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Duration discrimination of filled
and empty auditory intervals:

Cognitive and perceptual factors
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Adult subjects were presented with two auditory stimuli per trial, and their task was to decide
which ofthe two was longer in duration. An adaptive psychophysical procedure was used. In Ex
periments 1, 2, and 4, the base duration was 50 msec, whereas in Experiment 3, the base dura
tion was 1 sec. In Experiments 1,2, and 4, it was found that filled intervals (continuous tones)
were discriminated more accurately than empty intervals (with onset and offset marked by clicks).
It was concluded that this difference was perceptual rather than cognitive in nature, since perfor
mance on filled and empty intervals was not affected by increasing cognitive load in a dual-task
procedure (Experiment 2) but was affected by backward masking (Experiment 4). In contrast, the
results of Experiment 3 showed that duration discrimination of filled auditory intervals oflonger
duration was cognitively influenced, since performance was impaired by increasing cognitive load.
Implications for notions of perceptual processing and timing mechanisms underlying differences
in duration discrimination with filled and empty intervals are discussed.

There are two types of stimuli used in time perception
studies. One type is the empty (silent) interval and the

other type is the filled interval. In auditorily marked empty

intervals, for example, only the onset and the offset of
the interval are marked by clicks, whereas in filled inter

vals, a tone or noise burst is presented continuously

throughout the interval. Thus, in empty intervals, there

is no auditory stimulus presented during the interval it

self. Surprisingly, there are very few published studies
on the influence of filled versus empty intervals on per

formance in time perception experiments involving brief
intervals (i.e., intervals less than 1 sec in duration).

In her review article, Allan (1979) suggested that given

the results of two duration-discrimination studies reported
by Abel (1972a, 1972b), one can conclude that perfor

mance with filled intervals appears to be more accurate
than performance with empty intervals. However, this

comparison was not the focus of Abel's studies. In a study

by Craig (1973), subjects had to adjust the time between

two lOOO-Hz tones until it appeared equal in duration to
the first tone. Craig found a constant error in the percep-
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tion of empty intervals relative to filled intervals. This
finding joins those of Abel (1972a, 1972b) in suggesting

that performance on filled intervals is more accurate than

performance on empty intervals. Although Craig con

cluded that different timing mechanisms may be required
for processing filled and empty intervals, he did not pro

pose any specific mechanisms. Thus, as Allan (1979)

stated, no theory has been proposed to explain why it

should be the case that filled intervals are discriminated

better than empty intervals.
Our major focus was on very brief auditory intervals,

which we define as intervals of less than 100 msec in du

ration. The base duration was 50 msec in Experiments
1,2, and4. The goal of the first experiment was to directly

establish the direction and degree of performance differ

ences in duration discrimination of filled versus empty

intervals. The purpose of the remaining three experiments

was to elucidate the bases of any observed differences be

tween filled and empty intervals. Experiments 2 and 3 ad

dressed the issues of whether duration discrimination is

cognitively mediated and whether differences in perfor

mance between filled and empty intervals are due to

differential cognitive loads in the two conditions. Another
goal of Experiment 3 was to investigate cognitive in

fluences in duration discrimination of longer intervals,
those of approximately 1 sec in duration. In Experi

ment 4, backward masking was used to test the view that

duration discrimination of very brief auditory intervals

is based primarily on processing at a perceptual level.
Thus, Experiment 4 was intended to provide results rele-
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vant to the view that differences in performance between

filled and empty intervals are due to differences in per

ceptual processing.

EXPERIMENT I

In Experiment 1, subjects were presented with two con

secutive intervals per trial, and their task was to decide

which of the two intervals was longer in duration. As a

measure of discrimination performance, difference

thresholds were computed. We chose not to use traditional

psychophysical methods such as the method of constant

stimuli and instead used an adaptive procedure, the trans

formed up-down procedure described by Levitt (1971).

Fixed methods suffer from the drawback that subjects are

often confronted with stimuli far removed from the desired

level of the independent variable. For such stimuli, the

proportion of positive responses is either near zero or near

unity; that is, little information is gained from these trials,

and hence the fixed methods are relatively inefficient. A

general advantage of adaptive procedures is their higher

efficiency and greater flexibility, resulting in fast and reli

able estimation of the value of a stimulus variable that

yields a threshold response.

Method
Subjects. The subjects were 12 male and 12 female adults rang

ing in age from 20 to 58 years (M = 32.3, SD = 10.2). All sub

jects had normal hearing.
Apparatus and Stimuli. The presentation of the intervals and

the recording of the subjects' responses was controlled by an mM

AT-compatible computer. Auditory tones were generated by a
computer-controlled sound generator. The frequency of the tone

used in the filled intervalswas 1000 Hz, and the intensitywas 67 dB.
The empty intervals were marked by onset and offset clicks 3 rnsec

in duration, with an intensity of 88 dB. This higher physical inten
sity was necessary to achieve equal loudness in the two conditions.

