that the effect of adaptation in AM
detection is modulation-rate selective. They used only two
modulation rates of the adapting AM: one that was equal to
the modulation rate of the test AM (16 Hz), and the other
that was substantially different from the test AM (56 Hz),
and found that only the 16-Hz adaptor significantly de-
creased sensitivity to the 16-Hz test AM. However, their
data do not allow for an inference about the sharpness of
tuning. More recently, rate selectivity of adaptation to AM
was shown by Sheft (2000) for AM detection (thresholds
were elevated when the rate separation between the adapting
and test AM was within one to two octaves) and by Wojtczak
and Viemeister (2003) for the effect of an adapting AM on
the perception of suprathreshold modulation depth. The tun-
ing they observed was sharper than that observed in simul-
taneous modulation masking.

Forward masking of AM newly demonstrated in this
study may be potentially very relevant to the processing of
real-world auditory stimuli since the effect can be observed
for relatively short durations of masking modulations (e.g.,
150 ms), durations comparable to those observed in speech
sounds. Our main focus in this study was to determine the
basic characteristics of the effect, primarily the temporal and
spectral region over which prior exposure to AM affects sen-
sitivity to ensuing AM.
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FIG. 1. Schematic illustration of the stimulus envelope in the signal interval.
The envelope contains the masker AM (M ,y;) and signal AM (S ;) imposed
on the same uninterrupted carrier.

Il. EXPERIMENT 1: RECOVERY FROM AM FORWARD
MASKING

Our purpose in this experiment was to measure the
shape of the recovery function for AM forward masking.
Figure 1 schematically illustrates the envelope of a stimulus
containing both the masker AM (M,y;) and signal AM
(Sam)- The detection of S,y was measured as a function of
the delay between the offset of M »y; and the onset of Sy To
ensure that strong envelope fluctuations associated with gat-
ing the carrier off and on did not affect detection of the
signal AM, both the masker and signal AM were sequentially
imposed on the same uninterrupted carrier.

When attempting to measure the recovery function, it is
desirable to use a very short signal so that the function can
be measured with good resolution. This requires using a high
modulation rate, since at least one cycle of modulation needs
to be presented. However, the detection of modulation dete-
riorates with a decreasing number of modulation cycles
(Sheft and Yost, 1990) and, for noise carriers, it also deterio-
rates with an increasing modulation rate above about 30 Hz
(Viemeister, 1979). Thus, using just one cycle of a very high
modulation rate could impose an artificial limit on the ob-
served size of AM forward masking because it would limit
the available range of modulation depths above the un-
masked AM detection threshold. For these reasons, very low
and very high modulation rates could not be used in the
experiment.

A. Stimuli and procedure

The detection of a 40-Hz sinusoidal AM (Syy) was
measured using an adaptive three-interval forced-choice
(3IFC) procedure that estimated the 79.4% point on the psy-
chometric function (Levitt, 1971). Feedback indicating the
correct response was provided on each trial. The signal
modulation S,y was presented alone in one condition, and
after a 40-Hz M ,y; in another condition. In the signal inter-
val, the modulations were imposed sequentially on an unin-
terrupted noise carrier whose bandwidth extended from
0.1 to 10 kHz. The noise carrier had a spectrum level of
25 dB SPL measured at 1 kHz. For delays between S,y and
M oy up to 210 ms, a carrier duration of 500-ms was used. A
longer duration of the carrier (750 ms) had to be used when
it was observed that the AM masked threshold was still el-
evated when S,y was separated from M,y by the longest
delay permissible with the 500-ms carrier duration. The
stimulus envelope shown in Fig. 1 was described by
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FIG. 2. AM forward masking (symbols) measured as a
function of the delay between the offset of M ,y; and the

onset of Sy Gray lines represent the best fitting func-
tion described by Eq. (2). The amount of masking

above the residual at the delay of 0 ms, the residual
amount of masking, and the time constant describing
recovery are provided in each panel. Also, the threshold
for detecting unmasked S,y is shown for each subject.
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e(t) =1+ m sin(27f,t + ®) during the modulated

portions of the carrier, and

e(t) = 1 during the unmodulated portions, (1)
where m, f,,, and ® are the modulation depth, modulation
rate, and the modulation starting phase, respectively. My
occupied the initial 150 ms of the carrier and its modulation
depth was 1 (20 log m=0 dB). S,y had a duration of 50 ms
and its modulation depth was varied adaptively to find the
threshold. Both My, and S,y started at phase ®=0 rad.
Thresholds were measured for delays between the offset of
M A\ and the onset of Sy, ranging from 0 to 510 ms. When
M A\ was not present, the unmasked detection of S,y was
measured with S,y starting 150 ms after the carrier onset.
The adaptive tracking procedure used a 2-dB step (20 log m)
until the first four reversals were obtained. The step size was
reduced to 1 dB afterward. A total of 12 reversals were ob-
tained and the threshold estimate was computed as the mean
of the last eight reversals. Six to nine threshold estimates
were averaged to compute the final threshold for each
masker-signal delay. The run was aborted when the adaptive
procedure called for a modulation depth greater than 0 dB, to
avoid overmodulation. For delays at which more than three
runs were aborted, thresholds were deemed immeasurable.
When three or fewer runs were aborted, the threshold was
computed as the mean of the remaining three to six runs.
Those thresholds are distinguished by using gray symbols.
For delays up to 210 ms, the forward-masking functions
were also measured with two types of a cue that was used to
help perceptually segregate S,y from M 5. This was done to
evaluate a potential role of temporal confusion that has been
shown to affect the amount of forward masking in the audio-
frequency domain (Moore and Glasberg, 1982; Neff, 1985,
1986). In one case a 4-kHz tone was presented ipsilaterally
at 75 dB SPL and gated (with 5-ms ramps) for the duration
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of M - In another case, an independent sample of the noise
carrier modulated by M ,y; was presented to the contralateral
ear in each observation interval.

