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Duration discrimination of empty and filled
intervals marked by auditory and visual signals

SIMON GRONDIN
Uniuersite Laurentienne, Sudbury, Ontario, Canada

Experiments 1 and 2 compared, with a single-stimulus procedure, the discrimination of filled
and empty intervals in both auditory and visual modalities. In Experiment 1, in which intervals
were about 250 msec, the discrimination was superior with empty intervals in both modalities.
In Experiment 2, with intervals lasting about 50 msec, empty intervals showed superior perfor­
mance with visual signals only. In Experiment 3, for the auditory modality at 250 msec, the dis­
crimination was easier with empty intervals than with filled intervals with both the forced-choice
(FC) and the single stimulus (SS) modes of presentation, and the discrimination was easier with
the FC than with the SS method. Experiment 4, however, showed that at 50 and 250 msec, with
a FC-adaptive procedure, there were no differences between filled and empty intervals in the
auditory mode; the differences observed with the visual mode in Experiments 1 and 2 remained
significant. Finally, Experiment 5 compared differential thresholds for four marker-type condi­
tions, filled and empty intervals in the auditory and visual modes, for durations ranging from
.125 to 4 sec. The results showed (1) that the differential threshold differences among marker
types are important for short durations but decrease with longer durations, and (2) that a gener­
alized Weber's law generally holds for these conditions. The results as a whole are discussed in
terms of timing mechanisms.

The aim of the present study was to compare two con­
ditions in duration discrimination: the discrimination of
filled intervals and the discrimination of empty intervals.
An interval is said to be filled when there is one given
continuous signal between onset and offset; the signal's
onset and offset mark the interval's beginning and end.
An empty interval is a silent duration, that is, without
stimulation, included within two sensory signals that mark
the beginning and end of the interval. This filled-empty
comparison has been neglected in the literature on the
psychophysics of time.

A recent paper by Rammsayer and Lima (1991) pro­
vides a direct comparison of filled and empty auditory
intervals. Their investigation was restricted to very short
time intervals (about 50 msec). The authors reported that
the differential thresholds were smaller (performance was
better) with filled intervals than with empty intervals. This
is consistent with a comparison of Abel's (1972a, 1972b)
two studies on duration discrimination, one with filled in­
tervals and the other with empty intervals.
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On the other hand, comparisons of other studies sug­
gest that empty intervals may be easier to discriminate
than filled intervals. For filled auditory intervals, Small
and Campbell (1962) reported Weber fractions of about
15% to 20% for durations between 40 and 400 msec; Stott
(in Fraisse, 1978) had Weber fractions between 10% and
13% for durations between 400 and 2,000 msec; and
Henry (1948) observed Weber fractions of about 20 % for
durations between 50 and 500 msec. For empty auditory
intervals, Goodfellow (1934) reported a Weber fraction
of7% for a l-sec interval and Getty (1975) reported We­
ber fractions of about 5 % to 7 % for durations between
200 and 2,000 msec.

The goal of the present research was to provide new
direct evidence on comparisons of performance with filled
and empty intervals. The data presented here cover a wide
range of durations and were collected with various meth­
ods; furthermore, the investigation is not restricted to
auditory signals but is extended to visual signals.

EXPERIMENT 1

In this experiment, filled and empty intervals were com­
pared for the discrimination of intervals with a midpoint
of 250 msec. The comparison was made for two types
of intervals, visual and auditory. The discrimination was
done between intervals whose lengths were expected to
produce responses that would be close to 75 % correct,
that is, close to the differential threshold.

Method
Subjects. Six 22- to 28-year-old volunteers participated in this

experiment. They were paid $5 per session.
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Table 1
Individual and Mean Probability of Responding Correctly

Under Each Condition of Experiment 1

Results and Discussion
The individual and mean results in each condition are

reported in Table 1. In the auditory condition, the mean
(81.08 %) with empty intervals is significantly higher than
the mean (69.63%) with filled intervals [t(5) = 2.87,p <
.05]. In the visual mode, the mean (82.17%) with the
empty intervals is also significantly higher than the mean
(76.88%) observed with the filled intervals [t(5) = 5.16,
P < .01].

The results of this first experiment are surprising con­
sidering those reported by Abel (1972a, 1972b)and those
reported by Rammsayer and Lima (1991). Their results
and those obtained here appear opposed. To explain this
difference, it is necessary to look more closely at the
methodologies. One difference is that both Abel (1972a,

Apparatus and Stimuli. Each observer was seated in a chair in
a dimly lit room and asked to respond either "short" or "long"
by pressing the appropriate button. Beside each button, there was
a small light providing feedback after each trial. The auditory signal,
presented binaurally, was a I-kHz tone with an intensity recorded
at 70 dB SPL. The visual signal consisted of a circular light-emitting
diode situated at about I m in front of the subject. For empty in­
tervals, both markers were 20-msec stimulations. The experiment
was controlled by an IBM microcomputer.

Procedure. The observer had to discriminate between a short
and a long interval presented according to the single-stimulus
method. For the auditory intervals, the short and the long lasted
241 and 259 msec, respectively; for the visual intervals, the short
and the long were set at 225 and 275 msec. Each trial began with
a 140-msec auditory signal and, after a I-sec preparation period,
the short or the long interval was presented. According to the blocks
of trials, this interval was a continuous signal or an empty duration
included between two markers, with the duration ofthese intervals
as indicated above. The observer was given 4 sec to respond and,
whatever was the response time, 200 msec after the response a 1.7­
sec visual feedback was delivered. After the feedback, there was
a I-sec intertrial period.

