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A repeated stimulus is judged as briefer than a novel
one. It has been suggested that this duration illusion is
an example of a more general phenomenon—namely
that a more expected stimulus is judged as briefer than a
less expected one. To test this hypothesis, we
manipulated high-level expectation through the
probability of a stimulus sequence, through the
regularity of the preceding stimuli in a sequence, or
through whether a stimulus violates an overlearned
sequence. We found that perceived duration is not
reduced by these types of expectation. Repetition of
stimuli, on the other hand, consistently reduces
perceived duration across our experiments. In addition,
the effect of stimulus repetition is constrained to the
location of the repeated stimulus. Our findings suggest
that estimates of subsecond duration are largely the
result of low-level sensory processing.

Introduction
Inferring duration is important in a wide variety of
natural situations, such as playing sports, learning
music, deciding whether one can stop a car in time
before a trafﬁc light turns red, inferring whether a
conversation partner intends to continue speaking from
a pause in their speech, or a predator choosing the right
moment to jump onto prey. Psychophysical studies
have shown that the perceived duration of a stimulus is
not simply a noisy estimate of its true duration but

rather can be inﬂuenced by irrelevant features (Eagleman & Pariyadath, 2009; Herbst, Javadi, van der Meer,
& Busch, 2013; Kanai, Paffen, Hogendoorn, &
Verstraten, 2006; van Wassenhove, Buonomano, Shimojo, & Shams, 2008; Xuan, Zhang, He, & Chen,
2007), emotional valence or arousal level (Angrilli,
Cherubini, Pavese, & Mantredini, 1997; Droit-Volet,
Brunot, & Niedenthal, 2004), and preceding stimuli
(Johnston, Arnold, & Nishida, 2006; Pariyadath &
Eagleman, 2007, 2008; Tse, Intriligator, Rivest, &
Cavanagh, 2004).
In the latter category, the effects of repeated stimuli
are particularly striking. In a sequence of repeated
stimuli, later stimuli are judged as briefer than the
initial stimulus (Kanai & Watanabe, 2006; Pariyadath
& Eagleman, 2007; Rose & Summers, 1995). A closely
related effect is the temporal oddball effect (Birngruber,
Schröter, & Ulrich, 2014; Chen & Yeh, 2009; Pariyadath & Eagleman, 2007, 2012; Schindel, Rowlands, &
Arnold, 2011; Tse et al., 2004): When an observer
watches a stream of repeated stimuli, a different
stimulus (oddball) of the same duration inserted in the
stream is judged as lasting longer. The strength of the
temporal oddball effect increases both with the number
of repetitions preceding the oddball (Pariyadath &
Eagleman, 2012) and with the magnitude of the feature
difference between the oddball and the repeated stimuli
(Kim & McAuley, 2013; Pariyadath & Eagleman, 2012;
Schindel et al., 2011).
Repetition of a stimulus in a sequence makes a
subsequent occurrence of that stimulus more expected
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than a novel stimulus. This has raised the question of
whether duration distortion due to repetition is one
instance of a more general phenomenon—namely that
perceived duration is reduced whenever a stimulus is
more expected (Eagleman & Pariyadath, 2009; Pariyadath & Eagleman, 2007; Schindel et al., 2011).
However, expectation and repetition are confounded in
the typical experimental paradigm of the temporal
oddball effect. To determine whether expectation in
general reduces perceived duration, one must examine
ways of manipulating high-level expectation of a
stimulus that is not based on the repetition of that
stimulus.
Expectation can be generated not only based on the
repetition of a speciﬁc stimulus but also based on the