The stimuli were generated digitally on a PC using a
24-bit soundcard (Echo-Gina 24/96) and a sampling rate of
44.1 kHz. The noise carrier was generated in the frequency
domain, with the components outside the passband set to
zero. The amplitude and phase of the components inside the
passband were randomly selected from the Rayleigh and
rectangular distributions, respectively. The real part of the
inverse FFT was then multiplied by the modulating wave-
forms. A different sample of noise was presented in each
observation interval. The stimuli were presented monaurally
to the left ear via Sony MDR-V6 earphones, except the con-
dition where the noise carrier modulated by M,y was pre-
sented to the opposite ear to eliminate possible temporal con-
fusion.

B. Subjects

Six listeners with normal hearing participated in experi-
ment 1. Four listeners were used to measure the recovery
functions and two additional listeners were used to compare
recovery for delays up to 210 ms with versus without a cuing
stimulus. The listeners had audiometric thresholds to within
10 dB of laboratory norms at octave frequencies between
250 and 8000 Hz (thresholds better than 15 dB HL). Subject
S3 (the first author) was highly trained in psychoacoustic
tasks. The other subjects were naive and were given at least
10 h training on selected conditions before data collection
commenced.

C. Results

Modulation thresholds for detecting the unmasked
40-Hz S,y were subtracted from thresholds measured for
Sam presented after M,y to compute the amount of AM
forward masking. Figure 2 shows the amount of AM forward
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T FIG. 3. Thresholds for the detection of S,y plotted as a
function of the delay between the offset of M ), and the
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My (open circles), and with a contralateral noise
modulated by M,y (open squares). The error bars in
g this and all subsequent figures indicate one standard
deviation. Data from two subjects.
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masking (symbols) as a function of the delay between the
offset of M,y and the onset of S,y Standard deviations for
the masked thresholds (not shown) estimated from six to
nine runs were less than 1 dB in 94% of all cases (all delays
and subjects). The maximum standard deviation did not ex-
ceed 1.2 dB. The unmasked thresholds are shown in the in-
sert of each panel (S y thr). The mean unmasked threshold
of —12.7 dB obtained by averaging thresholds from the four
listeners is about 2 dB higher than the mean threshold for
two listeners measured by Sheft and Yost (1990) using two
cycles of 40-Hz AM imposed on a noise carrier. The differ-
ence could reflect the effect of a longer fringe (500 ms ver-
sus 150 ms used in this study) or slightly worse average
sensitivity of our listeners.

For the 0-ms delay, a valid estimate of the masked
threshold could not be obtained from any of the subjects.
Subject S1 was the only one who successfully completed
three out of six runs, but three other runs were aborted due to
the adaptive procedure calling for a modulation depth greater
than O dB. Since the duration of S,y was 50 ms, this result
indicates that over a period of 50 ms listeners could not re-
liably detect a 40-Hz AM when it followed AM of the same
rate. Similarly, some runs were aborted at other short delays
for subjects S2 (for a 10, 15, and 20-ms delay), and S3, S4
(for a 10-ms delay), indicated by gray symbols. Generally,
the masking effect decays rapidly within the first
100-150 ms (offset to onset) and then gradually asymptotes.
Subjects S1 and S2 exhibited a small residual amount of
masking at the longest delay (510 ms).

To determine the time constant characterizing recovery
from AM forward masking, the data in Fig. 2 were fitted with
an exponential function given by the following equation:

M(d)=My- e+ M, (2)

where M(d) is the amount of masking in dB at a delay d,
M., is the residual masking, M, is the amount of masking
at a 0-ms delay relative to the residual masking, and 7 is
the time constant describing the rate of recovery. The pa-
rameters yielding the best fit are given in the insert of
each panel. The proportion of variance accounted for by
the exponential fit (%) was 0.98 for S1, 0.96 for S2, 0.95
for S3, and 0.97 for S4.

Since the rates of M,y and S,y were identical, the
masked thresholds measured at the shortest delays might
have been artificially raised by the listeners’ inability to de-
termine when the masker ended and the signal began.
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Thresholds affected by temporal confusion are expected to
decrease when a stimulus cuing the temporal end of the
masker is used (Moore and Glasberg, 1982). Figure 3 shows
recovery functions measured in two subjects with two types
of cuing stimuli added to investigate a potential role of tem-
poral confusion. Neither subject could detect the signal with-
out a cuing stimulus for the 0-ms delay and both showed
improvement in this condition when the 4-kHz cue was pre-
sented during the masker modulation. Subject S6, however,
still required a modulation depth greater than 0 dB in two
out of six runs. S5 also showed a slight (less than 2 dB)
decrease in threshold for a 15-ms delay, and S6 showed a
less than 1-dB improvement for 10- and 15-ms delays when
the cuing tone was present. The cuing tone led to an im-
provement in performance in no other condition. The con-
tralateral noise (open squares) did not reduce the threshold at
any delay. For shorter delays, it may have provided distrac-
tion, causing a slight increase in forward masking compared
with that observed without the noise. Overall, the data sug-
gest that the observed AM forward masking is not affected
by temporal confusion, at least for delays greater than 15 ms.
It is possible, however, that the cues were not effective
enough in eliminating temporal confusion (this issue is ad-
dressed in Sec. IV).