In this experiment, there were five sessions, the first one being
for training. Each session contained eight blocks of 50 trials with
25 short and 25 long intervals presented randomly. These eight
blocks consisted of two identical cycles of four blocks. Each of these
four blocks corresponded to one of four types of marker conditions:
auditory-empty, auditory-filled, visual-empty, and visual-filled.
During the last four sessions, the order of these four conditions
was varied according to a Latin square. Between the blocks there
was a 15-sec pause. Each session lasted about 35 to 40 min. The
analysis was done on the basis of 400 judgments by each subject
in each marker condition.

Subject

I
2
3
4
5
6

Mean

Auditory Visual

Filled Empty Filled Empty

74.50 95.25 89.25 92.75
69.00 75.25 77.50 88.00
69.50 90.50 80.25 89.00
63.25 66.75 69.25 73.75
67.75 66.50 69.25 77.25
73.75 92.25 77.75 80.25

69.63 81.08 76.88 82.17

1972b) and Rammsayer and Lima (1991), respectively,
used a set of comparison intervals for evaluating the in­
dividual lit7 S and 70.7% difference thresholds. In the
present experiment, the discrimination was done between
two fixed values. Another difference is that both Abel
(1972a, 1972b) and Rammsayer and Lima (1991) used a
forced-choice mode of presentation, whereas the method
we employed here was the single stimulus. Moreover, in
the only experiments designed explicitly for testing the
differences between discrimination with empty and filled
intervals, Rammsayer and Lima used different signals for
empty and filled durations. Their empty intervals were
marked by 3-msec clicks, whereas their filled intervals
were I-kHz tones. Finally, the investigation on this ques­
tion by Rammsayer and Lima was limited to a 50-msec
standard duration. The following experiments were de­
signed to test some of these methodological elements, which
could be significant factors influencing discrimination.

EXPERIMENT 2

In this second experiment, the goal was to verify if the
difference between empty and filled intervals found by
Rammsayer and Lima (1991) with 50-msec intervals could
also be observed with the single-stimulus mode of pre­
sentation. This verification was tested with both auditory
and visual intervals.

Method
Subjects. Six 18- to 32-year-old volunteers participated in this

experiment. They were paid $5 per session.
Procedure. The apparatus and stimuli were the same as in Ex­

periment 1 and the procedure was identical to that of Experiment 1.
One thing was changed: the values of the short and long intervals.
In the auditory mode, the parameters were set on the basis of the
results reponed by Rammsayer and Lima (1991), so that a general
level of discrimination of approximately 75% of correct responses
was expected, at least with the filled condition. Thus, the short and
long intervals were set at 50 and 62 msec, respectively; in the visual
modality, they were set at 50 and 80 msec. The short interval was
set at 50 msec because the standard was 50 msec in Rammsayer
and Lima and their comparators were greater than 50 msec.

Results and Discussion
The individual and mean results in each condition are

reported in Table 2. In the auditory modality, the mean
(78.28%) with the filled intervals is not significantly
higher than the mean (76.21 %) with the empty intervals
[t(5) = 1.05,p = .341]. In the visual modality, the mean
(83.91 %) with the empty intervals is significantly higher
than the mean (75.58%) with the filled intervals [t(5) =
5.76, p < .01].

The results of this experiment are somewhat surpris­
ing since they differ from those of the previous experi­
ment. What is most surprising is the fact that what was
observed at 250 msec, that is, a superiority of discrimi­
nation with empty intervals in both modalities, is observed
here only in the visual modality. These results suggest
that there might be differences in the nature of the tem­
poral process involved at 50 and 250 msec. Indeed,
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EXPERIMENT 3

Table 2
Individual and Mean Probability of Responding Correctly

Under Each Condition of Experiment 2

The goal of Experiment 3 was to test one factor that
was likely to have produced the differences observed in
Experiment I with empty versus filled intervals. This
time, the comparison was made between empty and filled
intervals with both methods of presentation, the FC and
the SS methods. This investigation was here restricted to
the auditory modality and to the 250-msec intervals.

Method
Subjects. Fourteen 20- to 29-year-old volunteers participated in

this experiment. They were paid $5 per session.
Procedure. The apparatus and stimuli were as in the previous

experiments. For the conditions where the 55 method was employed,
the trials were identical to those described earlier. For the FC
method, the warning signal, preparation period, response period,
feedback, and intertrial intervals were as for the 55 method, but
both stimuli, the short and the long, were presented within each
trial with a I-sec interstimulus interval. The order of presentation
of the short and the long, first or second, was random but equiprob­
able within each block. As in the previous experiments, there were
eight blocks of 50 trials each.

In the present experiment, there were five sessions, one for fa­
miliarization and four experimental. In the familiarization session,
there were two blocks of each of the four experimental conditions:
FC-empty, FC-filled, 55-empty, and 55-filled. There was only
one condition per experimental session. We adopted the procedure
of having the experimental conditions in different sessions, which

Table 3
Individual and Mean Probability of Responding Correctly

Under Each Condition of Experiment 3

Forced Choice Single Stimulus

Subject Filled Empty Filled Empty

I 67.75 66.00 62.72 64.67
2 79.50 88.25 71.68 84.70
3 74.75 66.25 65.92 70.93
4 72.25 77.00 54.88 75.40
5 66.00 84.25 58.25 84.50
6 57.00 69.50 57.39 67.00
7 67.75 64.75 58.69 59.50
8 64.25 86.00 62.47 80.25
9 62.55 62.75 62.00 67.92

10 94.75 86.00 88.25 78.95
11 74.00 76.75 83.00 66.58
12 72.04 66.25 71.25 63.41
13 83.50 86.25 67.67 66.41
14 69.75 76.00 62.00 72.25

Mean 71.85 75.43 66.16 71.61

Results and Discussion
The individual and mean results in each condition are

reported in Table 3. The difference between the means
of each condition was tested with a randomized block fac­
torial ANOVA (2 methods x 2 types of intervals; Kirk,
1982). The results show a significant difference between
the empty- and filled-intervalconditions [F(1,39) = 6.18,
p < .05] and between the FC and SS methods [F(l,39) =

6.86, p < .05]. The interaction effect was not signifi­
cant [F(I,39) = .26].

