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The subjective duration of
ramped and damped sounds
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Two experiments demonstrate that the perceived durations of sounds as long as 1 sec are influenced
by the sounds’ amplitude envelopes, extending Schlauch, Ries, and DiGiovanni’s (2001) observations
on sounds of 200-msec duration. Sounds with a monotonic decay (i.e., damped sounds) are heard
as substantially shorter than both steady sounds and those with a monotonic increase of level (i.e.,
ramped sounds). Neither a reaction time (Experiments 1 and 2) nor a staircase (Experiment 2) proce-
dure supported a sensory explanation for these different subjective durations. The results are compat-
ible with the suggestion of Stecker and Hafter (2000) that listeners exclude part of the tails of damped
sounds in the computation of their subjective durations.

In the present article, we investigate a simple tempo-
ral asymmetry in hearing: the difference between sounds
that increase in level (i.e., ramped sounds) and those that
decrease in level (i.e., damped sounds). Although pairs
of such sounds have identical overall spectral contents,
durations, levels, and absolute changes in level, many per-
ceptual attributes of the sounds are strikingly different.
Ramped and damped sounds differ in timbre (Akeroyd
& Patterson, 1995; Irino & Patterson, 1996; Patterson,
1994a, 1994b), subjective duration (Schlauch, Ries, &
DiGiovanni, 2001), overall loudness (Stecker & Hafter,
2000), and possibly changes in loudness (for durations
shorter than ~2 sec, see Neuhoff, 1998, 2001; Seifritz
et al., 2002; for longer durations, see Canévet, 1986;
Canévet & Scharf, 1990; Canévet, Teghtsoonian, & Teght-
soonian, 2003; Schlauch, 1992; Teghtsoonian, Teghtsoon-
ian, & Canévet, 2000, 2005). The explanation for these
effects is not yet clear, with differences in sensory coding
providing a possible explanation for brief sounds but not
for longer ones. With the experiments reported here, we
investigated differences in perceived duration for ramped
and damped sounds whose durations extend up to 1 sec.

In the first report of asymmetric perception of these
temporally reversed sounds, Patterson and his colleagues
(Akeroyd & Patterson, 1995; Irino & Patterson, 1996; Pat-
terson, 1994a, 1994b) found that the timbre of a concat-
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enated series of brief (=100-msec) ramped sounds was
different from that of the reversed series. The sequence
of ramped sounds was perceived as possessing a rhyth-
mic component together with a continuous component,
whereas the sequence of damped sounds had only the
rhythmic component.

A similar perceptual asymmetry is present for loudness.
Stecker and Hafter (2000) found that a 250-msec ramped
sound was perceived as louder than the corresponding re-
versed sound. With ramped and damped sounds of even
longer duration (1.8 sec), Neuhoff and his colleagues re-
ported that listeners perceived the change in loudness of
ramped sounds to be greater than that for damped sounds
(Neuhoff, 1998, 2001; Seifritz et al., 2002).

Schlauch et al. (2001) discovered that a perceptual
asymmetry also occurs for subjective duration. Using both
a magnitude estimation procedure and a matching pro-
cedure, they measured the subjective durations of single
ramped and damped sounds 10—200 msec in duration. The
two procedures yielded similar results: Ramped sounds
were always perceived as much longer than damped
sounds of the same physical duration.

In summary, across all three perceptual dimensions (i.e.,
subjective duration, loudness, and timbre), the ramped
sounds are perceived as more salient than the damped ones.
In addition, the asymmetry decreases (Akeroyd & Patterson,
1995; Irino & Patterson, 1996; Schlauch et al., 2001) or dis-
appears (Neuhoff, 1998, 2001) when the carrier is a broad-
band noise rather than a tone, and also decreases when the
modulating function is shallow rather than steep (Akeroyd &
Patterson, 1995; Irino & Patterson, 1996; Patterson, 1994a,
1994b; Schlauch et al., 2001; Stecker & Hafter, 2000).

There are currently two approaches to explaining such re-
sults, one of which is broadly sensory and the other broadly
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cognitive. The first approach attributes the asymmetry to pe-
ripheral coding. For example, in the auditory image model
(AIM; Patterson, Allerhand, & Giguére, 1995; Patterson &
Irino, 1998) sounds are first filtered through an auditory fil-
ter bank, which converts the sound wave into a simulation
of basilar membrane motion. In the second stage, a bank of
model hair cells transduces the motion into a simulation of
the auditory nerve activity pattern. Both stages of the model
suppress the amplitude of the input sound across time, with
the suppression progressively weakening as the duration
of the sound increases. Furthermore, the abrupt offset of
ramped sounds causes a ringing in the filtering process,
which extends the duration of their auditory image. In sum-
mary, the auditory images of ramped and damped sounds
are highly asymmetrical (those of ramped sounds being
longer and more powerful than those of damped sounds)!
because of temporally asymmetric onsets and offsets. Al-
though the model can in principle explain the ongoing
timbral differences between repeated ramped and damped
sounds and the durational and loudness differences for brief
sounds, it is unlikely that the AIM could explain durational
or loudness differences for longer sounds.

