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Abstract In three experiments, we examined the ability of
listeners to discriminate the duration of temporal gaps (silent
intervals) and the influence of other temporal stimulus prop-
erties on their performance. In the first experiment, gap-
duration discrimination thresholds were measured either in
continuous noise or with noise markers with durations of 3
and 300 ms. Thresholds measured with 300-ms markers
differed from those measured in continuous noise or with
3-ms markers. In the second experiment, stimuli consisting
of a gap between two discrete markers were generated such
that the gap duration, the onset-to-onset duration between
markers, and the duration of the first marker were pseudor-
andomized across trials. Listeners’ responses generally were
consistent with the cue that was identified as the target cue
from among the three cues in each block of trials, but the
data suggested that the onset-to-onset cue was particularly
salient in all conditions. Using a modified method-of-
adjustment procedure in the third experiment, subjects were
instructed to discriminate between the durations of gaps in
discrete markers of different durations in two intervals,
where the gap duration in one interval was adapted to
measure the point of subjective equality. Without feedback,
listeners tended to equate the onset-to-onset times of the

markers rather than the gap durations. Overall, the results
indicated that listeners’ judgments of silent gaps between
two discrete markers are strongly influenced by the onset-to-
onset time, or rhythm, of the markers.
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Common sounds, such as speech and music, carry a great
deal of information in their temporal characteristics, such as
duration and fluctuations in level. The auditory system is
acutely sensitive to such temporal variations. One way in
which the temporal resolution of the auditory system can be
assessed is in terms of the discrimination of the durations of
auditory stimuli. However, measurements of duration-
discrimination thresholds for auditory stimuli are complicat-
ed by the fact that stimuli that differ in duration often differ
in other respects as well, such as loudness. To circumvent
this problem, duration discrimination is sometimes mea-
sured as the discrimination of silent gaps in auditory stimuli.
Previously reported measures of gap-duration discrimina-
tion thresholds (or simply, gap-discrimination thresholds)
have used temporally discrete auditory stimuli (markers) to
demarcate the gaps to be discriminated (e.g., Abel, 1972;
Divenyi & Sachs, 1978; Grose, Hall, & Buss, 2007; Ramm-
sayer & Leutner, 19961). In a “marker–gap–marker” stimulus
such as the one depicted in Fig. 1, the beginning and end of the
gap to be discriminated are marked, respectively, by the offset
of the leading marker and the onset of the trailing marker.
Using the terminology of Fig. 1, gap-duration discrimination
amounts to discrimination of changes in TG.

1 Rammsayer and Leutner (1996) referred to presenting gaps within a
continuous tone, their “gap condition,” but the two gaps of each two-
interval trial were presented with a 1-s leading marker, 1 s between the
gaps, and a 1-s trailing marker, and all of the markers were 1-kHz
square-wave tones. In effect, the middle 1-s tone served as Marker 2 of
the first interval and Marker 1 of the second interval.
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A complication in measuring gap-discrimination thresh-
olds stems from the fact that the use of discrete markers
introduces temporal cues that are associated with the
markers themselves rather than with the silent interval be-
tween the markers, such as the time between the onsets of
the markers (onset-to-onset duration, TO in Fig. 1, which
might be considered a type of rhythm or tempo cue associ-
ated with the audible portions of the stimulus) and the
duration of the first marker (TM in Fig. 1, which becomes
a cue when TO is held constant). (Differences between the
spectral characteristics of the leading and trailing markers
also have been shown to affect gap-discrimination thresh-
olds; see Divenyi & Danner, 1977; Grose et al., 2007.) In
order to minimize these potential duration-related cues in
the gap-discrimination task, the durations of the markers are
sometimes roved across trials. However, the fact that roving
the durations of the markers has a detrimental effect on gap-
discrimination thresholds (Penner, 1976) suggests that the
random marker durations still may affect gap-duration dis-
crimination. The problem is that roving either TO or TM
leaves the remaining cue perfectly correlated with TG, so it
becomes difficult to separate true gap discrimination from
discrimination of the remaining correlated cue. One goal of
this article was to measure “pure” gap-discrimination
thresholds that are not influenced by marker-related cues.
To do so, in the first experiment, we attempted to eliminate
stimulus events other than those that mark the beginning or
end of the gaps to be discriminated by embedding the gaps
in continuous broadband noise, which eliminates the TO and
TM cues. To our knowledge, no previously published reports
have described gap-discrimination thresholds measured in
an otherwise continuous carrier.

A second goal of this article was to describe the relative
influences on gap discrimination of the cues introduced by
the markers in marker–gap–marker stimuli. Specifically,
when listeners attempt to discriminate the duration of gaps
(TG), to what extent are their judgments influenced by the
onset-to-onset duration (TO) and the Marker 1 duration
(TM)? Penner (1976), upon observing that randomizing TM
affected gap-discrimination thresholds to a much greater
extent than did randomizing the duration of the second
marker, also suggested that listeners depended on TO to

make the discrimination, but she was unable to analyze her
data to confirm that idea. Unfortunately, it is not possible to
independently vary TG, TO, and TM to identify the relative
weight given to each cue (as would be done in a correla-
tional analysis; Lutfi, 1995; Richards & Zhu, 1994), because
randomly choosing any two of those values determines the
remaining value. As an alternative analysis, in a second
experiment, we varied the three cues in such a way that
each pair of cues was moderately correlated across trials
and, in separate blocks of trials, listeners were instructed to
attend to one of the three cues. We then examined the extent
to which the percentages of responses were consistent with
the change that occurred in each cue. The pattern of results
suggested that listeners can shift their attention to any of the
three cues, but in attempting to discriminate gap duration or
Marker 1 duration, listeners’ responses appear to be influ-
enced somewhat by the onset-to-onset duration.