There are two aspects of interest in this experiment.
First, the difference between the filled and the empty inter­
vals reported in Experiment I for the auditory intervals
was replicated here. The second aspect, more important
in our effort to search for the sources of difference be­
tween the results of Rammsayer and Lima (1991) and
those of the present study, concerns the possible effects
of the FC and SS procedures. It was expected that using
the FC method instead of the SS method would provide
a greater benefit for the filled intervals than for the empty
intervals. In brief, an interaction effect was expected, but
was not observed. Thus, the difference between the FC
and SS procedures cannot account for the difference be­
tween our results and those of Rarnrnsayer and Lima.

Experiment 3 is notable because it shows better per­
formance with the FC procedure than with the SS proce­
dure. Usually, in psychophysical tasks using dimensions

was not the case in Experiments I and 2, in order to avoid an im­
mediate representation of the short and the long intervals, filled
or empty, when passing from the 55 method to the FC method or
from the FC method to the 55 method. The order of presentation
of the conditions was varied according to a Latin square resulting
in four cycles: 4 subjects were assigned to Cycle I and 4 were as­
signed to Cycle 2; 3 subjects were assigned to Cycle 3 and 3 were
assigned to Cycle 4.

For all four experimental conditions. the short and long inter­
vals were set, as in Experiment I, at 241 and 259 msec.

Auditory Visual

Filled Empty Filled Empty

83.17 84.00 81.75 91.75
70.75 71.00 67.50 81.50
72.75 74.75 75.25 82.75
83.75 72.50 68.75 76.00
77.75 74.75 76.00 84.00
81.50 80.25 84.25 87.50

78.28 76.21 75.58 83.91

1
2
3
4
5
6

Mean

Subject

50 msec is a range of duration where some sensory fac­
tors are more likely to interfere with the processing of
the duration (Allan & Kristofferson, 1974).

On the other hand, the present results for the auditory
modality at least are more in agreement with those of
Rammsayer and Lima (1991) than with those of Experi­
ment I. In Experiment 2, the auditory discrimination
tends to be better with filled intervals than with empty
intervals. However, the difference observed here is very
much weaker than the one reported by Rammsayer and
Lima. This difference might depend on the utilization of
different types of presentation of the stimuli, that is,
forced-choice (FC) or single stimuli (SS). If this is the
case, the benefit a subject could gain from the FC method
should be apparent only with filled intervals, not with
the empty ones. This hypothesis was tested in the next
experiment.
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other than time, the FC method leads to better perfor­
mance than the SS method (see Creelman & Macmillan,
1979; Green & Swets, 1966). In the case of duration dis­
crimination, Allan, Kristofferson, and Rice (1974) have
reported data showing no significant differences between
the FC and SS methods. Their investigationwas conducted
with very short intervals « 100 msec) and in the visual
modality. Indeed, they used a "dark flash," in which a
visual display was illuminated but the duration stimulus
was not. The absence of a difference between the FC and
SS methods as reported by Allan et al. (1974) might be
due to their utilization of different groups of subjects in
each task. Allan et al. noted that Carbotte (1972) also re­
ported an absence of difference between the SS and FC
methods used by the same subjects in the discrimination
of empty auditory intervals (these results are briefly re­
ported in Carbotte, 1973).

EXPERIMENT 4

Since the method of presentation of the stimuli might
change the evaluation of performance in a given marker­
type condition, the experimental conditionsof Experiments
1 and 2 needed to be reexamined. These conditions were
filled-empty, auditory-visual, 50 msec, and 250 msec.
In this fourth experiment, an adaptive procedure, which
involved FC conditions, was used.

Method
Subjects. Sixteen 19- to 32-year-old volunteers participated in

this experiment. They were paid $10 for their participation.
Procedure. The material in the present experiment was the same

as that used in the previous experiments. The main change in the
method was the utilization of an FC-adaptive procedure. One trial
consisted of a presentation of both a standard duration and a com­
parator, in random order. The subject had to signal, by pressing
the appropriate button, if the first interval was shorter or longer

than the second interval. The empty intervals were marked by two
20-msec signals. The first and second intervals were separated by
a I-sec interval. A I. 7-sec feedback was provided to the subject,
but there was no warning signal. The next trial started 2 sec after
presentation of the feedback.

With the FC-adaptive procedure, the difficulty of the discrimi­
nation was adjusted after each trial. More precisely, after each cor­
rect response, the comparator was decreased (i.e., brought nearer
to the standard) by a factor of X, and, after each wrong response,
the comparator was increased by a factor of 3X. This technique,
a weighted up-down method, is reported to provide an estimation
of the At" (Kaernbach, 1991; Ramrnsayer, 1992b).

Each estimation of a At? involved 50 trials distributed in three
blocks of 10, 20, and 20 trials. For each block, the steps had one
given value. For the estimation with a 50-msec standard, the com­
parator was set at 98 msec for the first trial and the steps for Blocks
1, 2, and 3 were set at 8, 4, and 2 msec, respectively. With the
250-msec standard, the comparator was set at 500 msec and the
steps for Blocks 1,2, and 3 were set at 30,10, and 3 msec, respec­
tively. Note that the computer program was arranged so that it was
not possible for the comparator to have a value smaller than or equal
to the value of the standard. Thus, there were some successive trials
for which the value of the comparator was the same.

The subjects participated in two sessions, one for each standard
value. In each session, there were four conditions: auditory-empty,
auditory-filled, visual-empty, and visual-filled. The order of pre­
sentation of these conditions and the order for the 50- and 250-msec
sessions were balanced among subjects. At the beginning of the
first session, there were some practice trials to make sure the sub­
jects understood the task.