These intensity levels were chosen on the basis of the results of
a prior pilot experiment in which 12 subjects were asked to adjust

the loudness of a 3-msecclick until it matchedthat of a 5O-msec tone.
Procedure. The stimuli were presented through headphones

(Vivanco Model SR85). An experimental session consisted of one

block of empty and one block of filled intervals; the order of blocks

was counterbalanced across subjects. Each block consisted of 50
trials, and each trial consisted of two stimuli, one 50-rnsec stan
dard interval, and one comparison interval. The comparison inter

val varied in duration from trial to trial, depending on the SUbject's
previous responses according to the transformed up-down proce

dure described by Levitt (1971), which converges on a probability

of hits of 70.7 %. Some advantages of this procedure over tradi

tional psychophysicalmethods are its robustness, small-sample reli
ability, and avoidance of floor and ceiling effects. The duration of

the comparison interval changed with a constant step size of 8 rnsec
for Trials 1-10, 4 rnsec for Trials 11-30, and 2 rnsec for Trials
31-50. The initial value of the comparison interval was 98 rnsec.

The order of presentation for the standard interval and the com

parison interval was randomized and balanced, with each interval
being presented first in 50% of the trials. The subjects were not

informed that there was a constant standard interval of 50 msec in
every trial. When asked after the experiment if they had been aware
of different presentation orders of a constant standard and a vari

able comparison interval, they reported that they had not.

Each subject was seated at a table with a keyboard and a com

puter monitor in a sound-attenuated room. To initiate a trial, the

subject pressed the space bar; the auditory presentation began

900 msec later. The two intervals were presented with an inter
stimulus interval of 900 msec. The subject's task was to decide

which of the two intervals was longer and to indicate his or her
decision by pressing one of two designated keys on the keyboard;
one key was labeled "first interval longer" and the other was la

beled "second interval longer." The instructions to the subjects

emphasizedaccuracy; there was no requirement to respond quickly.
After each response, visual feedback ("CORRECT" or "FALSE")

was displayed. The next trial started when the SUbject pressed the
space bar again.

The experimental trials were preceded by practice trials, in which
the adaptive procedure was also used. The purpose of the practice

trials was to ensure that the subjects understood the instructions

and to familiarize them with the stimuli. A subject began the ex

perimental trials only after having achieved six consecutive cor
rect responses in the practice trials. Despite the fact that the start

ing value of the comparison interval was 98 rnsec, the number of
practice trials varied from subject to subject. This occurred primarily

because different subjects required different numbers of trials to

become accustomed to processing the empty intervals.
As a measure of performance, mean differences between stan

dard intervals and comparison intervals were computed for the last
20 trials within each block. This measure represents an estimate

of the individual 70.7 % difference threshold in milliseconds in re
lation to a standard interval of 50 rnsec. Thus, better performance

on duration discrimination is indicated by smaller values.

Results
A t test revealed that duration discrimination was sig

nificantly better with filled intervals than with empty in

tervals; the respective mean 70.7% difference thresholds

were 6.6 msec and 20.9 msec [t(23) = 5.81, P < .001].

Clearly, performance on filled intervals was superior to

performance on empty intervals. The results of Experi

ment 1 established that subjects were able to discriminate

filled intervals differing from each other by approximately

7 msec, but could only discriminate empty intervals if they

differed from each other by at least 21 msec.

Discussion

At least two perceptual processes can account for the

finding that filled intervals are discriminated with [mer

temporal resolution than empty intervals. One of these

processes is sensory integration. Sensory integration al

lows subjects to base their responses on available non

temporal as well as temporal cues. The major nontem

poral cue that is present in filled intervals but not empty

intervals is physical energy. In filled intervals, for ex

ample, physical energy increases as the duration of the

interval increases, but in empty intervals, physical energy

is constant (Carbotte & Kristofferson, 1971, 1973); in

fact, there is virtually no physical energy present. Thus,

subjects should perform better with filled intervals if du

ration discriminations are based on loudness rather than

on temporal information. That is, true temporal informa

tion would not be used, because longer filled durations

would be judged to be longer simply because they sounded

louder than shorter filled durations. However, there is
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convincing evidence that such a possible confound or ar

tifact can be ruled out and furthermore that discrimina

bility of short auditory durations is independent of energy

values. In a series of experiments done with a signal de
tection paradigm, Creelman (1962) studied the effects of

stimulus intensity on duration discrimination with filled

auditory intervals in the millisecond range. Performance

in discriminating between a 100- and a 130-msec inter

val increased with stimulus intensity, but only at low

signal-to-noise ratios. When the intervals were made

clearly audible, this effect leveled off and discrimination

performance became independent of stimulus intensity.

Furthermore, on the basis of his results with filled audi

tory intervals ranging from 40 to 640 msec, Creelman
(1962) concluded that "duration discrimination depends

on sufficient intensity to mark the time unambiguously;
it depends on detectability but not on loudness" (p. 592).

Similarly, Abel (1972b) found that discrimination of tone

bursts with base durations of 5,40, and 320 msec proved
to be independent of the intensity of the stimulus (85 vs.

65 dB). In a study of empty auditory intervals ranging

in duration from 50 to 250 msec, Carbotte and Kristoffer

son (1973) employed changes in marker intensity of 37 dB

and found no evidence that duration discrimination was

based on energy-dependent cues. Taken together, these

results suggest that duration discrimination of both filled

and empty auditory intervals in the range of milliseconds
is independent of signal energy. (See Allan, 1979, and

Allan & Kristofferson, 1974, for reviews.)

The second perceptual process that may be at work is

masking; that is, smaller difference thresholds with filled

as opposed to empty intervals may be partially due to the

existence of forward or backward masking effects in the

empty intervals, with one click partially masking the
other. There should be no appreciable masking effects in

the filled-interval comparisons, since the second interval

within a trial was presented 900 msec after the offset of

the first interval. It has been shown that masking is not
effective beyond approximately 200-250 msec (see, e.g.,

Deatherage & Evans, 1969; Massaro, 1972).