The second, more cognitive approach attributes the dif-
ferent percepts of ramped and damped sounds to listen-
ers’ ignoring the decaying tail of a damped sound. Stecker
and Hafter (2000) pointed out that natural sounds (e.g.,
impact sounds; see Gaver, 1993; Grassi, 2005) are gener-
ally characterized by a fast attack and a decay that may
be prolonged by environmental reverberation. Listeners
may interpret the tail of a damped sound as being due
to reverberation rather than intrinsic to the sound source
and may therefore exclude it from their computation of
the subjective duration or loudness of the sound source.
The cognitive mechanism proposed by Stecker and Hafter
could enhance asymmetries already present in the sensory
representation, allowing perceptual asymmetries at dura-
tions beyond the range of purely sensory mechanisms.

The main question addressed by the present experi-
ments is whether or not the longer perceived duration
for ramped than for damped sounds holds for sounds
that are longer than the 200-msec sounds considered by
Schlauch et al. (2001). This question is important because
the explanation provided by Stecker & Hafter (2000) can
apply to long-duration sounds much more easily than can
that provided by the AIM. Although Schlauch et al. used
sounds =200 msec in duration, a simple extrapolation of
their results (Figures 2 and 5 of Schlauch et al., 2001) sug-
gests that the subjective shortening of damped sounds that
they found should persist for sounds of longer durations.

EXPERIMENT 1

The first experiment had two main aims: (1) to exam-
ine, using a matching procedure, whether or not there are
differences in perceived duration between long-duration
(>200-msec) ramped and damped sounds; and (2) to es-
timate the contribution that sensory factors make to these
durational asymmetries by measuring listeners’ reaction
times (RT's) to these sounds’ onsets and offsets. Both com-
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plex tones and white noise that had been gated by either
raised cosine? or, as in Schlauch et al. (2001), exponen-
tial functions were used in the experiment. Like Schlauch
et al., we also used a steady sound in order to estimate
whether differences between ramped and damped sounds
are due to overestimation of ramped sounds, underestima-
tion of damped sounds, or both.

Method

Listeners. Ten paid listeners recruited from the population of the
University of Sussex participated in the experiment. None of them
reported a hearing loss or other difficulties with their hearing. All
listeners were naive as to the purposes of the experiment.

Stimuli. Two timbres served as carriers: a complex tone with the
first ten 500-Hz harmonics all at the same amplitude, and a white
noise. From these two carriers, ramped, damped, and steady sounds
250, 500, 750, and 1,000 msec in duration were produced. The steady
sounds were gated on and off with two 7.5-msec raised cosine ramps
but were otherwise constant in level. The ramped and damped sounds
were obtained by modulating a carrier with either a raised cosine or an
exponential function to yield overall durations of 250, 500, 750, and
1,000 msec. The offset of ramped and the onset of damped sounds
were further gated with a 15-msec raised cosine ramp. We will refer
to the nonsteady sounds by the acronyms CR, CD, ER, and ED, where
C denotes cosine; E, exponential; R, ramped; and D, damped.

The exponential function used in the ERs had the form (adapted
from Schlauch et al., 2001)

a(t) = expl:S(%— 1)}

where a(?) is the amplitude of the modulator at time 7 and 7 is the
overall duration of the sound (250, 500, 750, or 1,000 msec). This
function, together with the raised cosine function for the CR sounds,
is illustrated in Figure 1. The final 15 msec were given an additional
raised cosine ramp to bring the overall amplitude smoothly to zero.
ED targets were obtained by reversing the ER targets.

Apparatus. Sounds were synthesized in real time at 44.1 kHz
and 16-bit resolution using custom software running on a Macin-
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Figure 1. Sound level as a function of percent duration of the
two modulators used in Experiment 1. The solid and dashed lines
illustrate raised cosine and exponential modulators, respectively.



1384 GRASSI AND DARWIN

tosh Power PC that also controlled the experiment. The output of the
sound card was passed through Tucker-Davis attenuators and pre-
sented diotically through Sennheiser HD414 headphones in a single-
skin sound-attenuated IAC booth (Industrial Acoustics Company).
Peak level for all sounds used in the experiment was 65 dB SPL.

Procedure. Each listener performed both the matching task and
the RT task within a maximum period of 1 week. The order of the
tasks was counterbalanced across listeners.

Matching task. The listeners were asked to match the duration of
a steady adjustable sound to that of a fixed duration ER, CR, ED,
CD, or steady target. The experiment was divided into eight experi-
mental blocks. During each block, a trial consisted of a target sound
followed after 500 msec by the adjustable sound, of identical timbre,
whose duration the listeners had to match to that of the target. The
adjustable sound was similar to the steady target in that it was gated
on and off with two raised cosine ramps of 7.5 msec. Each experi-
mental block contained ER, CR, ED, CD, and steady targets shar-
ing the same timbre and duration. Within each experimental block,
the listeners matched 50 targets presented in random order: 10 each
of ER, CR, ED, CD, and steady sounds. The experimental blocks
were presented to the listeners in a nested, randomized order. Ex-
perimental blocks with targets of the same overall duration were pre-
sented consecutively to obtain more consistent adjustments (Wright,
Buonomano, Mahncke, & Merzenich, 1997), and the order in which
the different durations were presented was randomized across listen-
ers. Within these four series of two blocks sharing the same target
duration, the timbre order was counterbalanced across listeners.
Each block lasted about 40 min.