After data collection was completed, at least 30 addi-
tional blocks were run in selected conditions to make sure
that the amount of masking could not be eliminated or sub-
stantially reduced by training. The data showed that the train-
ing given prior to data collection was sufficient and the
amounts of masking presented in Fig. 2 likely reflect the
asymptotic performance.

lll. EXPERIMENT 2: RATE SELECTIVITY IN AM
FORWARD MASKING

Masking patterns obtained for the simultaneously pre-
sented masker and signal AM show a clear peak for signal
modulation rates that are similar to the masker modulation
rates (Bacon and Grantham, 1989; Houtgast, 1989; Taka-
hashi and Bacon, 1992; Dau et al., 1997a, b; Ewert and Dau,
2000; Ewert et al., 2002). This tuning of masking may reflect
the processing of AM by rate-selective neural channels.
However, some aspects of modulation masking cannot be
explained by spectral models of masking. For example, when
the rate of the masker AM is low and the rate of the signal
AM is much higher, the presence of the masker facilitates
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signal detection and thus leads to thresholds that are lower
than the unmasked thresholds. The “negative masking,” seen
in the data of Bacon and Grantham (1989) and Strickland
and Viemeister (1996), was explained in terms of detecting
“local temporal features.” This strategy for detecting the sig-
nal would require that listeners are able to evaluate their
decision variable over short temporal intervals (“looks™) and
improve their performance by detecting the signal in the
troughs of the masker modulation, where the effective modu-
lation depth of the signal is the greatest. The same explana-
tion could account for the fact that for a masker rate much
lower than the signal rate, detection improves as the modu-
lation depth of the masker increases, which is also seen in the
two studies. Another aspect of AM masking that cannot be
explained in terms of spectral models is that simultaneous
AM masking depends strongly on the relative starting phases
of the signal AM and the masker AM when the signal and
masker rates differ by a factor of 2 (Strickland and Viemeis-
ter, 1996). Moreover, in simultaneous AM masking, listeners
can improve their performance by detecting beats between
the masker and signal AM component (Strickland and Vi-
emeister, 1996; Ewert et al., 2002). The beat rate, although
not represented in the modulation spectrum, can be intro-
duced in the internal representation of the envelope as a re-
sult of compressive nonlinearity and possibly other nonlin-
earities in the auditory system (Shofner et al., 1996; Moore
et al., 1999; Fiillgrabe er al., 2005).

Using a forward-masking paradigm to measure tuning
prevents listeners from detecting the signal AM in local dips
of the masker AM and from using any other local temporal
cues, because the two modulations do not overlap in time. In
addition, modulation distortion products are unavailable as
cues when the masker and signal AM are temporally sepa-
rated. Thus, forward masking may potentially provide a valid
assessment of tuning in AM processing, if it is assumed that
the mechanism underlying the forward masking does not de-
pend on the modulation rate of the masker (an assumption
that has not been verified for AM).

In this experiment, the detection of S,y was measured
as a function of the modulation rate of M,y for a short
(fixed) temporal delay between Sy and M gy

A. Stimuli and procedure

Masked-threshold patterns (with the signal rate fixed and
the masker rate varied) were measured for S,y rates of 20,
40, and 80 Hz. In all cases, Spy had a duration of 50 ms so
the number of cycles in the signal increased from 1 to 4 as
the modulation rate increased. The noise carrier had the same
bandwidth as that used in experiment 1, and was gated for
600 ms. The masker AM had a duration of 500 ms and a
modulation depth of 0 dB (100% modulation). A masker du-
ration of 500 ms was necessary so that at least one cycle of
M p\ could be presented for each masker modulation rate.
The detection of S,y was measured for modulation rates of
M p\ selected from the range between 2 and 256 Hz in one-
octave steps. The delay between the offset of M,y and the
onset of S,y was fixed for a given S,y rate but was not
always the same across subjects or Sy rates. In each case,

3202 J. Acoust. Soc. Am., Vol. 118, No. 5, November 2005

20 log m

20 log m

2 4 8

16 32 64 128 256 2 4 8 16 32 B4 128 256
MASKER MODULATION RATE [HZz]

FIG. 4. Thresholds for the detection of S,y plotted as a function of the rate
of My, for Sy rates of 20-Hz (circles), 40 Hz (triangles), and 80 Hz
(squares). Also shown are unmasked thresholds for the Sy, of 20 Hz (solid
line), 40 Hz (dashed line), and 80 Hz (dotted-dashed line). In most cases the
delay between M,y and S,y was fixed at 20 ms, except the 20-Hz data
were collected at a 30-ms delay for S2 and S4, and the 80-Hz data were
collected at a 40-ms delay for S2, and a 30-ms delay for S4.

the shortest delay was used for which a subject was able to
perform the task for the M 5 rate that produced most mask-
ing (which happened sometimes for unequal rates of M 4y
and Suyp). All delays were in the range between 20 and
40 ms.

The experimental procedure, generation, and presenta-
tion of the stimuli were the same as in experiment 1.

B. Subjects

The four subjects for whom recovery functions were
measured in experiment 1 participated in this experiment.