Results and Discussion
In Experiment 4, the dependent variable of interest was

the differential threshold, which here was estimated by
subtracting the value of the standard from the average of
the comparators in the last to trials. The lower the thresh­
old, the better the performance. The comparisons of
interest in this experiment were, as in the previous ex­
periments, those between filled and empty intervals. Ta­
ble 4 shows the individual and average differential

Table 4
Individual and Mean Differential Thresholds

Under Each Condition of Experiment 4

50 msec 250 msec

Subject Ae Af Ve Vf Ae Af Ve Vf
I 6.80 24.60 43.00 39.00 38.10 21.90 80.90 92.90
2 12.60 10.60 14.20 22.20 6.80 59.70 76.90 73.70
3 15.00 6.20 16.60 15.00 83.70 35.30 97.70 106.50
4 14.20 11.00 46.20 43.00 94.10 20.90 40.90 130.50
5 4.20 15.00 15.80 21.40 8.10 32.90 53.50 73.90
6 15.40 8.60 22.20 27.70 84.10 48.10 80.10 137.70
7 3.40 3.40 15.00 11.80 9.70 24.50 30.10 26.50
8 5.40 16.60 19.80 24.60 66.50 114.10 75.70 85.30
9 6.00 13.40 11.00 23.80 6.60 6.40 48.90 59.70

10 19.00 3.40 14.00 9.00 40.50 12.30 27.50 42.90
11 25.40 14.60 20.60 33.80 40.90 21.30 44.50 148.90
12 8.60 6.20 14.20 19.80 20.10 21.70 18.50 70.50
13 7.80 11.00 23.80 28.60 13.70 7.70 67.70 88.90
14 12.60 16.60 12.40 29.40 33.70 49.30 104.50 96.50
15 5.40 11.00 27.80 39.00 21.30 43.70 29.30 117.70
16 7.80 8.60 20.80 24.60 12.60 9.00 28.60 43.00

Mean 10.60 11.30 21.08 25.79 35.66 33.05 56.58 87.19

Note-Ae = auditory-empty, Af = auditory-filled, Ve = visual-empty, and Vf =
visual-filled.
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thresholds for each experimental condition. Note that the
individual differences are very prominent. This might be
due to the fact that there was only one estimation for each
subject, for each experimental condition. At 50 msec, the
differential threshold for the filled intervals was higher
than the differential threshold for the empty intervals in
the visual mode [t(15) = 2.80, p < .05] but not in the
auditory mode [t(15) = .32, n.s.]. At 250 msec, once
again performance was significantly better with the empty
intervals than with the filled intervals in the visual mode
[t(15) = 3.39, p < .01] but not with the auditory mode
[t(15) = .32, n.s.].

Following this fourth experiment, it was now clearer
that sensory mode is a key factor affecting performance
differences with filled and empty intervals. With the visual
mode, the superior discrimination with the empty inter­
vals reported here is consistent with the results reported
in Experiments 1 and 2. With the auditory mode, the re­
sults at 50 msec are consistent with those of Experiment 2
but not with those of Rammsayer and Lima (1991). At
250 msec, the present auditory results are inconsistent
with those of Experiments 1 and 3.

Let us first consider the case of the 50-msec intervals.
Although there are some slight methodological differences
between the procedure of Experiment 4 and the one used
by Ramrnsayer and Lima (1991), a direct comparison of
the results is reasonable. One might observe that the main
difference between our differential thresholds and theirs
is not for filled intervals (about 11 vs. 7 msec) but for
empty intervals (about 11 vs. 21 msec). Indeed, the results
of Experiment 4 with empty intervals are far better than
Rammsayer and Lima's. This might well be due to the
fact that Rammsayer and Lima used 3-msec clicks for
marking the empty intervals, whereas the markers in the
present experiment were 20-msec tones. In this context,
Klumpp and Eady (1956), as noted by Rammsayer and
Lima, have reported the interaural time difference thresh­
olds to be 11 ILsec with I-kHz tones but 28 ILsec with
clicks. An effect based on the quality of the auditory signal
might well apply to the discrimination of very short time
intervals. Indeed, for the discrimination of very short
empty time intervals, the variations of frequency, and
also of intensity, are known to produce important effects
on performance (Divenyi & Danner, 1977; Divenyi &
Sachs, 1978).

At 250 msec in the auditory mode, the results of both
Experiment 1 and Experiment 3 were better with the
empty intervals; this was not the case in Experiment 4.
On the basis of the results of Experiment 3, the disap­
pearance of the superior performance with empty inter­
vals cannot be attributed to the use of the Feprocedure.
Indeed, what is particular to the adaptive procedure is not
only the utilization of the FC procedure, but also the fact
that the comparator is changed from trial to trial, which
was not the case in Experiment 3. In Experiment 3, the
use of only two intervals, one short and one long, could
have contributed to forming a steady and reliable repre­
sentation of the short and long intervals. This represen-

tation could be easier to maintain in the case of empty
intervals than in the case of filled intervals, because the
empty intervals, when the signals are provided within one
sensory mode, might take advantage of some grouping,
or perceptual organization (Fraisse, 1952). This specula­
tive explanation would be more effective with the audi­
tory mode than with the visual mode, if we assume that
in the latter case other sources of variance are more im­
portant in explaining discrimination performance. This
assumption is reasonable since the differential thresholds
are much higher, both at 50 msec and at 250 msec, in
the visual mode than in the auditory mode. Better perfor­
mance with auditory markers than with visual markers
has also been reported elsewhere (Grondin & Rousseau,
1991; Rousseau, Poirier, & Lemyre, 1983).