To further shed light on the influence of marker-related
cues on gap discrimination, in a third experiment, listeners
performed a subjective listening task, without feedback,
designed to measure the gaps that were perceived to be of
equal duration when those gaps occurred between markers
of different duration. Consistent with the results of the first
two experiments, the subjective judgments indicated that
listeners equated TO across stimuli rather than TG.

Experiment 1

Gap discrimination within continuous noise and discrete
noise markers

In the first experiment, gap-discrimination thresholds were
measured for gaps presented in continuous broadband noise.
For comparison, gap-discrimination thresholds were also
measured for marker–gap–marker stimuli with markers that
were 3 or 300 ms in duration. Broadband noise was used as
the continuous carrier and for the discrete temporal markers
in order to minimize the spectral splatter that occurs when
stimuli are gated on and off with rectangular windows.

Method

Stimuli and procedure All stimuli were generated in MAT-
LAB and presented monaurally via Sony MDR-V6 head-
phones to the left ear of listeners seated in a sound-
attenuating chamber. In the continuous-noise conditions,
gaps were introduced in continuous broadband noise that
was generated using a double-buffering technique, with
appropriate precautions taken to ensure continuity across
noise buffers. The noise was digitally low-pass filtered at
10 kHz and presented at a spectrum level of 30 dB measured
at 1 kHz. One of the two intervals of each trial, chosen

Fig. 1 A schematic diagram of a marker–gap–marker stimulus, illus-
trating the temporal parameters that were relevant to the present
experiments
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randomly with equal a priori probabilities, contained the
standard gap with duration TG, and the remaining interval
contained a gap with duration TG + ΔT. To produce each
gap, the continuous noise was gated off and on with rectan-
gular gating. The two gaps of each trial were separated by
750 ms of noise. The subjects were instructed to select the
interval that contained the gap that was longer in duration by
pressing one of two response keys. Responses were fol-
lowed by visual correct-answer feedback. Feedback was
given in order to encourage listeners to respond to the
appropriate stimulus cue. The noise was continuous in that
it began playing when the MATLAB program that con-
trolled the experiment was launched, and the noise ceased
(other than the gaps that made up each trial) after feedback
was given for the final trial of the second consecutive block
of trials. (A “block of trials” was one complete adaptive run
that yielded one threshold estimate.) Depending on the rate
at which the listener entered responses, at least 3 s separated
successive trials, during which the noise played continuous-
ly. Thresholds were measured for TG 0 10, 25, 50, 100, 250,
500, and 750 ms in separate blocks of trials.

In separate conditions, gap-discrimination thresholds
were also measured for marker–gap–marker stimuli with
markers that were 3 or 300 ms in duration. Each interval
consisted of two markers of equal duration separated by a
gap, with the markers gated on and off with rectangular
windows. The time between intervals (the silent period from
the offset of the second marker in the first interval to the
onset of the first marker in the second interval) was 750 ms.
The four markers in the two intervals of each trial were
identical noise bursts, but a different noise burst was gener-
ated for each trial. As in the continuous-noise conditions,
the markers were broadband noise that was low-pass filtered
at 10 kHz and presented at a 30-dB spectrum level. Identical
noise bursts were used within each trial to prevent potential
distraction due to perceptual effects associated with differ-
ing short-term spectra of independent noise samples, such as
differences in loudness, particularly for the 3-ms markers.
(The fact that the thresholds measured with the 3-ms marker
and the continuous carrier were nearly equal, as shown
below, suggests that any differences in loudness between
the markers across intervals had negligible effect.)

All thresholds were measured with a two-interval forced
choice procedure. A three-down–one-up adaptive procedure
was used in which ΔT was adjusted downward after three
consecutive correct responses and upward after each incor-
rect response. This procedure tracks to the 79.4-percent-
correct point on the psychometric function (Levitt, 1971).
ΔT was varied in geometric steps by multiplying/dividing
ΔT by 2.1 for the first four reversals and by 1.2 for subse-
quent reversals. Each adaptive run continued for a total of
12 reversals, and the geometric mean of ΔT on the final
eight reversals was taken as the threshold for that run. Each

subject performed two consecutive adaptive runs in each
condition, and then two additional adaptive runs were per-
formed in each condition, yielding a total of four adaptive
runs in each condition. The geometric mean of the four
threshold estimates was computed as the final threshold
estimate for each listener in each condition.