During a trial, the listener adjusted the duration of the target sound
by moving a roller ball and could hear the result by pressing the
roller ball’s button. At the beginning of each trial, the duration of
the adjustable sound was chosen randomly from a range of within
+80% of the duration of the target sound. The upper and lower limits
of this range also served as the maximum permitted adjustments
during each experimental trial.

RT task. In two of the four experimental blocks, the listeners re-
acted to onsets and in the remaining two blocks to offsets; block
order was randomized.

On each trial of an onset block, the listeners heard an alert sound
(30-msec, 2-kHz sine wave) followed after a variable silent interval
(1,000, 1,250, 1,500, 1,750, or 2,000 msec) by a ramped, a damped,

or a steady sound. The listeners’ task was to press a keyboard key
as soon as they heard the target sound. The response terminated the
sound. Every combination of silent interval and target was randomly
presented five times during each block, for a total of 500 trials (5
silent intervals X 5 target envelopes X 4 target durations X 5 pre-
sentations), so that each onset block lasted approximately 30 min.
The listeners could choose to repeat a trial if they thought they had
made an anticipation or had unduly delayed their response. Onset
RTs were measured as the temporal difference between the response
and the actual onset of the target sound.

The procedure for the offset RT was similar except that the listen-
ers reacted to the sound’s offset instead of to its onset. In order to
avoid possible anticipations in the reaction to damped sounds, extra
(fake-damped) target sounds were added to the target set. Fake-CD
and fake-ED targets were obtained by adding a low-level steady tone
(or noise) to either ED or CD targets. These manipulations produced a
sound with an initial decrement in level followed by a distinctly audi-
ble end. The peak level of the fake-damped sound was identical to that
of the other targets. In each block, the listeners reacted to a total of 700
sounds (5 silent intervals X 7 target envelopes X 4 target durations X
5 repetitions) presented in random order. Each offset block lasted ap-
proximately 40 min. Offset RTs were measured as the temporal differ-
ence between the response and the physical offset of the target sound.
Data from the fake-damped targets were not analyzed.

Results

Matching task. The average durations of the adjusted
sound for each target type are shown in Figure 2. For steady
tones, the listeners estimated duration accurately. A simple
linear regression between the average matched duration
of the steady tone and noise targets and the actual dura-
tion of the target had a slope very close to one (0.979,
r2 = 1) and an intercept very close to zero (4.78 msec). In
contrast, the listeners slightly underestimated the duration
of ramped targets and substantially underestimated the du-
ration of damped targets relative to the steady targets [for
ER, F(1,9) = 13.76, p = .005; for CR, F(1,9) = 23.72,
p = .001; for ED, F(1,9) = 148.68, p < .0001; and for
CD, F(1,9) = 113.69, p < .0001].
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Figure 2. Average matched duration as a function of the duration of the target sound in Experiment 1. In
both panels, the diagonal dashed line corresponds to a perfect match. Vertical bars represent =1 standard

error of the mean.
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The matched durations collected with amplitude-
modulated targets were converted into a derived score,
D%, which expresses the under- or overestimation as a
percentage of the duration of the ramped or damped target,
respectively, relative to that of the matched steady target:

J

where d,, is the matched duration to the modulated
(ramped or damped) target, d; is the matched duration to
the steady target, and d is the actual duration of the target
sound (see Figure 3).

For tonal stimuli, the ramped sounds show a constant
underestimation of about 5%-10%, which does not
change significantly with duration (¥ < 1). The percent-
age underestimation for damped sounds is much larger
and, at least for the exponential envelope, shows a sig-
nificant reduction with increasing duration [F(3,27) =
3.91, p = .01]. Consequently, the difference between the
ramped and the damped sounds decreases with increasing
duration [F(1,9) = 6.18, p = .03].

The pattern of results for the noise stimuli differs from
that of the tonal stimuli in the following ways. First, the
underestimation of the ramped sounds’ duration is much
greater than it was for the tonal sounds, especially for the
exponential ramp (although, again, overall there is no sig-
nificant variation with duration). Second, the difference
between the ramped and damped sounds is overall less
than that for the tonal stimuli.

The small underestimation of the duration of the ramped
sounds that is constant with duration could plausibly be
due to a simple sensory threshold acting at a fixed level
of the ascending ramp. The larger, duration-dependent
underestimation of the damped sounds’ duration is not so
easily explained in this way.

S m

D% = 100(
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RT task. Onset and offset RTs were collected and av-
eraged for each target separately for each listener. Outli-
ers, defined as individual RTs more than =2 SDs from
the mean of the listener, were excluded from these aver-
ages both here and in Experiment 2; in each experiment,
they accounted for less than 5% of the total. The resulting
means and standard errors are shown in Figure 4.