EXPERIMENT 5

Experiment 5 was designed to clarify one key question
in the time-perception field: how does the differential
threshold, here defined as t1.t75 , vary with duration? Not
only did this experiment cover a wide range ofdurations,
but it also provided an opportunity for comparing these
variations in conditions in which the marking of intervals
differed: filled and empty intervals, with auditory and
visual stimulations. Such an investigation of the variation
of differential thresholds with duration, with the same sub­
jects and with different marker-type conditions, has re­
mained a neglected question in the literature on the
psychophysics of time. The investigation here was made
using two methods. For 3 subjects, the differential
thresholds were estimated with a method that was a vari­
ation of the SS method, the many-to-few method (Allan,
1979); for 1 subject, the differential thresholds were es­
timated with an adaptive procedure.

Method
Subjects. Three 23- to 30-year-old volunteers participated in the

24 sessions of this experiment with the many-to-few method. They
were paid $5 per session. Subject 3 was a highly skilled pianist.
Subject 4, the author, was tested with the adaptive procedure.

Procedure A: Psychometric functions. The apparatus andstimuli
were as in Experiment 4. With the many-to-few method, the course
of a trial was identical to that in Experiments I and 2. There were
six identical blocks of 60 trials per session. When the many-to-few
method was used in the experiment, there were more thanone short
and one long duration presented to the subject. Indeed, six dura­
tions were presented 10 times in a random order within each block.
Three of these durations were shorter ( - I, - 2, - 3) andthree were
longer (+1, +2, +3) than a midpoint value. The short and long
intervals were doubled each time the midpoint value was doubled.
This choice of parameters applied for each marker-type interval.
The parameters for each midpoint value are reported in Table 5.
The midpoint values were .125, .25, .5, I, 2, and 4 sec.

For each subject, 24 differential thresholds were estimated: 4
marker-type conditions x 6 midpoint values. These 4 marker types
were "empty auditory-auditory" (Ae), "filled auditory" (Af),
"empty visual-visual" (Ve), and "filled visual" (Vf). Each dif­
ferential threshold, here defined as the difference between a short
and a long interval necessary for reaching 75 % of correct responses
(dt,.), was based on 360 judgments. Subject I did the 24 sessions
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Table 5
Choice of Short and Long Intervals in Each

Marker-Type Condition and for Each Midpoint Value
With the Many-to-Few Procedure of Experiment 5

Auditory (Filled and Empty)
-3 115 230 460 920 1,840 3,680
-2 119 238 476 952 1,904 3,808
-1 123 246 492 984 1,968 3,936
+1 127 254 508 1,016 2,032 4,064
+2 131 262 524 1,048 2,096 4,192
+3 135 270 540 1,080 2,160 4,320

Visual (Filled and Empty)
-3 105 210 420 840 1,648 3,360
-2 113 226 452 904 1,808 3,616
-1 121 242 484 968 1,936 3,872
+1 129 258 516 1,032 2,064 4,128
+2 137 274 548 1,096 2,192 4,384
+3 145 290 580 1,160 2,320 4,640

in the following order: Ae, Af, Ve, and Vf at .125 sec, then at
.25, .5, 1, 2, and 4 sec. The other 2 subjects did the sessions in
the reverse order, beginning at 4 sec and ending at .125 sec, and,
for each midpoint value, beginning with Vf and finishing with Ae.
Subject 3 did two of the conditions (Ae-.25 and Ve-.5) a second
time because her first session showed very low differential
thresholds. For Subject 3, the second evaluation of the thresholds
is the value reported here.

Before each session, the subject was first presented 10 examples
of the midpoint value. For example, for a session where the mid­
point was .125 sec, the subject was presented a .125-sec interval
10 times. The shortest sessions (. 125 sec) lasted about 30 min and
the longest (4 sec) about 60 min.

Procedure B: Adaptive. Essentially, this method was the same
as that in Experiment 4: the interstimulus intervals, the number of
blocks and trials per blocks, and the adjustments by 3 times the
value of the steps for wrong responses were identical. In the present
case, there were six standards of interest: .125, .25, .5, I, 2, and
4 sec. For each standard, two types of sessions were adopted for
estimating the differential thresholds, one with ascending values
for the comparator and one with descending values. For each type,
the threshold was evaluated twice. The mean of the best score for
each type was kept as the estimation of the differential threshold.
For each standard, the values of the comparators and of the steps
in each block, for both descending and ascending method, are re­
ported in Table 6.

The subject was conducted through the different conditions (96
estimations: 2 ascending series and 2 descending series x 4 marker­
type conditions x 6 standards) in the following order: 24 (4 x 6)
estimations were completed with the descending series, followed
by 24 with the ascending series, 24 with the descending series, and
24 in the ascending series. For each of these series of24, the order
of the standard was random and, preceding the next standard, an
estimation was made for each of the four marker types. The order
for these four conditions was random.

Comparison
Stimulus
Values 125 250

Midpoint Value (msec)

500 I,000 2,000 4,000

ential threshold was then calculated as in the conventional
constant-stimuli method. Two x values corresponding to
75% (Z = .67) and 25 % (Z = - .67) of long responses
were estimated, and their difference, divided by 2, was
the estimated differential threshold. These two points,
75 % and 25%, represent the midpoint between a zero
level of discrimination (50 %) and a perfect level of dis­
crimination (100 % and 0 %).

Table 7 reports the differential threshold value (dt7 S ) ,

the point of subjective equality (PSE), and the Weber frac­
tion (dt7 SIn of each subject in each of the 24 experimental
conditions. The PSE is the value for which the internal
duration appears equal, on average, to the midpoint for
one given condition. For Subjects 1,2, and 3, all the R2

exceeded .88, .93, and .90, respectively.
For Subject 4, the differential threshold was calculated

by taking the absolute value of the difference between the
standard and the mean value of the comparators for the
last 10 trials. This should provide an estimation of M 7 S

(Kaernbach, 1991; Rammsayer, 1992b). As noted earlier,
the differential thresholds reported here are the mean of
the best performance (lower threshold) in each ascend­
ing and descending series. The Weber fraction (dt7s /T)
for each condition is reported in Figure ld.