Subjects Five subjects provided data in all conditions. Two
of the subjects were the first and third authors. The remain-
ing subjects were three undergraduate students (one female,
two male) from the University of Minnesota who were paid
on an hourly basis to participate in the study; they were not
paid on the basis of performance. All listeners had pure-tone
thresholds of 15 dB HL or better at the octave frequencies
from 250 to 8000 Hz. All subjects had previous experience
in other psychoacoustical tasks and performed several prac-
tice runs prior to data collection in order to familiarize them
with the task and to reach asymptotic performance.

Results and discussion

Although the individual subjects differed in terms of their
overall sensitivity, the patterns of results were similar across
listeners. Therefore, the geometric means of the threshold
ΔTs averaged across listeners are plotted in the upper panel
of Fig. 2. Threshold ΔTs are plotted in milliseconds on a
logarithmic axis as a function of the standard gap duration,
TG, also on a logarithmic axis. The thresholds measured
with discrete markers shown in Fig. 2 are comparable to
those reported by Penner (1976) and slightly lower (indicat-
ing the greater sensitivity of our subjects) than those from
Abel (1972). However, our data and the previous data all
show increasing thresholds with increasing standard gap
duration.

In the lower panel of Fig. 2, thresholds are plotted as the
Weber fraction, ΔT/TG. For all of the listening conditions
(3- and 300-ms markers and continuous noise), the Weber
fraction decreases with increasing TG. This decrease in the
Weber fraction is predicted indirectly by some neural count-
ing models. For example, as Abel (1972) noted, the model
of Creelman (1962) predicts a slope of 0.5 for the function
relating the threshold log ΔT to log TG. The predicted slope
of 0.5 based on Creelman’s model in the upper panel of
Fig. 2 yields a decreasing Weber fraction with increasing
TG. (The best-fitting regression line for the continuous data
in the upper panel of Fig. 2 has a slope of 0.69.)

The data of the present experiment also are consistent
with a model of auditory gap perception that was proposed
by Nakajima (1987). Nakajima found that he could account
for the gap-discrimination data of a number of studies with a
model that proposes that the perceived duration of an audi-
tory gap in the range of 40–600 ms is the true duration of the
gap plus 80 ms. For the present data, the gap-discrimination
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thresholds in the continuous and 3-ms-marker conditions are
roughly proportional to the standard duration plus 80 ms
(i.e., Weber’s law holds; ΔT/TG ≈ .11) over the range of
standard durations from 25 to 750 ms. To account for his
observations, Nakajima suggested that the processing of
silent auditory intervals between two audible markers
requires the duration of the gap plus 80 ms beyond detection
of the second marker, and the subjective duration of the gap
is equal to the entire duration required to process the gap.

Consideration of the neural counting model can offer in-
sight into the relationship among the thresholds measured in
the different conditions. Presumably, when estimating gap
duration in the continuous-noise condition, the stimulus
events that trigger the start and stop of the timing mechanism
are the offset and onset of the noise, respectively. In the 3-ms-
marker conditions, the markers are of such brief duration that
each marker as a whole likely serves as a single event, effec-
tively marking a single point in time. As such, with the 3-ms
markers, even if both the onset and offset of the timing
mechanism are triggered by the onsets of the markers, there
will be little effect on thresholds relative to the continuous-
noise conditions. However, in the 300-ms-marker conditions,
the onsets and offsets of the markers may be sufficiently
separated in time that they serve as temporally distinct events,
each of which might trigger the onset or offset of the timing
mechanism. If the onsets of the markers are more salient than

the offsets and the listener compares TO rather than TG across
intervals, the durations that the listener is discriminating (the
values of TO) are much longer than the gap durations, partic-
ularly for short standard-gap durations. If duration discrimi-
nation approximately follows Weber’s law, and assuming that
gap-duration judgments are influenced by the onset-to-onset
duration, we would expect thresholds to be larger at short
standard-gap durations for the 300-ms markers relative to
the 3-ms markers, as observed in Fig. 2.

To examine the possibility that gap-discrimination thresh-
olds in marker–gap–marker stimuli actually reflect onset-to-
onset-duration discrimination, ΔT/TO is plotted in Fig. 3 as a
function of TO (the onset-to-onset duration of the standard
stimulus) for the 3- and 300-ms markers. The form of the 3-
ms-marker function is essentially the same as that for ΔT/TG
shown in the lower panel of Fig. 2, because TO is nearly equal
to TG for the 3-ms markers. However, for the 300-ms markers,
the values of TO are much more similar to one another, and
relatively large, across values of TG, and ΔT/TO is nearly
constant except for the smallest value of TO. The discrepancy
at the smallest value of TO may be due to the fact that the
corresponding TG is approaching the threshold for the detec-
tion of gaps (e.g., Fitzgibbons, 1983; Formby & Muir, 1988)
and a different type of decision mechanism (other than dura-
tion discrimination) may be involved. Plomp (1964) argued
that for gaps less than 10 ms, the auditory sensation of the first
marker persists at least until the onset of the secondmarker. As
a result, Plomp suggested that gap discrimination with a TG of
<10 ms is based on the subjective intensity of the auditory
sensation at the onset of the second marker, which is a periph-
eral cue produced by the combination of stimulation produced
by the second marker and the persistent sensation of the first
marker. Another possibility is that with 3-ms noise markers,
gap discrimination may have been based on short-term spec-
tral cues. However, the similarity between the discrimination
thresholds in the 3-ms and continuous-noise conditions sug-
gests that such short-term cues did not mediate discrimination.
The important conclusion of Experiment 1 is that it is
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Fig. 2 The upper panel shows the geometric means of gap-duration
discrimination thresholds averaged across five listeners, measured in
continuous noise and with discrete temporal markers with durations of
3 and 300 ms. The lower panel shows the thresholds from the upper
panels replotted as Weber fractions relative to the standard gap dura-
tion. The error bars represent standard errors of the means
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Fig. 3 The Weber fractions for the thresholds measured with discrete
markers of 3 and 300 ms relative to the onset-to-onset duration of the
standard. The error bars represent standard errors of the means
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plausible that gap-discrimination thresholds may be influ-
enced by TO for longer-duration markers, which leads to error
in the measurement of the gap-discrimination thresholds. On
the basis of our data, this error is not present for short-duration
markers, as evidenced by gap-discrimination thresholds that
are nearly identical when measured in continuous noise or
with extremely brief markers.