An alternative to the perceptual view is the view that

duration discrimination is cognitively mediated, and that

discriminating empty intervals is cognitively more com

plex than discriminating filled intervals. Within a cogni
tive framework, the result could be explained as arising

from the necessity of processing more events in empty
interval comparisons as opposed to filled-interval com

parisons; our empty-interval comparisons required the
processing of four events, whereas filled-interval com

parisons required the processing of only two events.

EXPERIMENT 2

At this point, it appears that either a perceptual expla

nation or a cognitive explanation may account for the
results of Experiment 1. The purpose of Experiments 2

and 3 was to test predictions of the cognitive explanation.
These predictions were inspired by studies that have

shown that increasing the amount of stimulus informa

tion within an interval while duration is held constant can

strongly influence subjects' judgments of duration. Three

major theories of these findings have emerged: the storage

size model (Block, 1974; Mulligan & Schiffman, 1979;

Ornstein, 1969), the processing effort model (Avant, Ly

man, & Antes, 1975; Fraisse, 1979; Thomas & Weaver,

1975), and the change model (Block & Reed, 1978; Poyn

ter & Homa, 1983). All these models posit that duration

judgment is cognitively mediated.

Ifduration discrimination of very brief auditory inter

vals is cognitively mediated, we would predict that dura
tion discrimination under relatively high cognitive load

would be more difficult than duration discrimination un

der lower cognitive load. To increase cognitive load, we
used a dual-task procedure, in which the primary task was

duration discrimination and the secondary task was an ob
viously cognitive task, word learning. Results from the

dual-task conditions were compared with results from

single-task conditions identical to the two conditions of

Experiment I. The rationale for this procedure was the
assumption that if two tasks compete for the same pool

of cognitive processing effort, then having to perform both

tasks simultaneously should impair performance relative

to when either task is performed alone (see, e.g., Bad

deley, 1981; Baddeley & Hitch, 1974). Furthermore, in

creased cognitive load should affect discrimination of
empty intervals more adversely than discrimination of

filled intervals. Such a result would be predicted on the

view that empty intervals are more difficult to process
than filled intervals because empty intervals (consisting

of four events) require more cognitive effort than filled

intervals (consisting of two events).

Method
Subjects. There were four experimental conditions and one ad

ditional control condition in this experiment. The subjects in the

experimental conditions were 14 female and 10 male students rang
ing in age from 20 to 29 years (M = 23.8, SD = 3.1). All of these

subjects had normal hearing. The subjects in the control condition
were 6 female and 6 male students ranging in age from 21 to 35
years (M = 27.3, SD = 4.8). All subjects were from the Univer

sity of Giessen, and none participated in any of the other ex

periments.

Apparatus. The apparatus was the same as in Experiment I.

Design and Stimuli. Two independent variables-type of inter
val andcognitive load-were faetoriallycombined in a within-subject

design to yield four experimental conditions. Type of interval was
manipulated as in Experiment I. The two levels of cognitive load
were high and low, with the low-eognitive-load conditions being

identical to the conditions used in Experiment I. High cognitive

load was induced by requiring subjects to learn visually presented
words as a secondary task. The resulting four experimental condi
tions were low load, filled interval; low load, empty interval; high

load, filled interval; and high load, empty interval.
Order of conditions was counterbalanced across subjects.

However, in order to avoid duplication of words in the two high
load conditions, each subject was presented with Word List I

(nouns) in one of his or her high-load conditions and Word List 2

(verbs) in the other. Word list was counterbalancedacross theempty

and filled-interval conditions. Each word list consisted of 25 Ger
man words, shown in the Appendix along with their English trans-
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Table 1
70.7% Difference Thresholds, Experiment 2 (in Milliseconds)

Cognitive Load

Results
Experimental conditions. Results from the duration

discrimination task were computed as in Experiment 1.

An additional dependent variable in this experiment was

the number of words recalled correctly (in the high-load

conditions). In t tests, it was shown that there was no

statistically significant effect of word list (nouns vs. verbs)

on duration-discrimination performance on either filled

(p = .20) or empty intervals (p = .62). Also, there was

no statistically significant difference in recall performance

for nouns as opposed to verbs (p = .15 for filled inter

vals, p = .92 for empty intervals). Because type of word

list had no significant effects, we collapsed across word

lists in subsequent analyses.

The duration-discrimination difference threshold data

are presented in Table 1. A two-way analysis of variance

revealed a statistically significant main effect of type of

interval [F(1,23) = 29.35, p < .001]; the mean threshold

value was 18.8 msec for the empty intervals and 7.1 msec

lations. The two word lists were approximately matched on mean

word length, word frequency, and difficulty of recall (on the basis

of pilot work).

To test word recall in the absence of the duration-discrimination

task, a control condition was run in which a different group of sub

jects performed the word-learning task only. Half of these subjects

received the noun list before the verb list, whereas the other half

received the lists in the reverse order. The only dependent variable

for the control condition was recall rate of nouns and verbs.