repetition of the relation between stimuli. Such
expectation can be thought of as being of a higher level
than the one induced by the repetition of a speciﬁc
stimulus. In this article, we manipulate expectation
based on the repetition of the relation between stimuli
and examine whether such expectation reduces perceived duration.
In Experiment 1, we manipulate expectation based
on the probability of occurrence of the relation between
stimuli. We introduce two types of sequences that are
distinguished by the relation between the last stimulus
in the sequence and its preceding stimuli. One sequence
occurs more often than the other in the experiment;
thus, it is more expected. To control for the repetition
of speciﬁc stimuli, the number of repetition of stimuli
within a sequence is equal in both sequences, and the
repetition of any speciﬁc stimulus across the time scale
of the experiment is counterbalanced (no speciﬁc
stimulus occurs more frequently than other stimuli in
the whole experiment). If expectation in general reduces
perceived duration, then the last stimulus in a sequence
of the more frequent type should be judged as lasting
shorter than the last stimulus in a sequence of the less
frequent type.
Expectation might also be induced by a regular
pattern in a stimulus sequence. A regular pattern can be
formed by the repetition of a stimulus, as in the typical
paradigm of the temporal oddball effect. It can also be
formed by the repetition of alternation between two
stimuli. For example, an alternating sequence of A-BA-B (letters A and B denote any two different stimuli)
leads one to expect A more than B to be the next
stimulus. When people are asked to press one of two
buttons as soon as they see the stimulus associated with
that button, they respond faster to the last stimulus in
A-B-A-B-A than in A-B-A-B-B (Soetens, Boer, &
Hueting, 1985). In another study, after observing A-BA-B, a perceptual bias toward A was found when the
next stimulus is ambiguous between A and B (Maloney,
Dal Martello, Sahm, & Spillmann, 2005). In Experiment 2, we compare the perceived duration of the last
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stimulus in a sequence A-B-A-B-A and that in a
sequence A-B-A-B-B. The effect of repetition is
presumably stronger in the latter condition because the
last stimulus is an immediate repetition of the preceding
stimulus. By contrast, the high-level expectation of the
last stimulus might be stronger in the former condition
because people might expect the alternating pattern to
continue.
As a third form of high-level expectation, we
examine expectation induced by overlearned sequences—ones that are very common in daily life (e.g.,
ascending positive integers 1-2-3-4). In this sequence,
the relation between two subsequent stimuli (an
increment of one) repeats. When viewing such sequences, people might expect the next integer in the
sequence to appear. It has been reported that observers
judge the ﬁrst digit in a sequence of ascending numbers
(1-2-3-4-5) as lasting longer than the following digits
(Pariyadath & Eagleman, 2007). In Experiment 3, we
test whether the number 5 in a stimulus sequence 1-2-34-5 is judged as briefer than 6 in a sequence 1-2-3-4-6,
which violates the expectation based on the overlearned
sequence.
Together, these experiments allow us to determine
whether perceived duration is reduced only by repetition of stimulus or also by high-level expectation.
Last, we examine whether perceived duration is
reduced when the repeated stimulus appears at a
different location. This experiment is not aimed at
distinguishing repetition and expectation, but rather it
provides insight into how the effect of repetition on
perceived duration depends on other factors such as
location.