Experiment 2

Interference between temporal cues

The results of Experiment 1 suggest that listeners use infor-
mation from the markers when asked to discriminate be-
tween gaps delineated by markers. In particular, it appears
that the onset-to-onset duration of the markers can affect
listeners’ judgments. In Experiment 2, listeners were
instructed to discriminate either the onset-to-onset duration
(TO), Marker 1 duration (TM), or gap duration (TG) in
marker–gap–marker stimuli (as in Fig. 1), and we examined
the influence of the remaining cues on those judgments.

Method

As described previously, in order to determine the relative
influences of different sources of temporal information on
decisions in the gap-discrimination task, it is desirable to
generate stimuli in which those cues are statistically inde-
pendent across trials. However, it is not possible to do so
with respect to TG, TO, and TM. In this experiment, we
attempted to generate stimuli such that the correlations
between the cues were reduced, so that we might discern
the relative influence of each cue.

Stimuli and procedure Stimuli were presented in a two-
interval task, in which each interval contained a marker–
gap–marker stimulus like the one depicted in Fig. 1. In three
separate conditions, one of the cues of interest (TG, TO, or
TM) was identified as the target cue through an entire block
of trials, and listeners were instructed to respond to change
in its duration. The stimuli (each consisting of a gap marked
by broadband noises) across all conditions were generated
using a single algorithm so that the stimuli were statistically
identical across all conditions. The only difference between
conditions was which cue was identified as the target to
which the listener was instructed to respond.

In the first interval of each trial, a fixed stimulus was
presented in which all three cues had a fixed value: TM and
TG were fixed at 50 ms, and TO was fixed at 100 ms. For the
second interval of each trial, two of the three cue types (TG,
TM, and TO) were chosen at random, and the values of those
two cues then were chosen randomly from their respective

distributions. On trials in which TG and/or TM were chosen
randomly, their values were chosen (independently) from a
distribution with a mean of 50 ms. On trials in which TO was
chosen randomly, its value was chosen from a distribution
with a mean of 100 ms. The distributions from which TG,
TM, and TO were randomly chosen were rectangular in log
duration, with ranges of ±0.5 log units from their means.
After two of the three cue types were chosen randomly and
their values were chosen randomly, the value of the third cue
was computed from the values of the cues that were ran-
domly chosen. (For example, on a given trial, TG and TO
might be chosen at random, and on the next trial, TG and TM
might be chosen at random.) A stimulus was generated for
the second interval possessing the parameter values that
were chosen. When the stimuli were generated in this way,
the across-trial correlation between TO and either TG or TM
was approximately .60; the correlation between TG and TM
was approximately –.27. (Because randomizing or varying
the duration of Marker 2 has a very small effect on thresh-
olds [see Divenyi & Sachs, 1978; Penner, 1976], Marker 2
was fixed at 300 ms in all intervals throughout this experi-
ment.) The distributions of TG, TM, and TO across trials were
not rectangular, because the value of one cue was computed
from the values of the remaining two cues on each trial.

The listener’s task was to indicate whether the target cue
that was specified for that block of trials increased or de-
creased in duration across intervals. Visual correct-answer
feedback that was consistent with the change in duration of
the target cue was provided after each trial. The correct
response depended upon the parameter values that were
randomly generated on each trial. Correct-answer feedback
was given to help listeners identify the correct cue.

For Experiment 2, we used the same stimulus generation
and presentation equipment as in Experiment 1. On each
trial, a sample of broadband noise was generated and low-
pass filtered at 10 kHz, as in Experiment 1. In each interval,
markers of the appropriate durations were taken from this
single noise sample starting at the beginning of the noise.
Thus, Markers 1 and 2 in the first interval were temporally
contiguous samples taken from the onset of the noise. In the
second interval, Markers 1 and 2 were temporally contigu-
ous samples taken from the onset of the same noise. Thus,
portions of the markers across intervals were identical be-
cause they were taken from the beginning of the same noise
sample. A new sample of noise was generated for each trial.