Figure 1 shows the discrimination function of each sub­
ject in each condition. In these, dt7 S IT is plotted as a func­
tion of T. For most individual functions, the pattern is
the same: the Weber fraction, as expressed by dhslT,
increases for lower values of T, the midpoint values. This
is consistent with a generalized form of Weber's law,
which states that the variability of discrimination judg­
ments is proportional to stimulus magnitude plus a con­
stant that is independent of the stimulus magnitude. In the
present case, the stimulus is duration. Note that for Sub­
ject 3 in the Af condition, the Weber fractions remain
constant.

Different models could be employed for describing the
relation between the differential threshold and T. A first
and simple description is actually provided by the gener­
alized Weber's law (t.t7 S = kT+a). For each subject, and
for each marker-type condition, the best fitting values for
k and a were estimated for the generalized Weber's law.
The values are reported in Table 8. The slope is the esti­
mation of k and is here an estimation of the Weber frac­
tion. Of note here is that, for 1 given subject, the Weber

Table 6
Parameters Used With the Adaptive Procedure

of Experiment 5 (Subject 4)

Standard (msec)

Step Trials 125 250 500 1,000 2,000 4,000

1-10 12 25 50 100 200 400
11-30 5 10 15 20 25 30
31-50 2 3 4 5 6 7

Results and Discussion
For each of the 24 conditions with the many-to-few pro­

cedure, a 6-point psychometric function was traced, plot­
ting the six comparison durations (from short [ - 3] to long
[+3]) on the x axis and the Z transformation of the prob­
ability of responding "long" on the y axis. 1 The differ-

First Comparator
Ascending Series
Descending Series

190 375
60 125

750
250

1,500
500

3,000
I,000

6,000
2,000
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(1)

(2)

t = nd

and

a background sensory noise, denotes that the difference
between these marker-type conditions does not seem to
depend on a timing mechanism (Weber fraction, k), but
on another source of variance. The amount of variance
here is mainly related to the sensory mode, not to the fact
that the intervals are filled or empty .

Another description for the relation between the dif­
ferential threshold, or the just noticeable difference (jnd),
and T could be provided by the following equation: jnd =
it". In such a power relation, the parameter b is of in­
terest. Krueger (1989) has reported that the deviation from
Weber's law could be expressed in terms of b. A value
of b= 1 would be expected from Weber's law. The devi­
ation from Weber's law found in the auditory area typi­
cally results in estimations of b to be around.9 (Krueger,
1989). The estimation of b for each marker-type condi­
tion for each subject is reported in Table 9_ These values
were calculated by an estimation of the slope of the best­
fitting line between the log of jnd plotted as a function
of the log of T. The explained variance is generally very
good for each function. The values of b are smaller (i.e.,
the deviations from Weber's law are greater) for the visual
mode than for the auditory mode, and are smaller with
the filled intervals than with the empty intervals in the
auditory mode.

Another model for analyzing the variability of temporal
judgments as a function of the duration to be timed is pro­
vided by Killeen and Weiss (1987). This model is a
general one that may be used by any theories of energy
detection relying on neural counting mechanisms. Indeed,
the description of the model was first reported for the in­
terpretation of the case of temporal discriminations.

In brief, Killeen and Weiss's model (1987) states that
given the average duration of an entire interval t (or /LT),
the average number of subintervalsn (or /LN), and the aver­
age duration of a subinterval d (or /LD),

The total variance is then a combination of errors com­
ing from the weighted sum of two sources, ab and af..
The growth of these variances is assumed to correspond
to these equations:

. -.
--O-------·--·~--~~~:9

Subject I

.08

.04

b) Subject 2
.12

.08

C
0.- .04......
C.J
e':l -- ..... _-- ...... -

et::
...
~ c) Subject 3.c .12
~

~
.08

.04
q ........ ._.a---- __
b·-o----o·-·

0.
d) Subject 4

.16

.12

.04

.12

.08

Figure 1. Individual Weber fractions (At7SfT) for each subject of
Experiment 5 plotted as a function of the base duration, T. Open
circles = empty auditory intervals, filled circles = filled auditory
intervals, open squares = empty visual intervals, filled squares =
filled visual intervals.

fraction remains quite similar for the different marker­
type conditions. The main differences among the marker­
type conditions are located in the value of the intercept,
Q. This parameter, often referred to in psychophysics as

and

(4)

(3)

Killeen and Weiss referred to Equations 3 and 4 as the
fundamental error equations. In cases where 0:0 > 0 and
0:2 > 0, the optimal duration for the subintervals (d*) is

d* = [0:0/(0:2+13,)]'/2. (5)

The accuracy of performance in a timing task could be
predicted by inserting Equation 5 into Equation 2. This
results in an equation where the variance in the estimates
of a time interval is a quadratic function of this interval:

2

T(sec)

.25 .5
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Table 8
Individual Slope, Intercept, and Explained Variance (Rl)

When the Differential Thresholds Are Plotted as a Function of Time (Experiment S)

Subject I Subject 2 Subject 3

Condition Slope Intercept R' Slope Intercept R' Slope Intercept R' Slope

Subject 4

Intercept

Ae .034 11.130 .977 .025 4.394 .996 .032 -3.313 .996
Af .028 11.598 .981 .025 6.379 .998 .028 5.279 .983
Ve .050 14.080 .981 .025 19.299 .959 .037 8.422.994
Vf .033 30.761 .913 .031 17.868 .981 .036 13.222 .988

.023

.029

.014

.028

8.660
8.344

34.980
29.326

.965

.991

.523

.920

Note-Ae = auditory-empty, Af = auditory-filled, Ve = visual-empty, and Vf = visual-filled.