Participants and general method
Participants
All experiments were approved by the institutional
review board of Baylor College of Medicine. Fifty-nine
participants were included in the study. All participants
except for one (the ﬁrst author) were naı̈ve to the
purpose of the study. All naı̈ve participants provided
informed consent and received compensation. Sixteen
participants (nine males and seven females, aged 29 6 7
years) took part in Experiment 1.1. Twelve of them
further took part in Experiment 1.2. Seventeen
participants (eight males and nine females, aged 26 6 4
years) took part in Experiment 2. Twelve participants
(10 males and two females, aged 26 6 4 years) took
part in Experiment 3. Thirteen participants (nine males
and four females, aged 32 6 10 years) took part in
Experiment 4. Twelve participants (six males and six
females, aged 30 6 5 years) took part in Experiment 5.
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The ﬁrst author participated in all the experiments.
Three naı̈ve participants were in both Experiments 1
and 3. One naı̈ve participant was in Experiments 1, 3,
and 5. One naı̈ve participant was in Experiments 1 and
4. One naı̈ve participant was in Experiments 2 and 5.
All other participants took part in only one of the ﬁve
experiments.

3

likelihood of the parameters, L(l,r,k) ¼ p(datajl,r,k),
we assume conditional independence between trials,
allowing us to multiply across trials the factors
p(rnjtin,li,ri,k) that correspond to the participant’s
responses:
Lðl; r; kÞ ¼ pðdatajl; r; kÞ
C

¼ P pðdatai jli ; ri ; kÞ
i¼1
C Ni

Apparatus

¼ P P pðrn jtin ; li ; ri ; kÞ;
i¼1 n¼1

In all experiments, participants were seated at a
distance of approximately 60 cm from a cathode ray
tube monitor (Viewsonic G225f, Viewsonic, Brea,
CA), which had a screen resolution of 1152 3 864
pixels and a refresh rate of 100 Hz. Besides the
monitor, no other light source was present in the
experimental room. Stimuli were presented using
Psychtoolbox for Matlab (Brainard, 1997; Kleiner,
Brainard, & Pelli, 2007; Pelli, 1997). The background
luminance of the screen was mid-level gray (M 6
SEM ¼ 9.2 6 0.1 cd/m2; measured at a viewing
distance of 60 cm; Photo Research Lite Mate III 504,
Photo Research, Inc., Chatsworth, CA). All stimuli
were in white (20.6 6 0.2 cd/m2). Each participant
wore a pair of earplugs with approximately 33-dB
noise reduction to prevent distraction.

Data analysis
We ﬁtted the psychometric functions based on raw
responses of an individual subject in a given experimental session as follows. (No conditions were shared
between sessions.) We denote by tin the duration of the
test stimulus (the ﬁfth stimulus in Experiments 1.1, 2,
and 3, and 5 and the ﬁrst stimulus in Experiment 4) on
the nth trial in the ith experimental condition. We
assume that the probability of the participant’s
response rn on that trial is
pðrn ¼ ‘‘longer’’ jtin ; li ; ri ; kÞ
¼ ð1  kÞUðtin ; li ; ri Þ þ 0:5k;
pðrn ¼ ‘‘shorter’’jtin ; li ; ri ; kÞ
¼ 1  pðrn ¼ ‘‘longer’’jtin ; li ; ri ; kÞ;
where k is the probability that the participant guesses
(lapse rate; can depend on session; Wichmann & Hill,
2001), li is the test duration that a participant perceives
as equally long as the other stimuli (point of subjective
equality; PSE), ri reﬂects the participants’ sensitivity
(just noticeable difference; JND), and U(tin;li,ri) is the
cumulative Gaussian distribution function with mean
li and standard deviation ri. We use boldface l and r
to denote the vectors of PSE and JNDs across all
conditions tested in the session. To calculate the
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where C is the number of conditions in the session
and Ni is the number of trials in condition i. For
each session separately, the parameters l, r, and k
were estimated simultaneously to maximize log
L(l,r,k), using fmincon in Matlab. For example, if
an experiment had two conditions in a session, we
simultaneously ﬁtted ﬁve parameters for that session:
l1, l2, r1, r2, and k. We quantify the relative
duration distortion (RDD) of the test stimulus by
the equation RDD ¼ (tref-PSE)/PSE, where tref is the
duration of the ﬁrst four stimuli (the last four in
Experiment 4). For example, an RDD of 0.05 means
that the last stimulus was judged to be 5% longer
than the other stimuli. All parameter estimates of
each experiment are reported in Supplementary
Tables S1 through S5.

Experiments and results
Experiment 1: Effect of sequence type
probability
Design
To determine whether perceived duration is impacted by high-level expectation based on the
probability of the relation between stimuli, we used
two types of sequences, A-A-A-A-B and A-A-A-A-C,
which were identical in the distribution of the ﬁrst
four stimuli but differed in the relation between the
ﬁfth stimulus and the ﬁrst four. We manipulated the
expectation for the last stimulus by presenting, within
a session, one type of sequence more frequently than
the other type. In Experiment 1.1, we measured the
effect of this manipulation of probability on perceived duration. To ensure that our manipulation is
sufﬁcient to bias expectation, we measured the
participants’ choice reaction time to the last stimulus
of each sequence in Experiment 1.2. If the sequence
type of higher probability is more expected, then the
reaction time to the last stimulus in that sequence
type should be shorter and mistakes should be less
frequent.
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Figure 1. Perceived duration is not influenced by expectation based on the probability of stimulus sequence type. (A) Examples of the
two sequence types. The initial orientation A is randomly sampled from a uniform distribution over all orientations. The last stimulus
(oddball) is rotated either 22.58 clockwise (CW) or 22.58 counterclockwise (CCW) from A. (B) Predictions. If only repetition of stimulus
reduces perceived duration, then the oddball in the high- and low-probability sequence types should be judged as longer by the same
extent (top). If expectation based on sequence type probability also reduces perceived duration, then the oddball in the lowprobability sequence type should be judged as longer than the one in the high-probability sequence type (bottom). (C) The
psychometric curves of each condition averaged over 16 participants. Error bars, here and everywhere, represent the standard error
of the mean. (D) The duration distortion of the last stimulus relative to other stimuli in each condition. There was no significant
difference between different sequence type probabilities and between oddball change directions. The oddball was judged as longer in
each condition. (E) In a separate experiment, the participants viewed the same types of sequences and judged the orientation change
of the last bar. The reaction time was significantly shorter for the sequence type of higher probability. (F) Participants made
significantly fewer errors when the sequence type was of higher probability.