Response patterns of a simulated perfect observer To clar-
ify the expected effect of the stimulus generation technique
on the data, Fig. 4 shows the results (based on a computer
simulation) that would be obtained in this experiment for a
simulated observer that had perfect sensitivity to differences
in duration and that responded to the correct cue on each
trial. Each set of three bars in Fig. 4 represents the results of
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one of the three simulated conditions, in which one of the
cues (the target cue) was identified as the correct response.
The data depicted in Fig. 4 for each of the three listening
conditions were produced by generating 10,000 stimuli as
described above and generating responses based on the
target cue for that condition. For the leftmost group of three
bars in Fig. 4, the simulated listener made responses based
on TM, for the middle group of bars, responses were based
on TG, and for the rightmost group of bars, responses were
based on TO.

The goal of the data analysis of this experiment was to
identify the extent to which the listener’s responses were
consistent with the trial-by-trial values of each cue, which
presumably reflects the extent to which the listener’s
responses were based on that cue. Figure 4 illustrates this
analysis for the data of the perfect observer. Each individual
bar shows the percentage of responses that were consistent
with one of the three parameters (the analysis parameter, or
PARAMA) in each of the listening conditions. For example,
for the leftmost set of three bars, the black bar shows the
percentage of responses to 10,000 trials that were consistent
with the change in TM. The light and dark gray bars show
the percentages of responses to the same set of 10,000 trials
that were consistent with the changes in TG and TO, respec-
tively. For the leftmost set of bars, the percentage of
responses that are consistent with the change in TM is
100 % because that was the target parameter, and the sim-
ulated observer always responded to that cue. However, the
percentages of responses that are consistent with the

changes in TG and TO are not at chance (50 %) because of
the correlations between those cues and the target cue. (The
percentage for the gap cue is less than 50 % because of the
negative correlation between the TG and TM.) Likewise, for
each of the remaining sets of three bars, the percentage of
responses consistent with the target parameter is 100 %, and
the percentages of responses consistent with the remaining
parameters are lower but not at chance.

Subjects The five subjects of Experiment 1 also participated
in this experiment.

Results and discussion

The data from the real listeners were compared to the
simulated observer’s data to determine whether listener
responses were based to some extent on the nontarget
parameters. The results are shown in Fig. 5 in a format
similar to Fig. 4. In Fig. 5, the leftmost group of three bars
in each panel shows the mean data from the five listeners.
Each panel shows the results of a different target parameter
condition: For the data in the top panel, TM was identified as
the target; for the middle panel, TG was the target; and in the
bottom panel, TO was the target. The patterns of the leftmost
sets of bars are somewhat similar to those for the simulated
observer shown in Fig. 4 for the corresponding conditions,
except for the obvious discrepancy that no bar height in the
real data reaches 100 %.

In an attempt to predict listener data more closely, we
degraded the simulated observer’s performance in various
ways and observed whether the pattern of simulated results
was similar to that of the real data. First, we simulated the
responses of an observer that simply chose a random re-
sponse on some proportion of trials. The pattern of
responses produced by this simulated response strategy did
not resemble the data from the real listeners.

As a second attempt to simulate the data, we reduced the
sensitivity of the simulated observer to changes in duration
on the basis of the data from Experiment 1. We chose a
particular threshold value of ΔT such that if ΔT for the
target was less than that threshold value on a given trial, the
simulated observer responded randomly. Once again, the
simulated results did not closely approximate the patterns
of results in the real data, and to achieve the closest corre-
spondence required an unrealistically low threshold value of
ΔT—that is, approximately half of the values measured in
Experiment 1.

In order to incorporate more realistic threshold values, we
undertook another simulation based on the thresholds mea-
sured in Experiment 1, but in addition we allowed the
simulated observer to use one of the other stimulus cues
when the target cue was below threshold. Because of the
way in which the random stimuli were generated, most of
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the durations to be discriminated (TG, TM, and TO) were
between 35 and 140 ms. Assuming that the gap-
discrimination thresholds measured in continuous noise in
Experiment 1 are the “true” duration-discrimination thresh-
olds, we estimated ΔT/T at threshold to be about .3. In the
simulation, we set a threshold such that if ΔT/T for the
target was less than .3 on a given trial, the simulated ob-
server would then use one of the remaining cues (which we
identify as the secondary cue). If the secondary cue was also
below the threshold ΔT/T, then the simulated observer se-
lected a response at random. This high-threshold model was
adopted to simplify the analysis. It assumes that the listener
uses one cue or another, and it ignores the possibility that
the listener may combine the information from multiple

cues. However, this approach provided a reasonable approx-
imation to the data.

As an example of how this model was applied to the
present data, in the upper panel of Fig. 5, the target cue was
TM. The leftmost group of three bars represents the data from
the real listeners. The middle group of three bars represents
data from a simulation in which the simulated listener
responded to the change in TM if it was above the threshold
value (ΔT/T 0 .3). If the change in TM was below threshold,
the simulation responded to the secondary cue, which was the
change in TO. Because TO is positively correlated with TM, we
made the simulation choose the interval with the larger TO in
order to maximize the percentage correct. The rightmost
group of three bars shows simulated results when TM was
the target cue and TG was the secondary cue. Because the
change in TG is negatively correlated with TM, we made the
simulation choose the interval with the smaller TG in order to
maximize the percentage correct. As in the previous figures,
for each group of three bars, the black bar shows the percent-
age of simulated responses that were consistent with the
change in Marker 1, the light gray bar shows the percentage
of responses consistent with the change in the gap, and the
dark gray bar shows the percentage of responses consistent
with the change in the onset-to-onset duration.