Condition

Parameters

Condition .,fA B R'

Table 10
Parameter Estimates and Explained Variance (Rl)
for Equation 7 for Mean Results of Experiment 5

GENERAL DISCUSSION

The parameter estimates were also obtained using a
value of -JA fixed at .038. Having thus the same Weber
fraction for counting, {3z, for all conditions, led to very
good predictions. The best-fitting values for B, as well
as for the R 2

, are those reported in Table 10 in paren­
theses. These values for B are slightly larger for the filled
intervals than for the empty intervals, and are very much
larger for visual thanfor auditory intervals. Thus, the data
reveal that there is a countermechanism, -JA or {32' com­
mon to the different marker-type conditions, and an error
in variance, as denoted by B, that is large for the visual
mode but not for the auditory mode.

In brief, Experiment 5 yields some interesting results.
First, the present findings are of theoretical importance
because they support the conclusion, as in Fetterman and
Killeen (1992) or as in Getty (1975), that a generalized
form of Weber's law is relevant for time (for review, see
Allan, 1979; or Killeen & Weiss, 1987). In the present
case, the demonstration is especially interesting for in­
volving different marker-type conditions. Secondly, for
the 250- and 5OQ-msec intervals, the performance for both
modalities is generally superior with empty intervals. Fi­
nally, there is no increment of the Weber fraction for T
values longer than 2 sec as sometimes reported elsewhere
for duration (Allan, 1979; Fraisse, 1978).

The results observed in these five experiments show that
the differences between performance with filled and empty
intervals depend on the type of markers, on the range of
duration investigated, and, to some extent, on the type
of method employed for discriminating those intervals.
To these sources of dependence influencing the levels of
performance we could add also the large individual dif­
ferences. Nonetheless, it is possible to draw some definite
conclusions from the results.

In Experiments 1 and 2, that is, with the 250- and 50­
msec intervals, respectively, as in Experiment 4, the
results for the visual modality clearly show better per­
formance with the empty intervals than with the filled in­
tervals. With the auditory modality, performance is not
systematically better with the empty than with the filled
intervals. At 50 msec, no fJJ.led/empty difference is ob-

(6)ai = At2 + Bt + C

or

Ae Af Ve Vf

Subject b R' b R' b R' b R'

1 .85 .992 .78 .947 .82 .985 .66 .958
2 .85 .995 .76 .992 .60 .991 .62 .981
3 1.04 .992 .93 .996 .79 .983 .74 .995
4 .86 .938 .81 .998 .46 .742 .56 .962

Note-Ae = auditory-empty, Af = auditory-filled, Ve = visual-empty,
and Vf = visual-filled.

Table 9
Estimation of the Exponent b, and Explained Variance (R2),

in the Power Functions Relating the
Just Noticeable Difference and Time (Experiment S)

aT = (At 2+Bt+ C)1/2. (7)

The literature offers more details about these transforma­
tions (see Fetterman & Killeen, 1990; Killeen, 1992; or
Killeen & Weiss, 1987).

We can use Equation 7 for analyzing the data of Ex­
periment 5. The analysis is made for each marker-type
condition on the basis of the average data of the 4 sub­
jects (Figure 2). Table 10 shows the best-fitting values
for Equation 7. In these cases, parameter C should be set
at O. C reflects constant error in the counter (or (3o). The
value for -JA is the Weber fraction, or {32' and Killeen
and Weiss argue that this value is determined by counter
error. The value of B is made up of different factors (0:
values in Equation 3, and (31 in Equation 4).

Auditory-empty .041 1.056 (1.626) .995 (.992)
Auditory-filled .038 1.674 (1.732) .997 (.997)
Visual-empty .035 6.215 (5.634) .984 (.983)
Visual-filled .033 7.414 (6.559) .992 (.991)

Note-In parentheses are the estimates of B and R' when A is fixed
at .038.
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250

Figure 2. Standard deviation as a function of duration, T, for the
average data of the 4 subjects of Experiment 5. Open circles = empty
auditory intervals, filled circles = filled auditory intervals, open
squares = empty visual intervals, filled squares = filled visual
intervals.

served (Experiments 2 and 4). At 250 msec, discrimina­
tion is better with empty intervals (Experiments 1 and 3),
except with an adaptive procedure (Experiment 4). Also,
as shown in Experiment 3, discrimination of duration in
the auditory modality is easier with the FC method than
with the 55 method. In Experiment 5, the comparison of
filled and empty intervals was extended to a wider range
of durations: for short intervals, in the range of .25 to
.50 sec, the discrimination for empty intervals is gener­
ally easier than the discrimination for filled intervals. This
difference fades for longer intervals. Although these re­
sults do not permit us to demonstrate the functioning of
a timing process in duration discrimination, they help to
question the relevance of some hypotheses about duration­
discrimination mechanisms.

Rammsayer and Lima (1991) observed that the discrim­
ination of 50-msec intervals in the auditory mode was
better with filled intervals than with empty intervals. This
observation led them to propose different hypotheses about
the mechanism of timing. One hypothesis suggests that
the presence of more perceivable physical stimuli with
filled intervals than with empty intervals results in an
increased rate of neural firing of pulses on which the sub­
jective representation of duration is based. The idea, that
subjective duration is a product of an accumulation of in­
ternal pulses, is central to the classical psychophysical
models of time (Creelman, 1962; Treisman, 1963). A
higher rate of neural firing would result in a finer tem­
poral resolution. Another hypothesis reported by Ramm­
sayer and Lima stipulates that the superior discrimination
observed with filled intervals might depend on the quality
of the switch mode in a "pacemaker-switch-accumulator"
process model of timing (Church, 1984; Gibbon &
Church, 1984; Meck, 1984). The filled intervals would
benefit from a simpler, and consequently more efficient,
switch mode than the empty intervals.