C. Results

Figure 4 shows forward-masked AM thresholds, for all
three modulation rates of S,y plotted as a function of the
modulation rate of M. The horizontal lines indicate the
unmasked thresholds. The data reveal tuning of the forward-
masking effect. The masker-signal delays at which the
masked-threshold patterns were measured are given in the
caption of Fig. 4. In some cases, the peak of the masking
function is shifted toward lower rates relative to the rate of
Sam (S1 for the 20- and 80-Hz Sy, and S2 and S3 for the
80-Hz S\)- The peaks of the masking patterns are generally
similar across the three modulation rates of Sy, with the
exception of S2 and S3, who showed a slightly lower peak
threshold for the 80-Hz rate. There is a slight trend for the
amount of masking, computed as a difference between the
masked and unmasked threshold, to decrease with the in-
creasing modulation rate of Sy,

Not surprisingly, negative masking is not observed when
the masker rate is much lower than the signal rate. Since the
masker and the signal were not presented simultaneously,

M. Wojtczak and N. F. Viemeister: Forward masking of amplitude modulation
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FIG. 5. Attenuation functions derived from data in Fig. 4. Functions for the
20-and 80-Hz S,y are shifted to have their peak correspond to 40 Hz for
the purpose of comparison.

listeners could not take advantage of the larger local effective
modulation depth of Sy in the troughs of M ,y. No other
local temporal features could be used to improve perfor-
mance for M,y differing in rate from S,y relative to the
performance observed for equal rates. Thus, the tuning of the
forward-masking effect suggests that envelope processing is
performed by rate-selective channels.

Figure 5 shows attenuation functions derived from the
masked-threshold patterns. The functions were derived as-
suming that a masked threshold is obtained when the ratio of
the S,y amplitude to the M 5y amplitude at the output of the
channel processing the signal reaches a constant criterion
value. It was also assumed that the masker that produces the
most masking is not attenuated by the channel processing the
signal (0-dB attenuation). As mentioned above, the maxi-
mally effective masker was not always the on-frequency
masker. Under these assumptions, the attenuation functions
approximate the shape of hypothetical modulation filters, for
the three modulation rates used in this study. To facilitate a
comparison of the sharpness of tuning at the three modula-
tion rates, the attenuation functions shown in Fig. 5, for the
20- and 80-Hz rates, are shifted upward and downward, re-
spectively, to have their peak at the 40-Hz rate. The three
functions would overlap if the filters had a constant Q value.
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FIG. 6. Attenuation functions averaged across listeners for S,y rates of 20,
40, and 80 Hz. The gray lines show the shapes of second-order bandpass
filters fit to the data.

Since the tails of the functions are limited by the unmasked
threshold, the sharpness of tuning should be compared only
around the peak, i.e., for the adjusted masker rates between 8
and 128 Hz. The data in Fig. 5 indicate that there is no sys-
tematic dependence of the relative bandwidth of a hypotheti-
cal modulation filter on the center frequency of the filter,
over the range of the rates tested.

To quantify tuning, a second-order bandpass Butter-
worth filter, symmetric on the log frequency scale, was fitted
to the adjusted attenuation functions in the range between 8
and 128 Hz. MATLAB’s fininbnd function was used to find a
ratio of the filters’ cutoff frequencies that produced the small-
est rms error between the data and the fitted filter. The Q
values of the filters fitted to the individual data and the rms
errors of the fits are given in Table L.

Figure 6 shows attenuation functions obtained by aver-
aging the amounts of attenuation across the four listeners
separately for each of the three signal modulation rates. The
gray lines show the attenuation characteristics of the second-
order Butterworth filters fitted to the averaged data. The fit-
ted filters are clearly too broad near the peak, which results
from fixing the order of the fitted filters at 2. This was done
in order to compare the Q values of the fitted filters with
those used to fit AM masking data in studies that measured
simultaneous masking (Ewert and Dau, 2000). A higher or-
der of the filter would produce a better fit to the data. As in
studies of AM simultaneous masking, the filters were as-

TABLE I. Q values of second-order bandpass filters and the rms errors of the fits to the individual and mean

data for S,y rates of 20, 40, and 80 Hz.

20 Hz 40 Hz 80 Hz
(0] rms_err rms_err 0] rms_err
S1 0.35 1.45 0.36 1.40 0.41 1.12
S2 0.62 1.30 0.71 2.12 0.50 0.71
S3 0.47 1.31 0.55 1.28 0.41 0.76
S4 0.35 2.10 0.42 2.02 0.53 2.06
Mean 0.36 1.21 0.44 1.56 0.41 1.06
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TABLE II. Thresholds and standard deviations for detecting Sy, for differ-
ent starting phases.

—/2 0 /2 T
N -6.6 (0.8) —-6.1 (0.8) -6.2 (0.4) -6.0 (0.4)
S2 -2.5(0.7) -22(1.3) -2.3(0.9) -2.1(1.2)
S3 -6.6 (0.9) -5.9 (0.6) -6.2 (1.0) -6.0 (0.5)