The middle and lower panels of Fig. 5 show the real and
simulated data for conditions in which TG and TO, respective-
ly, were the target cues. When TG was the target cue and TM
was the secondary cue (rightmost group of three bars in the
middle panel), once again we made the simulation respond to
the secondary cue such that it chose the interval with the
smaller TM because of the negative correlation between TG
and TM. In the lower panel, because TO is positively correlated
with both TM and TG, we made the simulation choose the
longer duration of each of the secondary cues.

For discrimination of TG and TM, the simulated data ap-
proximate the real data most closely when TO is the secondary
cue. It seems reasonable that the listener would use TO as the
“backup” cue for both TG and TM because TO is positively
correlated with each of those cues, so the listener can respond
in the sameway to the secondary cue—that is, by choosing the
interval with the longer duration of TO. Thus, use of the
secondary cue would involve a similar pairing of the response
to the stimulus value. Using TG or TM as a secondary cue to the
other would require the listener to respond in reverse to the
secondary cue; the listener would need to first listen for the
longer duration of the target cue, but then identify the shorter
duration of the secondary cue. Perhaps it is a less complex
strategy to listen for the longer duration of both the target and
secondary cues.

In the lower panel of Fig. 5, TO was the target. For the
second group of bars, TM was the secondary cue, and for the
third group of bars, TG was the secondary cue. When TO was
the target, the real data were not predicted well through the
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Fig. 5 The results from real listeners (left-hand portion of each panel)
and from computer simulations that assumed imperfect use of the
stimulus information. The error bars for the real listeners represent
standard errors of the means. See the text for a complete description
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simulation by assuming that only one of the other cues was
the secondary cue. Rather, it was necessary to allow the
simulated listener to use either TG or TM as the secondary
cue if TO was below threshold. If TO was below threshold,
the simulated response was based on the remaining cue, TG
or TM, that had the larger value of ΔT/T. The simulation
chose the interval with the larger value of that cue. If the
remaining cues were below threshold, the simulation
responded randomly. The results of the simulation using
this strategy are depicted by the rightmost set of bars in
the bottom panel of Fig. 5, with those results approximating
the real results reasonably well.

The results of Experiment 2 provide evidence of listeners
using multiple cues when attempting to discriminate the
duration of a particular target parameter of a marker–gap–
marker stimulus. One interpretation of the results of
Experiment 2 is that listeners use as secondary cues those
parameters that are positively correlated with the target cue.
Another possibility is that the onset-to-onset cue (or the
rhythm cue associated with the two markers) is a particular-
ly salient cue and is the preferred secondary cue when
another parameter is the target cue. When the onset-to-
onset duration is the target cue, listeners simply may use
either of the other available cues as the secondary cue.

Experiment 3

Gap matching across marker durations

One possible conclusion that can be drawn from the results
of the previous experiments is that the onset-to-onset cue
influences listeners’ judgments in gap-discrimination tasks.
To explore this idea further, in Experiment 3 we asked
listeners to match the duration of the gaps in marker–gap–
marker stimuli between intervals in which the marker dura-
tions differed between intervals.

Method

Stimuli and procedure The stimuli were presented in trials
consisting of two intervals, in which each interval consisted
of a marker–gap–marker stimulus. The listener’s task was to
choose the interval in which the gap appeared to be longer in
duration. The goal was to determine the gap durations that
were perceived as being subjectively equal in the two inter-
vals (the point of subjective equality, or PSE); therefore, no
feedback was given after each trial.

The stimulus in the first interval of each trial (the stan-
dard) was fixed for each block of trials. (The standard gap
duration was fixed at 100 ms. The standard and comparison
marker durations varied across blocks of trials, as we ex-
plain below.) The duration of the gap (TG) in the second

interval (the comparison) was adjusted adaptively on the
basis of the listener’s trial-by-trial responses. An adaptive
procedure designed to find the PSE was used (Jesteadt,
1980), in which trials from two independent adaptive tracks
were interleaved within each block of trials. On each trial,
one of the adaptive tracks was chosen at random, and a trial
from that track was presented. Adjustments to TG of the
stimulus in the second interval in each track were made
independently.

In one track, the “upper” track, the initial comparison TG
was larger than the standard TG. When the listener indicated
that the comparison TG in this adaptive track was larger than
the standard TG in two consecutive trials of that track, the
comparison TG was made smaller. When the listener indi-
cated that the standard TG was larger in a single trial, the
comparison TG was made larger. Thus, the two-down–one-
up tracking procedure of the upper track adapted to the
comparison TG that was perceived to be larger than the
standard TG on 70.7 % of the trials (Levitt, 1971).

In the other interleaved track, the “lower” track, the initial
comparison TG was smaller than the standard TG. When the
listener indicated that the standard TG was larger in two
consecutive trials of this track, the comparison TG was made
larger. When the listener indicated that the comparison TG
was larger than the standard TG in a single trial, the com-
parison TG was made smaller. The two-up–one-down adap-
tive rule of the lower track adapted to the comparison TG
that was perceived to be larger on 29.3 % of the trials
(Levitt, 1971).