For both hypotheses-increased rate of neural firing and
the switch mode-it could be predicted that whatever the
sensory modality for providing the signals, the use of filled
intervals should lead to better performance than the use
of empty intervals. That prediction was shown to be wrong
in the visual modality in both Experiment 1 and Experi­
ment 2, that is, at 250 and 50 msec, and in Experiment 4
with the adaptive procedure. Thus, it is certainly not pos­
sible to generalize the findings of Ramrnsayer and Lima
(1991) regarding the difference between filled and empty
intervals. Our results reveal that there are several factors
that may affect duration discrimination, in some cases
leading to better discrimination with empty intervals than
with filled intervals. What are some of those potential
factors?

To begin with, it cannot be excluded that duration dis­
crimination might be based on different dimensions ac­
cording to the range of durations investigated and the
experimental procedure employed. The upward slopes re­
ported in Figure 1 at various points could be an indica­
tion that, at least for short durations, the time judgments,
instead of being based on some temporal information, ac­
tually rely on a surrogate mechanism such as sensory in­
tegration. For very short intervals, it is already known
that the physical characteristics of the markers influence
duration discrimination (Allan, 1979). Moreover, in the
case of empty intervals, the possibility that performance
relies on some grouping principle, or perceptual organi­
zation, cannot be discarded. The possibility that there are
different mechanisms for estimating time is also suggested
by Ramrnsayer and Lima (1991), who have reported that
discrimination of l-sec intervals is cognitively influenced
whereas discrimination of 50-msec intervals is perceptual
in nature. Even within the range of very short intervals,
there might be more than one mechanism for processing
temporal information (Ramrnsayer, 1992a).

In any attempt to theorize about timing processes oper­
ating with different marker-type conditions, one has to
deal with the superiority, with short durations, of the
empty intervals over the filled intervals observed with the
visual mode and in some conditions with the auditory
mode. In explaining why, for a given range of durations,
discrimination of empty intervals can be superior to the
discrimination of filled intervals, the following tentative
and simple explanation can be advanced. Let us call it
the internal-marker hypothesis, which is in line with the
onset-offset model of Allan, Kristofferson, and Wiens
(1971). This hypothesis assumes that the time needed to
eliminate the internal trace of a physical signal is longer
than the time needed to generate an internal onset from
a physical signal. This seems reasonable considering, for
example, the different estimates of visual persistence
(Nisly & Wasserman, 1989). Thus, the hypothesis sup­
poses that the internal onset and offset signals differ con­
siderably with empty and filled conditions. With the filled
intervals, the timing would start as soon as the physical
signal was converted into an internal onset signal, and the
internal offset would occur when the trace of the physi-

500040002000 3000
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Average Dataj 200
g
c
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cal signal disappeared. With the empty intervals, the in­
ternal onset might well occur after the disappearance of
the trace of the first marker, and the internal offset would
occur as soon as the second physical signal was detected.
Consequently, the duration between the internal onset and
offset of a filled interval would be longer than the dura­
tion between the internal onset and offset of an empty in­
terval. This is consistent with Craig's (1973) findings,
which suggest that a constant value must be added for an
empty interval to be judged to be as long as a filled inter­
val. In other words, we would have, between the short
and the long intervals, the same At difference, but the
internal length of these intervals would be smaller in the
empty conditions. The discrimination should then beeasier
with empty intervals, since, following Weber's law, the
At must increase with the increase of duration for reach­
ing comparable levels of discrimination. This relative ef­
fect of the markers would eventually disappear as the du­
ration became very long. For very short durations, this
effect would be reflected in performance as soon as a more
efficient process, such as sensory integration (Rammsayer
& Lima, 1991), was no longer available.

In brief, the internal-marker hypothesis is quite attrac­
tive for its simplicity, for its power to account for the dif­
ference between performance with filled and empty in­
tervals observed in the different experiments of this study,
and even for its capacity to account for the ftlled-duration
illusion (Goldfarb & Goldstone, 1963; Goldstone & Gold­
farb, 1963). Moreover, assuming that sensory persistence
is longer for vision than for hearing, the hypothesis
predicts that the difference between empty and filled in­
tervals should prevail more with the visual mode than with
the auditory mode, which is also consistent with the data
obtained in this study.

In conclusion, the various findings of this study do not
allow for the establishment of a general model for time
perception, although they do provide many indices for any
eventual theorizing effort. Experiment 5 (see in particu­
lar Figures lb and lc) shows that the generalized We­
ber's law holds for different marker-type conditions. This
opens the door for a general theory of timing based on
a single-timer assumption. The internal-marker hypothe­
sis described above is an attempt to explain some data
within this single-timer perspective. On the other hand,
for very short intervals, there seems to be some process,
such as sensory integration or perceptual organization,
that provides a base for time judgments and that is very
sensitive to the variations of the physical characteristics
of the stimuli marking the intervals to be discriminated.
More studies are certainly needed to determine the phys­
ical characteristics under which the different timing pro­
cesses are most efficient, and to determine why this
efficiency changes with psychophysical method. More­
over, certain upward shifts in the functions reported in
Experiment 5 (see in particular Figures la and Id) also
invite us to do more specific work on identifying the most
efficient strategy, such as explicit counting, that an ob-

server may adopt for any given range of durations in a
timing task.
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NOTE

I. In order not to overestimate the differential threshold in Experi­
ment 5, which would result in an underestimation of sensitivity, the fol­
lowing procedure was applied. If the subject had only I or 0 error for
I point of the psychometric function, the next point that would logi­
cally be expected to be easier was not included in the analysis. For the
cases in which there were 0 or 60 long responses out of 60, the Z values
included in the function were, respectively, -2.38 (I %) and 2.38 (99%).
Excluded cases were more frequent with longer durations. There were
at least 4 points remaining for each psychometric function.

(Manuscript received July 24, 1992;
revision accepted for publication February 15, 1993.)