sumed to be symmetrical in log frequency. This assumption
also contributed to the fitting error, since the measured at-
tenuation functions for the 40- and 80-Hz S,y appear to
have a slightly steeper slope on the high-frequency side than
on the low-frequency side, when plotted against log fre-
quency. The Q values and the rms errors for the filters fitted
to the averaged functions are shown in the bottom row of
Table 1. The Q values indicate very broad tuning. Data from
tasks measuring simultaneous masking of AM suggest Q val-
ues between 1 and 2 (Dau et al., 1997a; Ewert et al., 2002).
The much sharper tuning in simultaneous masking may re-
sult from listeners’ ability to use local temporal features or
distortion modulation components to enhance their perfor-
mance in cases where M sy, and S,y have different rates.
Caution is necessary in speculating about the mechanism
underlying forward masking of AM, since the exact mecha-
nism involved in coding AM in the auditory system has not
been yet elucidated. One possibility is that it reflects ringing
of the channels processing AM. Although broad tuning ob-
served in modulation masking implies very short ringing
times, a control condition was run to evaluate a potential
effect of the modulation starting phase on the detection of
Sam (Sek and Moore 2002). Thresholds were measured at a
fixed delay between My, and Sap of 30 ms, with the Spy
starting phase set to —m/2, 0, /2, and 7 rad. The 0-rad
condition (the data point for the 30-ms delay in experiment
1) was rerun to assess a potential training effect. Data from
three listeners (S4 was unavailable for testing) are shown in
Table II. Although thresholds appear consistently lower for
—m/2 and /2 than for the 0 and 7 phases, a one-way
ANOVA showed that the effect of the starting phase was not
significant (F=0.08,p=0.97). This result suggests that the

forward-masking effect does not result from a simultaneous
interaction between the masker and signal AM due to ring-
ing, in which information about the modulation phase is pre-
served.

IV. EXPERIMENT 3: MASKING BY COMBINED AM
FORWARD MASKERS

This experiment compares the amount of masking pro-
duced by an on-frequency masker (40-Hz M ,,;) with the
amount of masking produced by that same masker paired
with a masker having a different modulation rate. The aims
of this experiment are (1) to test the hypothesis that the size
of the forward-masking effect is determined by the total
power of the modulation masker at the output of the channel
tuned to the signal modulation rate; (2) to further test to what
extent the perceptual similarity between M,y and Say af-
fects tuning observed in AM forward masking.

Regarding the first aim, results from previous experi-
ments suggest that modulations with different rates are pro-
cessed in modulation-rate selective channels. In this experi-
ment, additivity of forward masking is tested by comparing
the amounts of masking produced by simultaneously present
similarly effective maskers with the amount of masking pro-
duced by either masker presented separately. If the size of
forward masking is determined by the total power of the
modulation masker at the output of the channel tuned to the
signal modulation rate, then combining two maskers that
separately produce similar amounts of masking should result
in an increased masked threshold compared with that pro-
duced by either masker alone.

Regarding the second aim, combining a 40-Hz AM with
a distinctly different rate may facilitate the perceptual segre-
gation between the masker and signal AM. In the second part
of experiment 1, a 4-kHz tone was presented during M,y to
mark the temporal end of the masker. Such a cue was ex-
pected to reduce a potential effect of temporal confusion be-
tween My and Sy, When the two modulations are similar
perceptually. It is possible that the tonal cue was not suffi-
cient to help listeners distinguish between the masker and the
signal. In that case, tuning of the masking effect could reflect
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a decreasing perceptual similarity between My and Sy as
the difference between their rates increases. Adding a modu-
lation that has a different modulation rate from S\, (one that
does not produce any forward masking of S,y on its own) to
an on-frequency M,y (with the same rate as that of S,y
may provide a more efficient cue for perceptual segregation
between My and Sy If that were the case, and if forward
masking reflected perceptual confusion, then the threshold
would be expected to decrease in the presence of the modu-
lation added to the on-frequency masker. Thus, measuring
masking by two combined maskers could provide an insight
into the nature of the forward-masking effect.

A. Stimuli and procedure

The experimental procedure, the carrier, and the dura-
tions of the masker and signal modulations were the same as
in experiment 2. The masker modulation was either sinu-
soidal AM or a combination of two sinusoidal AMs. The
combined masker AM consisted of a 40-Hz sinusoid paired
with one of the following modulation rates: 4, 16, 32, 64,
128, and 256 Hz. In all conditions, each sinusoidal AM had a
modulation depth of —6 dB (20 log m). All signal and masker

modulations started with a phase of O rad. Thresholds for
detecting S,y were measured for four delays between the
masker and signal, 0, 10, 20, and 30 ms. The method for the
generation and presentation of the stimuli was the same as in
the previous experiments.

B. Subjects

Three listeners completed the task. All of them partici-
pated in the first two experiments. Subject S2 was not avail-
able for testing at the time of the experiment.

C. Results

Data from the three listeners are shown in Figs. 7-9.
Open symbols show data for individual maskers presented
alone and filled symbols show thresholds obtained for two
maskers combined. For the 40-Hz masker, the amount of
masking is less than that measured in experiment 1. This is
not surprising because the modulation depth of M 4y, used
here was 6 dB lower than that used in the previous experi-
ments. Since the 32-Hz AM produced an amount of masking
most similar to that observed for the 40-Hz masker, the ad-
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ditivity of masking would be expected to be revealed when
these two masker rates are combined. A two-way ANOVA
was performed separately on each listener’s data with the
masker modulation rate and the masker-signal delay as the
main factors. For the 32- versus 40-Hz masker presented
separately, the ANOVA revealed no significant effect of the
masker rate for S1 (F=0,p=0.96) and S3 (F=0.02,p
=0.90), but listener S4 showed significantly more masking
produced by the 40-Hz rate (F=17,p=0.001). For equally
effective maskers, a simple additivity of envelope power
would predict a 3 dB increase in the masked threshold. The
data do not show an increase of forward masking when the
32- and 40-Hz maskers were presented together, in compari-
son with the forward masking produced by the 40-Hz
masker alone. A two-way ANOVA with the type of masker (
40 Hz alone versus 32+40 Hz), and the delay as the main
factors revealed no significant effect of the masker type for
listener S1 (F=0.47, p=0.50) and S3 (F=2.5, p=0.13) and
only a marginally significant increase in forward masking for
S4

(F=10.11, p=0.006). There was no significant interaction
between the delay and the masker type for any of the three
listeners. The lack of a significant increase in masking pro-
duced by two equally effective maskers compared with either
masker alone argues against the possibility that forward
masking depends on the total power of the forward masker at
the output of the modulation channel processing the signal
rate.