Method
Examples of the stimulus sequences used in Experiment 1.1 are shown in Figure 1A. On each trial, a
participant sequentially viewed ﬁve white bars ﬂashing
in the center of the screen and judged whether the last
bar was on the screen for a longer or briefer duration
than the ﬁrst four bars. Each trial was structured as
follows. A red ﬁxation cross spanning a visual angle of
0.58 appeared in the center of the screen. After a
duration randomly drawn from a uniform distribution
over the range of 400 to 600 ms, the ﬁrst bar appeared.
The ﬁrst four bars all lasted 500 ms and had the same
orientation. We denote this orientation by A; on each
trial, it was drawn randomly from a uniform distribution over all orientations. The orientation of the last
bar (the oddball) was rotated by 22.58, either clockwise
(denoted by B) or counterclockwise (denoted by C)
relative to A. The duration of the last bar was drawn
randomly with equal number of incidents from 10
values equally spaced between 320 and 680 ms in 40-ms
steps. The bar subtended 9.18 by 0.98 of visual angle.
The interstimulus interval was 400 ms. The ﬁxation
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cross remained visible throughout the stimulus sequence and disappeared 400 to 600 ms after the
disappearance of the last bar. After the ﬁxation cross
disappeared, participants were allowed to respond.
They pressed the left or the right arrow key to indicate
that the duration of the last bar was shorter or longer,
respectively, than that of the ﬁrst four bars. No
feedback was provided. After the response, the next
trial began after a duration drawn randomly from a
uniform distribution over the range of 800 to 1000 ms.
Each participant was tested in two sessions on
different days. Each session included 500 trials. In one
randomly chosen session, 20% of the sequences were of
type A-A-A-A-B and 80% were of type A-A-A-A-C; in
the other session, 20% were of type A-A-A-A-C and
80% were of type A-A-A-A-B. Within a session,
sequence type was randomly interleaved. At the
beginning of each session, participants were explicitly
informed about the probabilities of the sequence types.
Eight additional practice trials (all of the sequence type
that was more frequent in the session) were added
before the 500 testing trials. From the point of view of
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the observer, the practice trials were indistinguishable
from the testing trials, but we did not analyze them.
The testing trials were divided into six blocks, between
which participants were asked to take a break for at
least 1 min.
Of the 16 participants in Experiment 1.1, 12 also
completed Experiment 1.2 after completing Experiment
1.1, in which the choice reaction time to the last
stimulus of the two sequences was measured. The
experiment and trial structures were identical to those
in Experiment 1.1 except for the following differences.
The participants were instructed to press one of the two
arrow keys as soon as they saw the last bar: the left key
if the last bar was rotated counterclockwise from the
ﬁrst four bars, and the right key if the last bar was
rotated clockwise. The ﬁxation cross was black. The
last bar remained on the screen until the participant
pressed one of the two keys. After the key was pressed,
the ﬁxation cross turned green if the correct key was
pressed or turned red if the wrong key was pressed. The
ﬁxation cross then disappeared after 300 ms. The
interval from the onset of the ﬁxation to that of the ﬁrst
bar was randomly drawn from a uniform distribution
over the range of 200 to 400 ms, and the interval from
response to the next trial was drawn from 600 to 800
ms.
Prediction for Experiment 1.1
If only repetition of stimulus reduces perceived
duration, then in both sequence types, the last stimulus
should be judged as longer than the ﬁrst four, and by
the same amount between the two sequence types. The
latter is because the probability of each speciﬁc
orientation in the ﬁfth position was controlled for both
within and across trials. Within a trial, it was controlled
for because none of the four preceding orientations
were ever identical to the ﬁfth one. Across trials, it was
controlled for through the randomization of orientation A.
If perceived duration is also reduced by high-level
expectation based on probability, then the ﬁfth
stimulus in the high-probability (80%) sequence type
should be judged as briefer than the ﬁfth stimulus in the
low-probability (20%) sequence type (Figure 1B).
Results
Experiment 1.1: The participant-averaged psychometric
curves and the relative duration distortions for each
condition in Experiment 1.1 are shown in Figures 1C
and D. In the session in which the sequence type A-AA-A-B had higher probability, the oddball was judged
to be 9.4% 6 0.6% longer than preceding stimuli in the
high-probability sequence type and 8.0% 6 1.0%
longer in the low-probability sequence type. In the
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session in which the sequence type A-A-A-A-C had