Average onset RTs to noises are ~7 msec shorter than
those to tones [F(1,9) = 6.03, p = .03],3 but the pattern
of results was otherwise similar for the two timbres. The
abrupt onset of the steady and damped sounds gives a
constant RT of about 230 msec regardless of the dura-
tion of the sound [FF < 1, F < 1, and F(1,9) = 1.30, p >
.05 for steady, ED, and CD sounds, respectively]. The
ramped sounds result in longer RTs [F(4,36) = 193.32,
p < .0001], which increase as the duration of the sound
increases [F(12,108) = 42.46, p < .0001]. RTs to the co-
sine ramp increase more with duration (B = 0.08, 2 =
.99) than do those to the exponential ramp [B = 0.04, 72 =
.97; F(3,27) = 19.48, p < .0001].

If the listeners were reacting to an absolute threshold
sound level, their RTs would reflect the fact that this level
is reached at a constant proportion of the duration of the
sound. For example, in Figure 1, 50 dB is reached for the
cosine ramp about 30% through the sound. Allowing for a
presumed constant additional delay, RTs should increase
with duration by that proportion of the sound. This model
thus predicts a linear relationship between RT and dura-
tion, with the slope giving the percentage of the sound’s
duration at which the threshold is triggered. For the cosine
function, the slope is 0.08 (»2 = .99), giving a threshold
(see Figure 1) of about 30 dB. For the exponential ramp,
the slope of the RT function is 0.04 (#2 = .97), which
brings the threshold very close to the beginning of the
sound (first 15 msec), where an additional fixed-duration
raised cosine ramp has been applied. The effect of this
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Figure 3. Matching task of Experiment 1: D% as a function of the duration of the sound. The horizontal
dashed line shows a D% of zero. Vertical bars represent =1 standard error of the mean.
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Figure 4. Onset and offset reaction times as a function of the duration of the target sound in Experi-
ment 1. Vertical bars represent =1 standard error of the mean.

additional fixed-duration ramp would be to reduce the ef-
fect of the sound’s duration on the RT, as we have found.
Although precise predictions are difficult, the general pat-
tern of the results is broadly compatible with a fixed, low
threshold triggering the onset RTs.

The overall pattern of offset RTs is rather different.
First, the timbre of the carrier influenced neither the aver-
age RT (F < 1) nor its variation with duration [F(3,27) =
1.11, p > .05] or with envelope [F(4,36) = 1.99,p > .05].
A simple threshold model would predict that RTs to the
steady and the ramped sounds should be similar to each
other and constant across durations, whereas RTs to the
damped sounds should be anticipated, with anticipation
increasing linearly as the overall duration of the sound
increases.

However, although RTs to ramped and steady sounds are
similar to each other [F(1,9) = 1.35,p > .05 and F < 1
for ER and CR targets, respectively], all RTs decreased
with increasing duration of the sound [F(3,27) = 7.46,
p = .001]. The most obvious explanation for this decrease
is that listeners are more efficient at anticipating the ends

of longer sounds. Such a decrease could either affect all
targets of a given duration in a similar fashion (i.e., all
RTs would be translated down by a fixed factor) or af-
fect damped sounds more than ramped and steady sounds.
In fact, a further anticipation could have occurred with
damped sounds, since the ends of these sounds can be
more easily predicted* than those of ramped and steady
targets (in that the former sounds invariably dissolve into
silence). Nonetheless, the minimal requirement for a sim-
ple threshold model should predict, at least, that offset
RTs to damped sounds should decrease relative to those
to steady and ramped sounds with increasing duration.
Such a decrease is apparent overall for the cosine damped
sounds, but less so for the exponential damped sounds
[F(1,9) = 5.74, p = .04]. As with the onset RTs, the ex-
ponential ramps gave somewhat flatter functions than did
the cosine. The linear regression between the durations of
ramped and steady targets and those of actual targets shows
a negative slope of —0.06 (72 = .97). If a fixed threshold
is operating, slopes calculated for RTs to damped targets
should be more negative than those calculated for RTs to
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ramped and steady targets. This prediction is confirmed
for RTs to CD targets, which decreased in comparison
with those to ramped and steady targets with increasing
duration (—0.13, 72 = .96), but not for RTs to ED targets,
which showed a constant anticipation in comparison with
ramped and steady sounds (—0.06, r2 = .91).

In summary, offset RTs (and subsequent manipulations)
might be biased by listeners’ anticipations, particularly for
long-duration targets.

Comparison of the results of the two tasks. We now
calculate the perceived duration in the RT task as the differ-
ence between offset and onset RTs (with the addition of tar-
get duration) normalized (i.e., divided) by the steady sound
duration calculated in a similar fashion.> Figure 5 shows
the estimated durations of the four different ramped and
damped sounds relative to the steady sound, calculated for
the RT task. The overall pattern of results is that the RT data
provide estimated relative durations that are broadly similar
to the matched durations of the ramped sounds [with only
CR tones showing a significantly shorter matched dura-
tion—F(1,9) = 6.67, p <.02] but not to those of the damped
sounds, which are much shorter than the durations estimated
from the RT data (for all comparisons, p < .005).

Discussion

To the extent to which the RT data provide an estimate
of the sensory contribution to estimated duration, we can
conclude that, whereas sensory factors could well provide
an adequate explanation for the small underestimate of the
ramped sounds relative to the steady sounds in the match-
ing task, they do not explain the substantial matching un-
derestimate of the damped sounds. Moreover, this sub-
stantial underestimate of the duration of damped sounds
is found even for sounds as long as 1 sec.