For My other than 32 and 40 Hz presented alone,
masked thresholds were substantially lower than the thresh-
olds for the 40-Hz masker presented alone, reflecting tuning
in AM forward masking. Thus, pairing an off-frequency
masker with the 40-Hz masker should result in masked
thresholds that are similar to those produced by the more
effective masker. This was generally the case, except for
some conditions where combining the 40-Hz masker with
maskers of higher rates (128 and 256 Hz) led to some im-
provement in performance relative to that for the 40-Hz
masker alone. This effect was the strongest for listener S1
(Fig. 7) at the three shortest delays, 0, 10, and 20 ms, but S4
(Fig. 9) also showed a slight decrease in threshold for the
same delays when the off-frequency rate was 256 Hz, and
for the 10- and 20-ms delays when the off-frequency rate
was 128 Hz. The possible reasons for this improvement in
signal detection will be discussed in the following section. In
contrast, S3 (Fig. 8) showed a slight elevation in threshold
when the off-frequency masker was added, but the change in
threshold was only marginally significant (F=12.5, p
=0.003).

V. DISCUSSION

There is ample evidence demonstrating masking be-
tween concurrent sinusoidal modulations of similar rates
(Houtgast, 1989; Bacon and Grantham, 1989; Dau et al,
1997a, b; Ewert and Dau, 2000; Ewert et al., 2002). This
interference between spectral components within a temporal
envelope determines the amount of temporal information that
is available to the listener. In a dynamically changing enve-
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lope, that information might be further limited by interfer-
ence between modulations that occur nonsimultaneously.
Data presented in this study convincingly demonstrate an
effect that is analogous to forward masking of audio frequen-
cies. A highly detectable modulation raises the threshold for
detection of 50-ms modulation with the same or a similar
rate when the latter follows it immediately after delays less
than about 150 ms. The effect is referred to here as AM
forward masking because of the apparent analogy and be-
cause the exact mechanism underlying the effect is presently
unknown (thus, the term ‘“adaptation” has been avoided
here).

A. The temporal extent of AM forward masking

Data from the first experiment show that listeners could
not consistently detect a 50-ms 100% modulation that im-
mediately followed a 150-ms modulation of the same rate.
Thresholds decreased with an increasing delay between M sy
and S,y but in all listeners, thresholds remained elevated by
more than 2 dB over at least a 150-ms interval. It is unclear
to what extent this forward-masking effect plays a role in the
processing of real-world auditory stimuli. The function rep-
resenting recovery from AM forward masking was measured
for a modulation rate of 40 Hz and the tuning of the effect
was measured for rates between 20 and 80 Hz. Although
such high rates are not the most prevalent in speech, they
have been shown to contribute to speech recognition, espe-
cially when all spectral cues are removed and listeners have
to rely on information contained in the temporal envelope
(van Tasell ef al., 1987). Durations of the masker and signal
AM used in this study fall within the range of durations for
speech tokens (e.g., vowels). For modulation rates that are
dominant in speech (below 16 Hz), one cycle of modulation
approaches the time interval over which the auditory system
recovers from forward masking, and thus the AM forward
masking may not appreciably affect their perception.

The recovery times estimated from an exponential fit to
the data in experiment 1 were remarkably consistent across
three listeners (111 ms). One subject showed a faster recov-
ery (56 ms). The time constants characterizing recovery
from AM forward masking in all four listeners are very simi-
lar to those describing recovery from forward masking of
audiofrequencies for listeners with sensorineural hearing
losses (Nelson and Freyman, 1987) and recovery from for-
ward masking in electrical stimulation for cochlear-implant
users (Nelson and Donaldson, 2002). Since the two groups of
listeners have reduced or nonexistent peripheral compres-
sion, the time constants reported in those studies are not
affected by the effect of peripheral compression on the slope
of the forward-masking curve measured behaviorally (Plack
and Oxenham, 1998). Thus, those time constants may accu-
rately describe the recovery of the mechanism underlying
forward masking. Under this assumption, it is tempting to
speculate that the similarity between the time constants de-
scribing recovery from AM forward masking and those char-
acterizing forward masking of audio frequencies in the audi-
tory system without peripheral compression may suggest that
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the two effects have the same type of underlying mechanism,
e.g., they both may be mediated by neural adaptation.

The relatively fast recovery from the forward-masking
effect explains why Tansley and Suffield (1983) did not see a
substantial change in threshold after a few minutes of unin-
terrupted exposure to AM, since they used a 7 s test AM.
When the signal is substantially longer than the time that the
system needs to recover from forward masking, no threshold
elevation is observed because a large portion of the signal is
unaffected by the masker. Thus, even if the amount of mask-
ing depends on masker duration, the signal was likely long
enough to be detected at its unmasked threshold level.