higher probability, the oddball was judged to be 10.7%
6 0.8% longer in the high-probability sequence type
and 9.0% 6 0.8% longer in the low-probability
sequence type. Each of these was signiﬁcantly larger
than zero (two-tailed t test, p , 0.004), conﬁrming the
basic temporal oddball effect. A two-way repeatedmeasures analysis of variance (ANOVA) with factors
sequence type probability (20% or 80%) and individualtrial sequence type (clockwise change or counterclockwise change) revealed a trending but nonsigniﬁcant
main effect of sequence type probability on the relative
duration distortion, F(1, 15) ¼ 3.93, p ¼ 0.07, no
signiﬁcant main effect of individual-trial sequence type,
F(1, 15) ¼ 0.13, p ¼ 0.73, and no signiﬁcant interaction
between sequence type probability and individual-trial
sequence type, F(1, 15) ¼ 0.75, p ¼ 0.40.
We next examined the effects of sequence type
probability on JND and reaction time. A repeatedmeasures ANOVA revealed no signiﬁcant main effect
of sequence type probability on JND, F(1, 15) ¼ 0.59, p
¼ 0.46, no signiﬁcant main effect of individual-trial
sequence type, F(1, 15) ¼ 1.21, p ¼ 0.29, and no
signiﬁcant interaction, F(1, 15) ¼ 1.50, p ¼ 0.24. In the
session in which the sequence type A-A-A-A-B had
higher probability, the average reaction time was 388 6
77 ms in the high-probability sequence type and 416 6
97 ms in the low-probability sequence type. In the
session in which the sequence type A-A-A-A-C had
higher probability, the average reaction time was 403 6
57 ms in the high-probability sequence type and 400 6
56 ms in the low-probability sequence type. There was
no signiﬁcant main effect of sequence type probability
on reaction time, F(1, 15) ¼ 1.88, p ¼ 0.19, no signiﬁcant
main effect of individual-trial sequence type, F(1, 15) ¼
1.33, p ¼ 0.27, and no signiﬁcant interaction, F(1, 15) ¼
0.00, p ¼ 0.99. The lapse rate was 1.2% 6 0.4% in the
session in which A-A-A-A-B had higher probability
and 1.8% 6 0.6% in the session in which A-A-A-A-C
had higher probability. These were not signiﬁcantly
different ( p ¼ 0.49).
Experiment 1.2: The average reaction time for each
condition in Experiment 1.2 is shown in Figure 1E. In
the session in which the sequence type A-A-A-A-B had
higher probability, the reaction time was 326 6 6 ms in
the high-probability sequence type and 382 6 6 ms in
the low-probability sequence type. In the session in
which the sequence type A-A-A-A-C had higher
probability, the reaction time was 323 6 6 ms in the
high-probability sequence type and 385 6 5 ms in the
low-probability sequence type. A two-way repeatedmeasures ANOVA with factors sequence type probability and individual-trial sequence type revealed a
signiﬁcant main effect of sequence type probability on
reaction time, F(1, 11) ¼ 80.30, p , 0.001, no signiﬁcant
main effect of individual-trial sequence type, F(1, 11) ¼
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0.15, p ¼ 0.70, and no signiﬁcant interaction between
sequence type probability and individual-trial sequence
type, F(1, 11) ¼ 0.00, p ¼ 0.98. The reaction to the last
stimulus was faster in the 80% probability sequence
type than in the 20% probability sequence type. The
average rate of incorrect responses for each condition
in Experiment 1.2 is shown in Figure 1F. In the session
in which the sequence type A-A-A-A-B had higher
probability, the incorrect rate was 1.4% 6 0.7% in the
high-probability sequence type and 6.7% 6 1.1% in the
low-probability sequence type. In the session in which
the sequence type A-A-A-A-C had higher probability,
the incorrect rate was 1.5% 6 0.7% in the highprobability sequence type and 6.5% 6 0.5% in the lowprobability sequence type. A two-way repeated-measures ANOVA with factors sequence type probability
and individual-trial sequence type revealed a signiﬁcant
main effect of sequence type probability on the
incorrect rate, F(1, 11) ¼ 13.92, p ¼ 0.003, no signiﬁcant
main effect of individual-trial sequence type, F(1, 11) ¼
0.04, p ¼ 0.84, and no signiﬁcant interaction, F(1, 11) ¼
0.01, p ¼ 0.92. Fewer incorrect responses were made in
the 80% probability sequence type than in the 20%
probability sequence type.
Experiment 1.1 suggests that expectation based on
sequence probability does not reduce perceived duration. There was even a (nonsigniﬁcant) trend that the
last stimulus in the more expected (high-probability)
sequence was judged as longer than in the less expected
sequence. Experiment 1.2 indicated that the probability
difference between the sequence types was salient
enough to bias expectation, at least when the sequence
type was task relevant. We cannot rule out the
possibility that the brain does not create any expectations when the feature we manipulated (counterclockwise or clockwise) is irrelevant to the task, as it was in
Experiment 1.1. Thus, our results may have been
different if the experiment had dual tasks or if the
manipulated feature were more ecologically relevant.
However, at a minimum, we can state that not every
form of probability manipulation that an observer is
aware of affects perceived duration.