Procedure. The procedure for the two low-load conditions was

identical to that of Experiment 1. For the high-load conditions, a

secondary task of word learning was added to the primary task of

duration discrimination. In these conditions, the sequence ofevents

was as follows: 500 msec after the subject started a trial by press

ing the space bar, one word appeared in the center of the monitor

screen and remained on for 1,500 msec. After a delay of 900 msec,
the first auditory interval was presented, followed 900 msec later

by the secondauditory interval. The subject was instructed to memo
rize the word for a later recall test, perform the duration

discrimination task, and indicate his or her response by pressing

the appropriate key. The instructions emphasized the importance

of accuracy in bothtasks. Each subject was presented with the words

in a different random order, and each subject saw each word twice,

both times within the same condition. No word was repeated until

all the words hadbeen presented once. A word-recall test occurred

at the end of each high-load condition.

In the control condition, words were visually presented at ex

actly the same rate as in the experimental conditions, but no audi

tory stimuli were presented, so that no duration discriminations were

performed. In the high-load experimental conditions andin the con

trol condition, after all the trials had been completed, the subjects

were asked to write down all the words they remembered and were

given a maximum of3 min to do so. No subject required the entire

3 min, however.

Type of Interval

Filled
Empty

Low High

7.3 7.0
18.7 18.9

for the filled intervals. There was, however, no signifi

cant main effect of cognitive load; threshold values in the

low-load conditions averaged 13.0 msec, compared to

12.9 msec in the high-load conditions. In addition, cog

nitive load did not interact with type of interval. There

fore, the predictions from the cognitive framework were

not borne out by the data. Duration discrimination was

not more difficult under high cognitive load than under

low cognitive load, and because increasing cognitive load

had virtually no effect on duration-discrimination perfor

mance, empty intervals were not affected more by cog

nitive load than were filled intervals.

There was no significant effect of type of interval on

word-recall performance (p = .86); recall performance

averaged 47.4% in the high-load, empty-interval condi

tion and 47.8 % in the high-load, filled-interval condition.

Therefore, just as the word-recall task did not affect

duration-discrimination performance, the type of duration

discrimination task did not affect word-recall perfor

mance. Once again, there was no support for the notion

that duration discrimination is cognitively mediated or that

temporal processing ofempty intervals requires more cog

nitive effort than does processing of filled intervals.

Control condition. The subjects in the control condi

tion recalled an average of 75.0% of the verbs and an

average of75.0% of the nouns. Because type of word list

had no effect on word-recall rate, we collapsed across this

variable in the subsequent analysis. The recall rate of

75.0% was significantly greater than the 47.6% mean rate

observed in the two high-load conditions [t(34) = 5.58,

p < .001].

Discussion

The results ofExperiment 2, like those of Experiment 1,

showed thatempty intervals were more difficult to discrim

inate than filled intervals. However, the fact that duration

discrimination performance on filled and empty intervals

did not interact with cognitive load, and the fact that the

same word-recall rate was observed in both the high-load,

empty-interval condition and the high-load, filled-interval

condition, clearly argues against the view that the differ

ence in duration-discrimination performance on filled and

empty intervals was due to cognitive mediation.

At first glance it may appear that the superior word

recall rate observed in the control condition relative to the

high-load conditions poses a problem for the view that

duration discrimination of very brief intervals is not cog

nitively based. If duration discrimination in this range is

purely a perceptual process, why should it be the case that

subjects not required to perform duration discriminations

recalled more words than those required to perform dura

tion discriminations? We would argue that the timing

mechanism underlying duration discrimination in the milli

second range is perceptual in nature, but that the task de

mands of the decision stage of any discrimination task do

consume cognitive capacity. This view is the one that can

best explain the finding that duration-discrimination per-
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formance was unimpaired by the presence of the word

learning task, whereas performance on the word-learning

task was impaired by the presence of the duration

discrimination task. According to this view, subjects in

the control condition recalled more words than subjects

in the high-load experimental conditions because, unlike

the experimental-eondition subjects, the control-eondition

subjects did not have to make any decisions and therefore

could devote more cognitive capacity to word encoding and
rehearsal. If subjects regarded theduration-discrimination

judgment as primary and the word-learning task as sec

ondary, then duration-discrimination judgments would be

less impaired by word learning than word-learning per

formance would be by duration discrimination.

The critical point, however, is that cognitive-processing

differences do not exist between filled and empty audi

tory intervals. Had it been the case that differences in

duration-discrimination performance between filled and

empty intervals were due to cognitive processing, the

high-load conditions would have been more difficult than

the low-load conditions, and the empty intervals would

have been more adversely affected by high cognitive load

than would the filled intervals. Because there were no such

fmdings in Experiment 2, it appears that cognitive in

volvement in duration-discrimination judgment is re

stricted to the decision stage and that the timing mecha

nism underlying duration discrimination in the millisecond

range is perceptual in nature.

EXPERIMENT 3

Our lack of evidence for a cognitive timing mechanism

for empty and filled intervals (ranging from 50 to

98 msec) in Experiments 1 and2 stands in agreement with

the view espoused by Michon (1985), who stated that "be

low 0.5 sec information processing is of a highly percep

tual nature, fast, parallel and not accessible to cognitive

control" (p. 40). If, as Michon's view implies, duration

discrimination of auditory intervals greater than 0.5 sec

in duration is cognitively mediated, we should be able to

demonstrate a deleterious effect of increasing cognitive

load on duration discrimination of intervals in the range

of seconds. Such a demonstration was the goal of Experi

ment 3, in which we applied a technique similar to that

of Experiment 2, except that longer auditory intervals

were studied. The duration of the standard interval in Ex

periment 3 was 1 sec.