B. Tuning of AM forward masking

When sinusoidal modulations with different rates are si-
multaneously present in an envelope, listeners apparently can
use local temporal features to detect the signal modulation in
the presence of a masker. There is evidence that listeners can
take advantage of troughs in the masker modulation to detect
higher-rate modulations that are effectively magnified during
low-level portions of a fluctuating stimulus envelope (Strick-
land and Viemeister, 1996). The availability of such local
temporal cues affects the shape of masked-threshold patterns,
and thus the bandwidth of a modulation filter derived from
the masking data. One might argue that a more accurate es-
timate of the filter shape and bandwidth could be obtained
from forward-masking data. This would require an assump-
tion that the rate of recovery does not depend on the fre-
quency of the masker modulation. While this assumption has
not been specifically tested, our limited data at masker-signal
delays shorter than those used in experiment 2 suggest that it
might be justiﬁed.1 Functions relating the masked threshold
to the modulation rate of the masker AM have a distinct peak
around the rate of the signal AM. The second-order Butter-
worth filters fitted to the data in Fig. 6 reveal very broad
tuning. The Q values of the filters fitted to the attenuation
functions averaged across listeners were less than 0.5 at all
three signal modulation rates. Although such low Q values
have been reported in some studies that used noise carriers
(Ewert and Dau, 2000), most data from simultaneous
modulation-masking experiments imply sharper tuning of
AM, described by Q values between 1 and 2 (Dau et al.,
1997a, b; Ewert et al., 2002). The sharper tuning in simulta-
neous masking may reflect the availability of local temporal
cues that may lead to an improvement in performance as the
signal and masker rates become more dissimilar and avail-
ability of modulation distortion components that could lead
to a sharper peak of the measured filter.

As shown in Fig. 6, the data that presumably approxi-
mate the modulation-filter shapes are slightly asymmetric on
a log frequency scale, with a steeper high-frequency side.
Such asymmetry was also revealed in the data of Ewert and
Dau (2000). To model the asymmetry of attenuation func-
tions obtained from their simultaneous-masking data, Ewert
and Dau applied a low-pass filter with a cutoff frequency of
150 Hz to the output of a bandpass modulation filter that was
symmetric on a log-frequency scale. The choice of the cutoff
frequency was dictated by modulation-detection data ob-
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tained for high-frequency tonal carriers that suggest “slug-
gishness” in envelope processing for modulation rates above
150 Hz (Kohlrausch et al., 2000). The attenuation functions
measured in experiment 2 may reflect the combined symmet-
ric bandpass processing of modulation rates and lowpass fil-
tering due to the sluggishness of temporal processing, but to
predict the asymmetry at the 40-Hz rate seen in Fig. 6, a
cutoff frequency lower than 150 Hz would have to be used.

C. Ringing in modulation channels

An implication of processing AM by modulation-rate
selective channels is that those channels have a finite impulse
response (ringing) of the modulation channels. One reason
for forward masking could be an overlap of My and Sy
due to ringing in the filter processing both modulations. If
the modulation phase was preserved in ringing and if ringing
mediated the forward-masking effect, then the detection of
S am Would be expected to depend on its starting phase. Data
shown in Table II demonstrate that was not the case; at a
30-ms delay, at which substantial forward masking was ob-
served, threshold was independent of the S,y starting phase.
The interpretation of this result is not straightforward given
that the mechanism for coding AM is still unknown. Physi-
ological data suggest that the coding mechanism changes as
the stimulus moves from peripheral processing stages to
more central sites. At the auditory periphery, responses to
AM exhibit a high degree of synchronization to the phase of
the stimulating AM (Cooper et al., 1993; Wang and Sachs,
1993), but at the level of the Inferior Colliculus (IC) that
code becomes partially converted to one based on the aver-
age firing rate (Langner and Schreiner, 1988; Krishna and
Semple, 2000). Subsequently, the rate-based code becomes
dominant at the level of the Primary Auditory Cortex (e.g.,
Liang et al., 2002). Although the synchrony-to-rate conver-
sion in AM coding may not occur in some species [e.g.,
guinea pig, Middlebrooks (2005)], it is possible that such
conversion occurs in the human auditory system. The tuning
of rate-based responses may imply a more complicated form
of ringing that would be insensitive to the phase of modula-
tion. Thus, the lack of phase effects in forward masking does
not allow for unequivocal rejection of a role of persistence of
the response to M,y beyond the physical offset of that
modulation.

D. “Additivity” of AM forward masking

It is sometimes useful to use a simple model of channel
processing such as the envelope power spectrum model
(EPSM) proposed by Ewert and Dau (2000). When applied
to simultaneous-masking data, the model does not produce
accurate predictions when temporal cues (such as beats be-
tween modulation components or enhanced local modulation
depth in the troughs of the masker AM) can be used to im-
prove detection. Those temporal cues are not available in
forward masking, and thus one might expect that a spectral
model of AM processing could be more successful in ac-
counting for forward-masking data.

The envelope power spectrum model assumes that the
detection of a certain signal AM rate is determined by the
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total power of envelope components that are processed by
the modulation filter tuned to the signal rate. Comparing the
amount of forward masking produced by the 100% (0-dB)
40-Hz AM in experiment 1 with that produced by the 50%
(=6 dB) AM of the same rate in experiment 3 suggests a
decrease in the amount of forward masking with decreasing
power of the masker. The EPSM would predict such a de-
crease. If the system were linear, then combining two equally
effective maskers should produce a 3-dB increase in the
masked threshold. This was not observed in experiment 3,
where thresholds for the 32- and 40-Hz masker presented
separately did not differ significantly, and, yet, combining
the two maskers did not lead to an increase in the masked
threshold. Thus, a model assuming the integration of enve-
lope power within a modulation filter cannot predict the data
from experiment 3.