We have discussed the possibility that listeners may
anticipate the offset of targets in general and those of

1 O 1 1 1
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damped sounds in particular. If the anticipation affected
all targets of a given duration in an identical manner, the
normalization performed on RT scores should be suffi-
cient to limit the inaccuracy of subsequent estimated dura-
tions. On the contrary, if the anticipation affected damped
sounds in particular, the subsequent estimated durations
would only exaggerate the role of an early sensory off-
set in the durational underestimation of damped sounds.
Specifically, the damped sound durations, estimated by
means of the RT data, would result in a shorter estimate
than would a theoretically bias-free model. Thus, even if a
strong anticipation on damped sounds is hypothesized, the
results of our experiment show a substantial difference in
the damped durations estimated from RT data or collected
with the matching paradigm. In conclusion, although du-
rations calculated with RTs have some inaccuracies, they
indicate that factors other than purely sensory ones are
responsible for the underestimation of damped sounds.

EXPERIMENT 2

The second experiment provides a partial replication
of the first and introduces a different paradigm for esti-
mating the sensory contribution to the perceived shorter
duration of damped sounds that does not suffer from the
RT experiment’s anticipation problem.

The new paradigm aims for a bias-free measure of the
perceptual position of ramped sensory onsets and damped
sensory offsets. In this paradigm, listeners judge which of
two similar ramped or damped sounds is shorter. One of the
sounds is a normal ramped or damped sound, and the other is
similar but has had varying amounts of its onset (for ramped
sounds) or offset (for damped sounds) removed. How much
has been removed is varied adaptively to provide a threshold.
The aim is to find out how much of the initial/final part of
the sound does not contribute to perceived duration.
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Figure 5. Reaction time task of Experiment 1: D% as a function of the duration of the sound. The hori-
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The experiment includes the matching and RT tasks
from Experiment 1, together with the new adaptive task,
in which the truncated ramped/damped comparison sound
is used. Only the exponential modulator was used, since
this envelope had given the largest difference between the
behavioral measures collected with the matching and RT
tasks. To reduce the duration of the testing, only tones
were used as carriers, since they had previously given the
largest difference between ramped and damped sounds.

Method

Listeners. Twelve paid listeners were recruited from the Univer-
sity of Sussex student population and tested individually. They had
normal audiometric thresholds, and none of them had participated
in the previous experiment.

Stimuli. The stimuli were ramped, damped, and steady sounds
of four durations: 250, 500, 750, and 1,000 msec. The carrier was a
complex tone consisting of the first ten 500-Hz harmonics at equal
amplitude. The modulating function of ramped sounds was

a(t) = exp[k(% - l)il,

where a(f) is the amplitude of the waveform as a function of time ¢,
T'is the overall duration of the sound (250, 500, 750, or 1,000 msec),
and k determines the slope of the exponential (here, £ = 5.18). When
t = 0, the level of the sound is 45 dB below peak level regardless of
T. In the adaptive task, varying amounts of the initial part of the rise
were set to zero. In addition, a 10-msec raised cosine ramp smoothed
the onsets and offsets of all sounds. Damped targets were obtained
by reversing the ramped targets.

Apparatus and Procedure. Sounds were generated as in Exper-
iment 1. The experiment consisted of three tasks: a matching task,
an RT task, and an adaptive task. The order in which the tasks were
performed was counterbalanced across listeners. The experiment
was performed in six 1-h sessions, and all the listeners completed
the experiment within 10 days.

Matching task. This task was divided into four blocks. Each block
consisted of matches performed with a single target duration. The
listeners performed the four blocks in a random order. Within each

block, the listeners performed the same task as in Experiment 1,
with a total of 30 matches for each block: 10 with ramped sounds,
10 with damped sounds, and 10 with steady sounds.

RT task. In one block, the listeners reacted to the onset of the
target sounds, and in the other they reacted to its offset, in a counter-
balanced order across listeners. Within each block, the procedure
was identical to that of the exponential modulation conditions of Ex-
periment 1, including the fake-damped sounds (offset block only).

Adaptive task. The adaptive task was divided into four blocks pre-
sented in a random order. Within each block, the listeners performed
the adaptive procedure on a single target duration with ramped,
damped, and steady sounds counterbalanced across listeners.
Thresholds for sensitivity in difference of duration between target
sound and variable sound were measured 10 times for each target.
A two-interval, forced-choice, 2-down 1-up adaptive procedure was
used to estimate 70.7% of the psychometric function (Levitt, 1971).
The procedure involved three step sizes: 1/10, 1/20, and 1/50 of the
duration of the target sound. The numbers of reversals needed to
change step size were 2, 2, and 8, respectively. The listeners received
feedback after responding to each pair. At the beginning of each
trial, the duration of the variable sound was half that of the target.
The threshold was calculated as the arithmetic mean of the duration
of the variable sound over the final eight reversals.

Results

Matching task. The matching data shown in the left
panel of Figure 6 largely replicate those of Experiment 1.
The durations of the steady tones are matched veridi-
cally (B = 0.95, 2 = .99, intercept slightly above zero:
44.8 msec). The ramped tones are slightly underestimated
[F(1,11) = 10.80, p = .007] whereas the damped tones
are substantially underestimated [F(1,11) = 37.67, p <
.0001].