Method
Subjects. The subjects were 7 male and 9 female students at the

University of Giessen ranging in age from 21 to 41 years (M =

~5:4, SD.= 8.2). All subjects had normal hearing and had not par
ticipated In any of the other experiments.

Apparatus. The apparatus was the same as in Experiments 1 and2.

Design and Stimuli. The design was similar to that of Experi

ment 2 except that there were only two conditions, a low-load, filled

interval condition and a high-load, filled-interval condition. In Ex

periment 3, the standard interval was 1,000 msec and the initial

value of the comparison interval was 2,000 msec. Duration of the

comparison interval changed with a constant step size of 200 msec

for Trials 1-10, 100 msec for Trials 11-30, and 50 msec for Trials

31-50. Empty intervals were excluded because pilot work with 8

subjects r ~ v e a l e d that no subject could readily perceive the pattern

of four chcks as two consecutive empty intervals. Because recall

of nouns and verbs had been virtually identical in Experiment 2,

only nouns were used in Experiment 3. Order of conditions (low

load, high load) was counterbalanced across subjects.

Procedure. The procedure was identical to those of the low-load

filled-interval and high-load, filled-interval conditions of Experi

ment 2, except that only nouns were used, and the standard and

comparison intervals were longer in duration, as noted above.

Results

Duration discrimination was significantly better in the

low-load condition than in the high-load condition; the

respective mean 70.7% difference thresholds were 106.6

and 152.7 msec [t(15) = 2.57, P = .02). Thus, it is ob

vious that duration discrimination in the range of seconds

was impaired by an increase in cognitive load. In the high

load condition, the word-recall rate was 54.8%, which

was not significantly different from the 47.6% recall rate

observed in the filled-interval conditions of Experiment 2
(p = .48). The 54.8% recall rate was significantly less

than the 75.0% recall rate observed in the control condi

tion of Experiment 2 [t(26) = 3.75, p = .001).

Discussion

Unlike Experiment 2, Experiment 3 yielded a pro

nounced impairment of duration-discrimination perfor

mance, which was due to increased cognitive load. Taken

together, the findings of these two experiments indicate

that the timing mechanism underlying duration discrimi

nation of filled auditory intervals in the range of seconds

is dependent on cognitive processing, whereas the tim

ing mechanism underlying duration discrimination of in

tervals in the range of milliseconds is more likely to be

dependent on perceptual processing. These results agree

with Michon's (1985) view that intervals greater than

500 msec in duration are more likely to be cognitively

processed than briefer intervals. Some additional evidence

converging on this conclusion comes from pharmacop
sychological studies of time perception (Mitrani, Shekerd

jiiski, Gourevitch, & Yanev, 1977; Rammsayer, Vogel,

Serota, & Gottheil, 1989) and from a study of sensory

compensation in blind subjects performing auditory dis

criminations (Rammsayer, 1991).

The outcome of Experiment 3 also provides convinc

ing ~v.idence that our dual-task procedure was sufficiently

s e ~ S l t i v e to detect cognitive involvement in timing mech

amsms, and thus lends support to our interpretation of the

~sults of Experiment 2. It is interesting that recently, For

tm andRousseau (1987) have also fruitfully applied a dual

task procedure to investigate the interaction between time

estimation and cognitive demands.

EXPERIMENT 4

If, as we have argued, duration discrimination in the

~ange of milliseconds is based on perceptual processing,

It should be the case that auditory masking will have a
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Table 2
70.7% Difference Thresholds, Experiment 4 (in Milliseconds)

Masking Condition

Discussion

We observed impaired performance in duration dis

crimination that was due to masking in both filled and

empty intervals, as would beexpected if duration discrimi

nation performance with both types of intervals were

Procedure. The procedure was similar to that of Experiment I,

with the exception that there were four practice blocks before the

experimental blocks, one practice block corresponding to each type

of experimental block. All subjects received all their p ~ a c t i c e be

fore beginning any experimental trials. Order of practice blocks

was counterbalanced across subjects. As in Experiment 1, each prac

tice block was terminated when the subject had correctly judged

six consecutive practice trials. For the empty-interval masking con

dition, subjects were instructed to base their judgments on the in

tervals each marked by two clicks. For the filled-interval masking

condition, subjects were told that the masking tone was lower in

frequency than the interval tone.

Results

Duration-discrimination threshold values were com

puted as in Experiment 1. The threshold values can be

seen in Table 2. An analysis of variance confirmed that

performance with masked intervals was significantly

worse than performance with unmasked intervals [F(l,23)

= 25.95, P < .00 1]; the mean duration-discrimination

threshold value was 33.4 msec for masked intervals and

16.2 msec for unmasked intervals. Also, empty intervals

were judged less accurately than ftlled intervals [F(l,23)

= 28.49, p < .001]; the mean for empty intervals was

32.9 msec, and the mean for ftIled intervals was

16.7 msec. In addition, there was a statistically signifi

cant interaction between type of interval and masking/no

masking [F(I,23) = 11.77,p < .002]. Specifically, this

interaction resulted because the effect of masking was

greater for empty (26.3 msec) than for ftlled intervals
(8.1 msec).