Two listeners showed a decrease in the amount of for-
ward masking when an off-frequency modulation producing
very little or no masking on its own was added to the
40-Hz masker modulation. One explanation for this effect is
in terms of temporal confusion. As mentioned in the intro-
duction to experiment 1, forward masking at short delays
may be elevated due to the listener’s inability to temporally
separate the masker from the signal. A pure tone presented
during the masker modulation in experiment 1 produced only
a slight improvement (1-2 dB) in performance at the short-
est delays. It is likely that in the case of two modulation
maskers combined, the high-frequency modulation also pro-
vides a cue by changing the percept of the masker AM and
making it less similar to the signal AM. One might argue that
modulations with very low rates should provide a similar cue
that would lead to an improvement in signal detection, but
this is not seen in the data in Figs. 7-9. In that case, however,
listeners reported being able to hear the low-frequency
modulation and the 40-Hz modulation as separate. This may
result from the fact that the two modulations produce per-
cepts that fall into separate categories, temporal following
for the low rate, and roughness for the higher rate (Wright
and Dai, 1998). Consequently, the low-frequency AM does
not change the percept of the 40-Hz AM enough to eliminate
confusion between the masker and the signal. In contrast,
high off-frequency rates produce a percept that falls into the
same category as that produced by the 40-Hz rate. Listeners
reported that when the 128 or 256 Hz are combined with the
40-Hz AM, the 40-Hz modulation component could not be
heard out separately, and thus the combined masker led to a
percept that was dissimilar from the signal AM. The expla-
nation based on a reduction of temporal confusion is sup-
ported by the fact that listener S3, whose performance for the
40-Hz masker alone was the best, did not show an improve-
ment when a modulation that could help distinguish between
the signal and masker AM was presented with the 40-Hz
AM. For the other two listeners, no improvement was ob-
served when the masker-signal delay was increased to 30 ms.

Another explanation is in terms of inhibition of the re-
sponse to the 40-Hz AM by a higher-rate AM. Physiological
measurements show that neurons at more central processing
sites can respond strongly to a relatively narrow range of
modulation rates, but the response of the same neurons
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shows strong inhibition when they are stimulated by other
rates (Krishna and Semple, 2000). Although Krishna and
Semple did not stimulate their neurons by two modulation
rates simultaneously, it is plausible that in the case of simul-
taneous stimulation by a rate that produces a strong response
and by an inhibitory rate, the resulting response would be
reduced. Since the decrease in threshold for S1 and S2 de-
pended on the masker-signal delay, the explanation based on
inhibition is less likely.

E. Final remarks

The mechanisms underlying AM forward masking are
uncertain, especially since the mechanisms involved in AM
coding have not been determined. One possible explanation
could be in terms of the adaptation of neurons responding to
AM. A recent physiological study by Bartlett and Wang
(2005) found an effect of prior exposure to AM on subse-
quently presented AM of the same and different rates in cor-
tical responses of marmoset monkeys. Although AM dura-
tions they used were longer than those in the experiments
conducted within this study (from 500 to 2500 ms), the data
are consistent with the adaptation as a mechanism underlying
forward masking in modulation processing. Bartlett and
Wang found that for equal masker and signal rates, cortical
responses to the ensuing AM were strongly suppressed, with
the strength of that suppression decreasing as the temporal
separation between the two modulations increased. They also
observed the tuning of that effect. The apparent similarity
between their and our data has to be treated with caution
since the parameters of the stimuli were very different, and
in their study the carrier was gated with each modulation,
which was not the case in our experiments. No other physi-
ological studies that would allow more elaborate specula-
tions are available at present.

VIi. SUMMARY
The observed results can be summarized as follows.

(1) Data from our experiments demonstrate an effect analo-
gous to forward masking observed for auditory frequen-
cies. The sensitivity to AM is substantially decreased
following even a relatively brief exposure to AM of the
same (or similar) rate.

(2) The function fitted to the signal modulation depth at
threshold plotted against a linear delay between the
masker and signal AM reveals exponential recovery
from forward masking with the time constants falling in
the range between 56 and 111 ms, for the four subjects
used in the study.

(3) The AM forward masking effect shows tuning. The tun-
ing appears to be broader than that observed in the si-
multaneous masking of AM. The broader tuning might
result from the unavailability of cues based on local tem-
poral features and modulation distortion products that
may facilitate the detection of signal AM in simulta-
neous masking. The tuning does not depend on the signal
modulation rate over a range of rates studied
(20-80 Hz).
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(4) The tuning is consistent with processing AM by rate-
selective modulation channels and with a notion that
neural activity in such channels adapts or persists after
the offset of the AM that has stimulated the channel.

(5) For a single-rate AM, a 50% AM produces less forward
masking of the same rate than a 100% AM, suggesting a
monotonic relationship between the power of the masker
and the amount of masking. Surprisingly, combining two
equally effective masker AMs does not produce an in-
crease in the amount of forward masking relative to that
observed for either of the component maskers alone.
This result is inconsistent with predictions by an enve-
lope power spectrum model.
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'Masked-threshold patterns were first measured at a delay of 20-ms for all
listeners and all rates of Sy When for the same (or similar) rates of Sxy
and M ,y;, the masked threshold could not be measured at the 20-ms delay
due to the listener’s inability to detect the signal at a 0-dB modulation
depth, a delay longer by 10 ms was used. This was done because attenua-
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