The D% scores (left panel of Figure 7) again show a
pattern similar to that of Experiment 1. The small underes-
timate for ramped sounds decreases proportionately with
increasing duration [F(3,33) = 2.86, p = .051], whereas
the large underestimate for damped tones is roughly con-
stant at 30%—40% (F < 1).
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RT task. The listeners reacted more quickly to the onset
of steady and damped tones than to the onset of ramped
sounds [F(2,22) = 111.58, p < .0001], and this difference
increased with increasing overall duration of the sound
[F(6,66) = 19.59, p <.0001]. The offset RTs were shorter
for damped sounds, whereas the RTs to the offset of steady
and ramped sounds were longer [F(2,22) = 10.08, p =
.008]. As in Experiment 1, with all sounds RT decreased
as the overall duration of the sound increased [F(3,33) =
26.08, p < .0001]. However, this effect was more evident
for damped than for steady and ramped tones [F(6,66) =
4.48, p = .001; see Figure §].

RTs were transformed into expected durations, as in
Experiment 1 (see middle panel of Figure 7). A 2 (enve-
lopes) X 4 (durations) ANOVA was performed on these
data. The magnitude of delays and anticipations measured
with ramped and damped sounds, respectively, were iden-
tical (F < 1). Two new ANOVAs revealed that the delay in
the sensory onset of ramped sounds decreased as the over-
all duration of the sound increased [F(3,33) = 38.13,p <
.0001]. On the contrary, the second analysis revealed that
the anticipation of the sensory offset of damped sounds
was constant across durations (~15%, F < 1).

Adaptive procedure. The right panel of Figure 6
shows the durations that are just noticeably shorter than
their originals. The ramped and damped tones need more
shortening than the steady tones do [F(2,22) = 20.52,
p <.0001] and do not differ from each other (¥ < 1). The
percentage shortening duration of these threshold sounds
relative to that of the steady sound decreased as the dura-
tion of the sound increased [F(3,33) = 7.76, p = .0005;
see Figure 7, right panel].

Comparison of the results of the three procedures.
The D% values measured with the three procedures were
compared by means of a 3 (tasks) X 2 (envelopes) X 4
(durations) ANOVA (see Figure 7). Behavioral data were
dependent on the experimental task [F(2,22) = 8.82,p =
.001]. Furthermore, whereas estimates collected with
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ramped and damped sounds were similar for the RT and
adaptive tasks, they were strikingly different for the dura-
tion matching task [F(2,22) = 18.98, p < .0001].

The underestimation measured for ramped sounds in
the matching task was comparable to the delay in their
sensory onsets measured with the adaptive procedure
(F < 1), whereas the delay measured for the RT task
was larger [F(1,11) = 10.71, p = .007]. By contrast,
the anticipation measured for damped sounds with the
matching task was greater than either that in the adaptive
task [F(1,11) = 26.92, p < .0001] or that in the RT task
[F(1,11) = 12.38, p = .005].

Discussion

This experiment replicated the main features of the
first experiment for the exponential modulating func-
tion applied to the complex tone: The substantially larger
underestimation of damped than of ramped tones in the
matching task cannot be explained by the difference be-
tween the appropriate onset and offset RTs. Experiment 2
presents additional evidence against a sensory basis of the
underestimation of damped tones in that the adaptive pro-
cedure applied to curtailed tones gives thresholds for both
the ramped and the damped sounds that are comparable
to those from the RT data and from the ramped match-
ing data, but substantially lower than those of the damped
matching data. Furthermore, as was hypothesized in the
discussion of the previous experiment, the bias-free task
(i.e., the staircase procedure) shows a smaller influence of
sensory factors in underestimation of damped (but also of
ramped) sounds than does the RT task.

GENERAL DISCUSSION

In the present study, we attempted to find a sensory ex-
planation for the perceptual asymmetry between ramped
and damped sounds with durations exceeding 200 msec.
Specifically, we investigated whether the difference in
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subjective duration between these sounds might arise
from delays and anticipations in their sensory onsets and
offsets, as suggested by the AIM for shorter durations.
Overall, the results of the RT experiments suggest only
a small role for delays and anticipation on subjective du-
ration. Moreover, at least for the two longest stimuli of
the experiments, the data suggest that listeners should
perceive ramped and damped sounds as having similar
durations. For the two shortest durations, the RT data of
Experiment 1 are consistent with the findings of Patterson
and colleagues (Akeroyd & Patterson, 1995; Irino & Pat-
terson, 1996; Patterson, 1994a, 1994b), who found that
the longest half-life that yielded a timbre difference be-
tween ramped and damped sounds was ~60 msec.®

Nevertheless, the results of the duration matching ex-
periments do show that damped sounds are perceived as
much shorter than ramped sounds across all the durations
investigated. Such a result does not arise from inaccuracy
in duration matching, since the results of the steady target
control condition show that the listeners’ estimations were
in fact highly accurate. In summary, the results of our ex-
periments are more suitable to the cognitive approach of
Stecker and Hafter (2000), henceforth referred to as the
echo hypothesis, rather than to the sensory approach of the
AIM (Patterson et al., 1995; Patterson & Irino, 1998): Al-
though listeners can potentially perceive the two types of
sounds as having similar durations, they exclude the tails
of damped sounds from the computation of subjective du-
ration. In consistency with the more cognitive approach of
the echo hypothesis, Wang, Lu, and Liang (2003) found
that the neural response to ramped and damped sounds be-
comes more and more asymmetrical at more central sites
of the auditory system.