We also computed percent-change scores to compare

the proportional increase in duration-discrimination

thresholds as a result of masking. To do this, each sub

ject's mean threshold in the unmasked condition was sub

tracted from the mean in the corresponding masked con

dition and then expressed as a percent change against the

unmasked condition; thus, each subject yielded two

scores, one for the filled intervals and one for the empty

intervals. The mean percent-change scores were 68.9%

for the ftlled intervals and 156.7% for the empty inter

vals, indicating that masking-induced impairment of empty

intervals was proportionally greater than that of filled in

tervals [t(23) = 2.28, p = .03]. Thus, masking impaired

processing of empty intervals more than processing of

ftIled intervals, both absolutely and proportionally.

12.6 20.7
19.7 46.0

No Masking Masking

Filled
Empty

Type of Interval

profound effect on performance. Masking seems to ~ an

appropriate technique for studying stimulus p~oce~slO~ at

the perceptual level, since the locus of masking IS. pr~or

to entry into short-term memory (see, e.g., Shiffrin,

1976). A substantial body of evidence indicates that both

forward masking and backward masking markedly im

pair duration-discrimination performance on ftlled audi

tory intervals in the range of approximately 40-90 msec

(e.g., Allan & Rousseau, 1977; Kallman, Beckstead, &
Cameron, 1988; Kallman, Hirtle, & Davidson, 1986;

Kallman & Morris, 1984). Although the effect of mask

ing on duration discrimination of ftlled auditory ~ t e r v a l s

has been established, to our knowledge no studies have

been performed to compare the effect of masking on ftlled

as opposed to empty auditory i n t e r v ~ s . .
In Experiment 4, a backward masking paradigm was

used with ftlled and empty auditory intervals of the same

very brief duration as those used in Experiments 1 and

2. Because the effects of backward masking can be

regarded as independent of the capacity limitations of

short-term memory (see, e.g., Hawkins & Presson, 1977;

Massaro, 1976), any effects of backward masking that we

observe can be attributed to perceptual processing. Thus,

if duration-discrimination performance is impaired by

backward masking, this would constitute supporting evi

dence that duration-discrimination judgments of very brief

empty as well as ftIled auditory i n t e r v ~ s a r ~ b a ~ e d on
processing at the perceptual level, and this finding 10 con

junction with the results of Experiment 2 would argue

against the view that the difference in discrimination per

formance between empty and ftIled intervals in the range

of milliseconds is due to cognitive-processing differences.

The specific pattern of results may also illuminate the rea

son underlying the superiority ofduration-discrimination

performance with ftIled as opposed to empty intervals.

Method
Subjects. The subjects were 12 female and 12 male students at

the University of Giessen ranging in age from 20 to 38 years (M

= 24.3, SD = 4.0). All subjects had normal hearing and had not

participated in any of the other experiments.

Apparatus. The apparatus was the same as in Experiments 1,
2, and 3.

Design and Stimuli. Two independent variables-type of inter

val and masking/no masking-were factorially combined in a within

subject design. The two no-masking c o n d i t i o n ~ were i~e~tical to

the two conditions of Experiment 1. In the masking conditions, the

first and second interval within a trial were each followed by a 200

msec masking tone of 328 Hz at an intensity of 73 dB. (Recall that

the intensity of the filled intervals was 67 dB and that of the empty

interval markers was 88 dB.) The delay between the offset of the

interval and the onset of the mask was 10 msec. These values were

chosen to maximize any effects of the backward masking manipu

lation (Deatherage & Evans, 1969; Massaro, 1972; Massaro, Co

hen, & Idson, 1976): the mask was of longer duration, different

frequency, and greater subjective loudness ~ w e ~ e the. stimuli

representing the intervals (although of less physical intensity than

the clicks marking the empty intervals), and the mask followed each

interval very closely in time, The four conditions in the design were

empty interval, no masking; empty i n t e r v ~ , masking; filled ~~ter

val, no masking; and filled interval, masking. Order of conditions

was counterbalanced across subjects.
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primarily based on processing at the perceptual level.

However, we found that performance on empty intervals

was much more impaired by masking than was perfor

mance on filled intervals; in fact, the absolute level of

impairment in the empty-interval condition was 3.25 times

greater than that in the filled-interval condition, and the

proportional level of impairment was 2.27 times greater

in the empty-interval condition than in the filled-interval

condition.

There are several possible explanations of the greater

impairment with empty intervals. First, given the assump

tion that backward masking overwrites the contents of the

short-term auditory store (Massaro, 1972), it would be

expected that backward masking would be most effective

in a case in which processing of auditory information is

not yet complete. Because the masking stimulus was

presented 10 msec after the offset of each of the inter

vals, information that had been processed within that 10

msec period should be unaffected by the mask. The find

ing that the mask was more effective in empty intervals

than in filled intervals may indicate that processing at the

time of mask onset was less complete in the case of empty

intervals than in the case offilled intervals. The number of

sensory events within the empty intervals was twice that

within the filled intervals, which may have resulted in

more time being required to complete perceptual process

ing of duration information in the case of the empty in

tervals. According to this argument, processing was in

terrupted at a less complete point in the empty intervals

than it was in the filled intervals, resulting in particularly

impaired performance on duration discrimination with

empty intervals.