Experiment 2: Effect of sequence regularity and
sequence type probability
Design
Experiment 1 showed that expectation based on
sequence type probability does not reduce perceived
duration. In Experiment 2, we additionally examined
the effects of a different potential source of expectation—namely, sequence regularity. The temporal oddball paradigm is not suitable for distinguishing the
effects of sequence regularity and stimulus repetition
because the regularity of the sequences used in that

Downloaded from jov.arvojournals.org on 09/23/2019

6

paradigm is based on the repetition of a speciﬁc
stimulus. To overcome this, we investigated the effects
of another form of regularity—namely, one based on
alternation rather than repetition of a speciﬁc stimulus.
An alternating sequence such as A-B-A-B may induce
an expectation that the next stimulus will be A
(Maloney et al., 2005; Soetens et al., 1985).
Method
Examples of the stimulus sequences are shown in
Figure 2A. We denote the orientation of the ﬁrst
stimulus by A, and the orthogonal orientation by B. A
was either 458 clockwise or 458 counterclockwise from
vertical, with equal probability. We manipulated two
factors: sequence regularity and sequence type probability. We used two sequence types: regular (A-B-A-BA) and irregular (A-B-A-B-B). The probabilities of the
two sequence types were manipulated in the same way
as in Experiment 1: 80%:20% in one session and
20%:80% in the other. Unlike in Experiment 1.1,
participants were not informed of these probabilities.
However, they were instructed that at the end of the
experiment they would be asked whether the ﬁfth
stimulus in each trial was more often the same as or
more often different from the fourth one. Other
differences from Experiment 1.1 were minor: The size
of the bar was 4.78 by 0.68 of visual angle, and no
practice trials were given.
Prediction
In irregular sequences of the form A-B-A-B-B, the
last stimulus B breaks the alternating pattern started by
A-B-A-B but immediately repeats the previous A; in
regular sequences of the form A-B-A-B-A, the opposite
holds. Therefore, regularity and stimulus repetition
might have opposite effects on the perceived duration
of the last stimulus in these sequences. If regularity
induces expectation and the effect of high-level
expectation on perceived duration is stronger than that
of stimulus repetition, then the last stimulus in A-B-AB-A should be judged as briefer than the one in A-B-AB-B. On the other hand, if the effect of stimulus
repetition is stronger than that of expectation, then the
last stimulus in A-B-A-B-A should appear longer than
the one in A-B-A-B-B. We expect to measure the net
effect of stimulus repetition and regularity-induced
expectation on perceived duration (Figure 2B).
In this experiment, the probability of a speciﬁc
orientation (and therefore the total amount of stimulus
repetition) was controlled for both within a trial and
across the experiment. Within a trial, it was controlled
for because in both sequence types, A and B each
occurred twice before the last stimulus. Across the
experiment, the probability of a speciﬁc orientation was
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Figure 2. The effect of expectation based on sequence regularity, if any, is weaker than that of stimulus repetition. (A) Examples of the
two sequence types: A-B-A-B-A and A-B-A-B-B. The orientation of A occurred as either 458 clockwise or 458 counterclockwise from
vertical with equal incidence. (B) Predictions in two extreme scenarios. If only repetition reduces perceived duration, then the last
stimulus in sequence A-B-A-B-B should be judged as briefer than that in sequence A-B-A-B-A (top). If only expectation based on
sequence regularity reduces perceived duration, then the last stimulus in sequence A-B-A-B-B should be judged as longer than that in
A-B-A-B-A (bottom). The double-headed arrow indicates that we are agnostic of any potential response bias that is independent of
stimulus sequence. In other words, we can only predict the relation between the duration distortions of the two conditions and not
their signs. If both stimulus repetition and expectation have an effect, then the net difference between the two sequence types will
reflect their relative strengths. (C) The average psychometric curves of each condition over 17 participants. (D) The duration
distortion of the last stimulus relative to other stimuli in each condition. The last stimulus in A-B-A-B-B was judged to be briefer than
in A-B-A-B-A, reflecting a stronger effect of repetition.