The comparison TG was adjusted in geometric steps: It
was made larger or smaller by a factor of 1.32 until four
reversals had occurred, after which the factor was reduced to
1.15. Each block of trials ended when 12 reversals had
occurred in both tracks. In most cases, more than 12 rever-
sals were obtained in one track before the other track also
reached that cutoff, but only the last eight reversals of each
track were used to calculate the termination point. The
geometric mean of the comparison TG at the last eight
reversals of each track was taken as the equilibrium point
for that adaptive track. Then, the geometric mean of the
equilibrium points of the two tracks was taken as the PSE, at
which the comparison TG would be judged to be larger than
the standard TG on 50 % of the trials. Four such PSEs were
measured in each condition, and the mean of those PSEs
was taken as the final PSE for that condition.

As we indicated above, the standard TG was fixed at
100 ms in all conditions of the experiment. The standard
and comparison marker durations were fixed within each
block of trials, but varied across conditions. In one set of
conditions, the durations of both the first and second
markers of the standard were fixed at 3 ms, and the first
and second markers of the comparison had durations of 10,
20, or 40 ms. In another set of conditions, the standard
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marker durations were 10, 20, or 40 ms, and the comparison
marker duration was fixed at 3 ms. In an additional condi-
tion, the marker durations in both intervals were 3 ms. The
first and second markers within each interval were identical
samples of noise, but the markers were generated indepen-
dently across intervals and trials.

Subjects Four of the subjects from the previous experiments
also participated in this experiment. The fifth subject, S6,
was a female undergraduate student from the University of
Minnesota who was paid to participate in the study. S6 had
pure-tone thresholds of 15 dB HL or better at octave fre-
quencies from 250 to 8000 Hz. S6 also had previous expe-
rience in other psychoacoustical tasks and performed several
practice runs prior to data collection in order to familiarize
her with the task.

Results and discussion

The PSEs for the comparison TG among the individual
listeners are shown in Fig. 6. For the open circles, the
comparison marker duration varied across conditions, and
for the filled squares, the standard marker duration varied

across conditions. The TG PSEs are plotted as a function of
the durations of the variable markers. Given that the stan-
dard TG was always 100 ms, the data points should fall on
the dashed horizontal line if gaps that were physically equal
in duration were perceived to be equal. The angled dotted
lines represent the PSEs for gap duration that would be
obtained if the listeners actually matched the onset-to-
onset durations (TO) of the two intervals.

The open circles, representing conditions in which the
standard markers were always 3 ms, are similar across the
five listeners. The comparison gap PSE decreases with
increasing comparison marker duration, consistent with lis-
teners matching the TOs of the standard and comparison
stimuli. Similarly, for four of the five listeners (all but S4),
the comparison TG PSE for the solid symbols increases with
increasing standard-marker duration, again consistent with
matches to the onset-to-onset times. Oddly, S4 showed
decreasing comparison TG PSEs with increasing standard-
marker duration, which we cannot explain. The best that we
can say is that S4 clearly did not match gap durations when
the standard and comparison markers were of different
durations. The mean data across all listeners but S4 are
shown in Fig. 7. The mean data clearly illustrate that most
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listeners appeared to match TO when they were instructed to
match TG and when no correct-answer feedback was given.

The results of Experiment 2 showed that listeners could
discriminate the durations of either TO or TG in response to the
task demands. The results of Experiment 3 suggest that TO was
far more dominant, in that responses appeared to be entirely
consistent with TO when listeners were instructed to judge TG.
An important difference between Experiments 2 and 3 is that
the stimuli of Experiment 3 were specifically designed so that
both TG and TO could be matched physically across the stan-
dard and comparison, even when the markers were of different
durations. In the most extreme case, the marker durations in the
two intervals were 3 and 40 ms, and the standard gap was
always 100 ms. If the longer marker duration were 103 ms or
above (resulting in a minimum onset-to-onset duration greater
than 103 ms), it would not be possible to match the onset-to-
onset durations of a stimulus with 3-ms markers and a 100-ms
gap. (The dashed lines in Fig. 7 would not continue to diverge
with constant slopes if the graph were extended to the right.)
Thus, when the marker durations are relatively long, listeners
may be able to separate the gap duration from the other cues
more effectively, as in Experiment 2. It also may be important
that correct-answer feedback was provided in Experiment 2,
but not in Experiment 3.