In summary, two separate explanations for the percep-
tual asymmetry of time-reversed stimuli are necessary.

For short sounds and high rates of change in level (see,
e.g., Akeroyd & Patterson, 1995; Irino & Patterson, 1996;
Patterson, 1994a, 1994b; Schlauch et al., 2001), the asym-
metry has a sensory basis, whereas for longer sounds and
lower rates of change of level (see, e.g., Neuhoff, 1998,
2001; Stecker & Hafter, 2000) more cognitive factors
must also be invoked. For sounds longer than 200 msec,
the echo hypothesis is supported by additional empirical
data: Schlauch and colleagues (personal communication,
May 2005) asked listeners to perform a duration matching
experiment. Listeners were divided into three groups, the
first of which received no specific instruction, the second
of which was told that the tail of the damped sounds was
an echo, and the third of which was instructed to evalu-
ate the damped sounds in their entirety (i.e., they were
informed that the tails of the damped sounds were not
artifacts). Results showed similar underestimations for
damped sounds in the first and second groups, whereas
the underestimation of the third group was smaller.

Nonetheless, Experiment 2 failed to corroborate one of
the predictions suggested by Stecker and Hafter (2000).
According to these authors, the asymmetry between
ramped and damped sounds may originate as listeners
switch from “literal mode” perception to “constancy
mode” perception. Initially, listeners act in the literal
mode and thus perceive the two sounds as having similar
levels of loudness (or, as in our case, similar durations).
Subsequently, they switch from literal to constancy mode,
interpreting the damped sound as being composed of two
parts (attack plus reverberation), and so they neglect the
tail of the damped sounds. Such a switch in the perceptual
behavior of the listener would require some time to be
actuated (~200 msec; Stecker & Hafter, 2000).

In the present study, two different perceptual mecha-
nisms could explain the difference between damped sound
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scores in the RT task and those in the matching task. In the
RT task, listeners perceive in literal mode because of time
pressure, whereas in the matching task listeners perceive
in constancy mode because there is no time pressure. Since
there is no time pressure with the staircase procedure, lis-
teners should again perceive in constancy mode, and the
subsequent ramped and damped estimates should be sub-
stantially different from each other. However, ramped and
damped estimates gathered with the staircase procedure
were in fact very similar. These observations also do not
support Stecker & Hafter’s (2000) two modes.

Overall, however, the echo hypothesis can explain well
the perceptual asymmetry observed for subjective dura-
tion and loudness. Moreover, it can be easily extended to
explain the perception of a change in loudness of ramped
and damped sounds. If we assume that listeners exclude
the tails of damped sounds from the computation of sub-
jective estimates, the dynamic range of damped sounds (in
comparison with that of ramped sounds) will be reduced.

The echo hypothesis contrasts with Neuhoff’s (1998,
2001) claim, based on auditory looming judgments,
that the perceptual system exaggerates looming sounds.
Whether or not this discrepancy reflects different percep-
tual mechanisms for auditory movement than for loud-
ness and duration judgments will have to be clarified by
subsequent work.

We believe that, although different perceptual continua
have been investigated in studies on time-reversed stimuli,
the overall consistency of the results shows that what was
actually being studied were different aspects of a common
perceptual phenomenon. In this sense, there is a clear con-
vergence of the results gathered for the different percep-
tual continua. The perceptual asymmetry (whether what
is estimated in the experiment is timbre, loudness, change
in loudness, or subjective duration) always has the same
properties: Ramped sounds are more salient than damped
ones (or, more correctly, damped sounds are less salient
than ramped ones); there is greater perceptual asymmetry
for steep than for shallow amplitude modulators; and there
is a partial or total reduction of the asymmetry passing
from tone to noise carriers. The only real inconsistency
is the lack of reduction of the asymmetry when noise car-
riers are used, as Stecker and Hafter (2000) observed.
However, their experiment is the only one in which the
comparison between tones and noises was made between
rather than within subjects. Furthermore, in that experi-
ment the estimates collected for ramped and damped
noises showed a large variability (see Figure 4 of Stecker
& Hafter, 2000).