However, one problem with this "interruption" in

terpretation is that Kallman and his colleagues (Kallman

et al., 1988; Kallman et al., 1986) have found that for

ward masking and backward masking exert equivalent ef

fects on filled auditory durations, which led them to con

clude that an interruption theory of backward duration

masking is not likely to be correct. Furthermore, Kallman
et al. (1988), studying the effects of ipsilateral and con

tralateral forward and backward masking with varying in

terstimulus intervals (ISIs) between target and mask, found

marked increases in percentages correct under every com

bination of mask ear and mask position due to increases

in lSI. The authors concluded that auditory-duration mask

ing is the result of central rather than peripheral process

ing. They attributed their results to a "central timekeeper"

(p. 35) and hypothesized that both forward and backward

masking may cause a misassignment of neural pulses

generated by an internal pacemaker. It can plausibly be

assumed that empty intervals are more prone to mis

assignment than filled intervals. It should be noted,

however, that Kallman and his colleagues did not study

empty auditory intervals, so it has not yet been demon

strated that forward and backward masking exert equiva

lent effects on duration judgments of empty intervals.

Therefore, we cannot be certain that Kallman's hypothe

sis can be used to explain the differences we found be

tween filled and empty auditory intervals.

GENERAL DISCUSSION

The results of Experiments 1, 2, and 4 clearly demon

strate that filled intervals are more easily discriminated

than empty intervals. The pattern of results is remark

ably consistent across these experiments; the overall mean

difference thresholds (taking into account data from Ex

periment 1, Experiment 2, and the no-masking conditions

of Experiment 4) were 8.8 msec for filled auditory in

tervals and 19.8 msec for empty intervals. Thus, it was

demonstrated that when the intervals were filled (i.e.,

marked by a continuous tone), subjects could reliably dis

criminate the durational difference between a 5O-msec

standard interval and a 58.8-msec comparison interval.

In contrast, when the intervals were empty (i.e., had on

set and offset marked by clicks), the smallest difference

that could be reliably detected was that between the 50

msec standard interval and a 69. 8-msec comparison in

terval. Thus, difference thresholds for empty intervals

were approximately 2.25 times greater than those for filled

intervals.

The results of Experiment 2, in which a dual-task proce
dure was used to induce a higher cognitive load, argue

against the view that duration-discrimination performance

on very brief auditory stimuli is cognitively mediated.

If performance had been cognitively mediated, it should

have been the case that duration discriminations under

high cognitive load would yield larger difference thresholds

than would duration discriminations under low cognitive

load. Instead, we found in Experiment 2 that duration

discrimination performance was unaffected by cognitive

load. Another prediction of the cognitive view was that

empty intervals should be more adversely affected by cog
nitive load than would filled intervals, and this prediction

was also contradicted by the data. The likely conclusion

is that duration discrimination of intervals in the range

of 50-100 msec is based on processing at the perceptual

level. Furthermore, the processing of empty intervals does

not appear to be more cognitively complex than the pro

cessing of filled intervals, despite the fact that an empty

interval trial involved four auditory events, whereas a

filled-interval trial involved only two auditory events.

In contrast to Experiment 2, which involved intervals

in the range of milliseconds, Experiment 3 demonstrated

that duration-discrimination performance on longer filled

intervals (approximately 1 sec in duration) was impaired

by the imposition of a high cognitive load. These find

ings point to the conclusion that the timing mechanism

underlying duration discrimination of intervals in the

range of seconds is influenced by cognitive processing,

whereas the timing mechanism underlying duration dis

crimination of intervals in the range of milliseconds is
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uninfluenced by cognitive processing, being highly per

ceptual in nature.

Further evidence that duration discrimination in the

range of milliseconds is based on processing at the per

ceptuallevel was provided by the results of Experiment 4,

which showed that auditory backward masking had pro

found effects on performance. Backward masking im

paired duration discrimination of both filled and empty

intervals, but performance on empty intervals was much

more impaired by masking than was performance on filled

intervals. Thus, we demonstrated not only that empty in

tervals are more difficult to process than ftlled intervals,

but also that backward masking increases the size of the

difference. We now turn our attention to possible expla

nations of the differences in processing ftlled and empty

intervals based on notions of perceptual processing.

One possibility is a sensory-integration explanation. Ac

cording to this view, subjects' responses in duration

discrimination tasks may be facilitated by the availability

of a nontemporal cue such as the presence of a discern

ible physical stimulus during the interval. Performance

on duration discrimination is often interpreted by the as

sumption of a neural counting mechanism (see, e.g.,

Church, 1984; Creelman, 1962; Treisman, 1963). This

means that a neural pacemaker of some kind generates

pulses and that the number of pulses relating to a physi

cal time interval is the subjective representation of the du

ration of this interval. The higher the rate of pulses, the

better the temporal resolution of the mechanism. Thus,

the physiological basis of better performance on filled than
on empty intervals can be envisioned as an increase in

neural firing rate due to the presence of a perceivable

physical stimulus in the case of filled intervals (see, e.g.,

Evans, 1975). This higher firing rate will result in finer

temporal resolution and thus less uncertainty about inter

val duration in filled intervals than in empty intervals. In

masked trials, if filled intervals benefit from sensory in

tegration, at the time of the onset of the masking stimu

lus, processing is less complete in empty intervals than

it is in filled intervals, and this results in less impairment

due to masking in the filled intervals. Such a view of sen

sory integration does not, however, necessarily imply that

an increase in stimulus intensity of the tone in the filled

interval will result in noticeable improvement in duration

discrimination performance, since it may be the case that

the increase in neural firing rate in a filled-interval trial

as opposed to an empty-interval trial is far greater than

any differences that may result from changes in stimulus

intensity within filled intervals. In fact, Creelman (1962)

showed that in a duration-discrimination task with filled

intervals, as long as auditory stimuli were clearly audi

ble, changing the intensity of the stimulus in an interval

did not significantly affect subjects' duration discrimina

tions. Similar results have been reported by Abel (1972b)

and Carbotte and Kristofferson (1973).