General discussion

The present results support Penner’s (1976) idea that when
listeners attempt to discriminate the durations of gaps that are
marked by discrete acoustic markers, judgments are strongly
influenced by the time between the onsets of the markers. In
Experiment 1, gap-discrimination thresholds varied with
marker duration. The gap-discrimination thresholds measured
in continuous noise were very similar to thresholds measured

with very brief (3-ms) markers, but thresholds measured with
longer-duration markers (300ms) were somewhat larger at the
briefer standard-gap durations. In Experiment 2, when listen-
ers were instructed to respond to the duration of either Marker
1, the gap, or the onset-to-onset cue, listeners’ responses were
most consistent with the appropriate cue. However, the data
suggested the possibility that the onset-to-onset cue was par-
ticularly dominant, in that the data could be modeled reason-
ably well by assuming that listeners used the onset-to-onset
cue as a secondary cue when the target cue was below a
threshold value that had been determined from the data of
Experiment 1. In Experiment 3, listeners essentially were
instructed to subjectively match the durations of the gaps in
two marker–gap–marker stimuli with different marker dura-
tions. The data showed that listeners instead matched the
onset-to-onset durations of the two stimuli, rather than basing
judgments on actual gap durations.

Hasuo, Nakajima, Osawa, and Fujishima (2011) reported
the results of experiments designed to study the perception
of rhythm, or onset-to-onset times, in marker–gap–marker
stimuli. Hasuo et al. instructed listeners to match the onset-
to-onset durations of marker–gap–marker stimuli in which
the markers were 1-kHz pure-tone bursts, using a method of
adjustment. The durations of the standard and comparison
markers differed from one another but were fixed within
each block of trials; thus, the onset-to-onset and gap dura-
tions covaried throughout the adjustment procedure.
Through the results of the matching procedure, Hasuo et
al. found that the perceived onset-to-onset time was influ-
enced by the durations of both the first and second markers.
Generally, as the duration of either marker increased, the
perceived onset-to-onset duration also increased. Hasuo et
al. found that this distortion effect was more prominent for
their longer onset-to-onset duration (360 ms) than for their
shorter onset-to-onset duration (120 ms). Our matching data
of Experiment 3 might show evidence of distortion of per-
ceived onset-to-onset duration, but the longest onset-to-
onset duration of any stimulus in Experiment 3 was only
140 ms. Also, note that Hasuo et al. found a large effect of
the duration of the second marker on perceived onset-to-
onset duration, while Penner (1976) found very little effect
of randomizing the duration of the second marker on gap-
discrimination thresholds. It is possible that varying a given
temporal parameter of marker–gap–marker stimuli (e.g., the
duration of the second marker) differentially affects the
perception of other temporal parameters of those stimuli
(e.g., onset-to-onset duration and gap duration).

The present stimuli and the observed perceptual effects are
reminiscent of figure–ground effects exhibited with so-called
reversible figure–ground visual stimuli, such as the familiar
face–vase stimulus that can be perceived as either the silhou-
ettes of two faces or the outline of a vase. When observers
perceive a region of an ambiguous visual stimulus as an object
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(e.g., a vase), it becomes the figure, with clearly defined edges
and extent, against the unformed ground of the remaining
image. One consequence of this parsing of the visual field is
that observers are less able to make judgments about aspects of
the ground than about the figure (Weisstein & Wong, 1986).
Perhaps marker–gap–marker stimuli elicit the same effect,
such that the auditory markers are perceived as objects
(figures) against a background of silence, resulting in the
features of the markers, such as the rhythm of their onsets,
being more salient than the features of the ground, such as the
duration of the silent gap.

It is also tempting to draw analogies between the results of
Experiment 3, which addressed the perceived temporal sepa-
ration of auditory stimuli, and the familiarMüller-Lyer illusion,
which involves the perceived spatial separation of visual stim-
uli. In the Müller-Lyer illusion, a line flanked by outwardly-
angled lines is perceived to be longer than a line of equal length
that is flanked by inwardly angled lines. Other versions of the
illusion using two- and three-dimensional visual stimuli have
shown that the perceived distance between points on objects is
influenced by whether those points are on inward- or outward-
facing sides of the objects, even when empty space is between
the objects (DeLucia &Hochberg, 1991). One interpretation of
these visual illusions is that observers tend to be influenced by
the position and extent of the object as a whole when estimat-
ing the position of a single point on that object. Likewise, in
our auditory stimuli of Fig. 3, it is as if the listeners’ judgments
of the temporal distance between the offset of one marker and
the onset of the next are influenced by the temporal extent of
each marker as a whole. While the results of Experiment 3 are
superficially consistent with a temporal version of the Müller-
Lyer illusion in the auditory domain, the data seem to indicate
that when judging the duration of a silent gap between auditory
markers, listeners tend to use the time between the onsets of the
markers rather than some average temporal position of the
marker as a whole. Therefore, it appears that the Müller-Lyer
illusion and the effects observed in Experiment 3 likely are
unrelated phenomena.

The results of these experiments underscore the diffi-
culty in measuring auditory duration-discrimination thresh-
olds. As was noted in the introduction, changes in the
durations of audible stimuli are accompanied by changes
in other perceived stimulus dimensions, such as loudness.
The present results show that the discrimination of silent
gaps between auditory markers can be influenced by the
temporal characteristics of the markers that define the
gaps—in particular, the duration between the onsets of
the markers. The results from the first experiment demon-
strated similar thresholds when this factor was either min-
imized, by using brief marker durations, or eliminated,
when gaps were inserted in a continuous noise carrier,
so that discrimination in both cases relied on only the
gap duration.

Author note This work was supported by Research Grant No. R01
DC 00683 from the National Institute on Deafness and Communication
Disorders, National Institutes of Health.
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