Two other properties seem to modify the magnitude of the
perceptual asymmetry. The first was observed by Neuhoff
(1998): The difference in change in loudness increases with
the overall level of the sound. According to Teghtsoonian
et al. (2005), however, this effect might be an artifact: Such
an asymmetry could originate as Neuhoft’s (1998) listen-
ers evaluated the high-level end of ramped sounds per se
rather than the change in level of the sound. Nonetheless,
such a criticism does not explain why Neuhoff (1998, 2001)
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observed the perceptual asymmetry with tones but not with
noises. The second property is that the magnitude of the
asymmetry depends on the temporal order of events within
a trial. Stecker and Hafter (2000) reported that the differ-
ence in loudness between ramped and damped sounds was
greater when the damped sound preceded the ramped
sound (i.e., when the damped sound was presented as the
first auditory event within a sequence) than vice versa.
A similar effect has been observed twice for subjective
duration. Grassi (2003) asked listeners to compare the
duration of a ramped sound concatenated to a damped
sound (or vice versa) and asked listeners to judge which
portion of the two-stage sound was longer in duration. A
reanalysis of Grassi’s data shows that, in keeping with the
findings of Stecker and Hafter, the subjective duration
of the two sounds was more different when the damped
sound preceded the ramped one. Furthermore, the out-
come of a duration matching experiment (whose results
are not reported here) showed that the asymmetry in sub-
jective duration was greater when the ramped (or damped)
sound preceded the adjustable steady sound than vice
versa. Taken together, these results suggest that memory
might play an important role in the subjective estimates
of damped sounds: The longer the time elapsing before a
judgment is made on a damped sound, the greater is the
echo suppression effect.

There are currently two problems that require attention
and remain unanswered. The first is the issue of why there
is a reduction of asymmetry with noise carriers. Unfor-
tunately, the present study does not suggest a solution.
Nonetheless, Experiment 1 shows the origin of such a re-
duction: a larger underestimation of ramped noises than
of ramped tones. The second problem was originally ad-
dressed by Stecker and Hafter (2000), who asked, What is
an echo suppression mechanism good for? One hypoth-
esis arises from the difference in predictability of the two
stimuli. The time course of ramped sounds is unpredict-
able, whereas that of damped sounds is usually predict-
able because the sound will dissolve, at some point, into
silence. The perceptual system may neglect events that are
highly predictable to ensure efficient coding and to enable
a prompter response to new events. In addition, the lack of
salience of the end of an auditory stimulus is a well-known
phenomenon in hearing perception. Physiological findings
highlight a greater onset encoding relative to the offset en-
coding: The onset response is clearly visible, whereas the
offset response is scarcely observed and often reported an-
ecdotally (Phillips, Hall, & Boehnke, 2002). Furthermore,
listeners are more accurate in making discriminations on
onsets than on offsets (Zera & Green, 1993). The onset of
an auditory event seems somehow more important than
its offset (e.g., it influences the grouping of the frequency
components of different sound sources—Darwin, 1984;
Darwin & Sutherland, 1984) for auditory scene analysis.
In summary, the experiments reported here provide some
support for the involuntary suppression (or neglect) of
the ends of sounds, especially when the stimulus (e.g., a
damped sound) is highly predictable.
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NOTES

1. Neuhoff (1998, 2001) proposed that such a sensory bias toward
sounds that increase in intensity has an evolutionary advantage, since
it emphasizes the increase in intensity of steady sound sources that
are approaching the listener. The fact that the perception of loudness
increase is more marked for tones than for noise indicates to Neuhoff
(2001) the system’s preference for motion of biological sources. Ac-
cording to Neuhoff (2001), tones are normally generated by biologi-
cal sources, whereas noises, although they can also be produced by
biological sources, are usually the result of multiple sources sounding
together. However, Neuhoff’s (2001) basic finding may not be robust,
since Canévet et al. (2003) played ramped and damped sounds identical
to those used by Neuhoff (1998) and asked listeners to evaluate the initial
and final loudness of the sounds. When the change in loudness is mea-
sured as the difference between initial and final loudness, results show
no perceptual asymmetry between ramped and damped sounds.

2. The time course of the raised cosine modulator is similar to that of
the custom modulator used by Stecker and Hafter (2000): It increases
rapidly in level during the first half of the sound’s duration and then
increases more gradually.

3. Such a difference might be purely incidental. In fact, in an experi-
ment (the results of which are not reported here) involving matching and
RT tasks of similar duration, in which only raised cosine modulators
were used, onset reactions to tonal and noise stimuli were identical.

4. Theoretically, in the present experiment the ends of ramped sounds
are also predictable because these sounds invariably reach a fixed level
of 65 dB SPL. In order to make this prediction, however, listeners would
require the long-term storage of the final level of the sound. It is well-
known that human memory for magnitude of stimulations within an in-
tensive continuum (i.e., those continua in which the signal involves a
change in stimulus energy—e.g., loudness, lightness) is rather poor (see
Garner, 1953, for an example involving lightness). On the contrary, max-
imal or minimal (e.g., silence) stimulations can validly serve as anchors
for estimations (see, e.g., Bressan, 2006, and Gilchrist et al., 1999).

5. The normalization for the steady sound duration prevents the cal-
culation of excessively large measures because of the so-called onset
advantage. In fact, offset RTs are usually longer than onset RTs (see, e.g.,
Di Lollo, Enns, Yantis, & Dechief, 2000). Moreover, this normalization
reduces the influence of the anticipation hypothesized for offset RTs.

6. In the present study, the exponential modulator used in Experi-
ment 1 produced envelopes with half-lives of 34, 69, 103, and 138 msec
for the four respective durations.

(Manuscript received March 24, 2004;
revision accepted for publication February 16, 2006.)
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