Another possibility that could explain better performance

with filled intervals than with empty intervals is based on

the "misassignment" hypothesis of Kallman and his col

leagues (Kallman et al., 1988; Kallman et al., 1986),

which, as noted above, was inspired by their findings that

forward and backward masking have equivalent effects

on duration discrimination with filled auditory intervals.

Equivalence of forward and backward masking suggests

that both types of masking effects result from misassign

ment by a central timekeeper of pulses generated by an

internal pacemaker. According to the process model of

timing described by Church (1984), the internal clock is

composed of a pacemaker, a switch, and an accumulator

(which can be seen as equivalent to Kallman's central time

keeper). The pacemaker generates pulses that are switched

into the accumulator. On the basis of animal studies,

Church concluded that the switch can be operated in dif

ferent modes, some much more complex than others. It
is plausible to assume that the simplest switch mode (in

which the switch is on at the onset of a signal and off at

the offset of a signal) was applied to filled-interval trials

in our experiments, whereas a more complex mode was

applied to the empty-interval trials. If a more complex

mode is more prone to error than the simplest mode, it

should be the case that empty intervals are processed less

accurately than filled intervals. Furthermore, Kallmanand

colleagues (Kallman et al., 1988; Kallman et al., 1986)

have found evidence that the addition of auditory mask

ing results in an increase in "misassignments" by the cen

tral timekeeper, and it is likely that misassignments will

be more frequent in a complex switch mode thanin a simple

switch mode, thus causing empty intervals to suffer more

from masking than filled intervals do.

A somewhat similar explanation can be derived from

the framework of Robin and Royer (1987), who studied

auditory temporal processing by using a flutter-fusion

paradigm, in which two tones were separated by a silent

interval and subjects were instructed to judge when the

tone bursts fused perceptually by adjusting the duration

of the first tone. Robin and Royer assumed a mutually

inhibitory action between on cells (which begin to fire at

stimulus onset) and offcells (which fire at stimulus off

set), so that at the onset of a stimulus, the off response

is inhibited. This inhibition decays, eventually allowing

the offcell to fire; the latency with which this cell fires

is governed by the "inverse latency-duration function,"

which states that the shorter the first stimulus, the longer

the latency of the offcell. This inverse latency-duration

function can be used to explain why our subjects per

formed better on filled-interval trials than on empty

interval trials. In the empty-interval trials, the extremely

brief duration of the first click (3 msec) would cause a

pronounced increase in the latency with which the offcell

would fire. If we assume that this greater latency is ac

companied by greater variability in registering click off

set, and if we further assume that off cells are likely to

have a lower firing rate than on cells, it should be the

case that empty intervals are processed much less ac

curately than ftlled intervals.
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In conclusion, our results suggest that duration discrimi

nation of very brief auditory intervals is based on process

ing at the perceptual level. These findings are in agree

ment with the assumption of an internal timing mechanism

that is more adapted to the processing of filled intervals

than to the processing of empty intervals marked by clicks,
resulting in a finer temporal resolution in the case of filled

intervals. This assumption is supported by additional evi

dence suggesting that tones are processed more efficiently

than clicks. For example, measurements of interaural

time-difference thresholds point to remarkable differences

in sensory processing of tones and clicks. Klumpp and

Eady (1956) showed that the 75% interaural time

difference threshold for lOOO-Hz tones was II usee, but

28 usee for I-msec clicks, indicating superior temporal

resolution in the detection of differences in interaural ar

rival times for tones. Klumpp and Eady's results suggest

differences in sensory processing of tones and clicks at

low neural levels beyond cognitive control. The outcome
of the present experiments done with the duration

discrimination paradigm demonstrates that superior per

formance on filled intervals as opposed to empty inter
vals is not due to a difference in cognitive demands but

to a difference in perceptual processing.
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APPENDIX
Word List for Experiments 2 and 3

Nouns (Experiments 2 and 3)

Berechnung (calculation), Biene (bee), Bleistift (pencil), Durst

(thirst), Eitelkeit (vanity), Flugzeug (airplane), Freiheit (free

dom), Freund (friend), Gesetz (law), Gewissen (conscience),

Handball (handball), Himmel (sky), Krawatte (tie), Kunst (art),

Meuterei (mutiny), Nelke (carnation), Paket (package), Rettich

(radish), Rucksicht (respect), Schuhmacher (shoemaker), Ses-

sel (armchair), Taschentuch (handkerchief), Technik (technol

ogy), Ungeduld (impatience), Zimmer (room).

Verbs (Experiment 2)

anrufen (to call), arbeiten (to work), aufschieben (to suspend),

beten (to pray), betonen (to emphasize), betteln (to beg), denken

(to think), fahren (to drive), fallen (to fall), lachen (to laugh),

legen (to pull), rauben (to rob), rechnen (to reckon), reinigen

(to clean), riechen (to smell), segeln (to sail), spielen (to gam

ble), stottern (to stutter), teilen (to divide), tragen (to carry),

verhandeln (to negotiate), verschlafen (to oversleep), versuchen

(to try), verweigern (to refuse), zeichnen (to draw).

(Manuscript received January II, 1991;

revision accepted for publication July 31, 1991.)
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