controlled for because A can be one of the two
orientations that occur exactly equally often.
Results
The participant-averaged psychometric curves and
the relative duration distortions for each condition are
shown in Figures 2C and D. In the session in which the
sequence type A-B-A-B-B had higher probability, the
last stimulus was judged to be 1.4% 6 1.1% briefer
than the preceding stimuli in A-B-A-B-B and 7.3% 6
1.6% longer in A-B-A-B-A. In the session in which the
sequence type A-B-A-B-A had higher probability, the
last stimulus was judged to be 7.8% 6 1.4% briefer in
A-B-A-B-B and 6.0% 6 1.1% longer in A-B-A-B-A. A
two-way repeated-measures ANOVA with factors
sequence regularity (A-B-A-B-B or A-B-A-B-A) and
sequence type probability (20% or 80%) showed a
signiﬁcant main effect of sequence regularity on the
relative duration distortion, F(1, 16) ¼ 40.82, p , 0.001,
a signiﬁcant main effect of sequence type probability,
F(1, 16) ¼ 5.42, p ¼ 0.03, and a signiﬁcant interaction,
F(1, 16) ¼ 5.43, p ¼ 0.03. Post hoc paired t tests between
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conditions revealed that there were signiﬁcant differences between all pairs of conditions ( p , 0.003),
except for between A-B-A-B-A being a high-probability sequence and it being a low-probability sequence ( p
¼ 0.56). The last stimulus in the regular sequence A-BA-B-A was judged to be longer than in the irregular
sequence A-B-A-B-B. Surprisingly, the last stimulus
was judged to be longer in the high-probability
sequence than in the low-probability sequence only for
sequence type A-B-A-B-B. After each session, the
experimenter verbally asked the participants whether
the ﬁfth stimulus was more often the same as or more
often different from the fourth one. In three sessions,
the experimenter forgot to ask immediately after the
experiment and queried through email. Twenty-seven
out of the 29 responses immediately obtained after the
experiment from naı̈ve participants were correct, and
one out of the three responses obtained through email
was correct.
A repeated-measures ANOVA revealed no signiﬁcant main effect of sequence regularity on JND, F(1,
16) ¼ 0.28, p ¼ 0.61, no signiﬁcant main effect of
sequence type probability, F(1, 16) ¼ 0.77, p ¼ 0.39, and
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no signiﬁcant interaction, F(1, 16) ¼ 0.54, p ¼ 0.47. In
the session in which A-B-A-B-B had higher probability,
the average reaction time was 442 6 46 ms in A-B-A-BB and 486 6 53 ms in A-B-A-B-A. In the session in
which A-B-A-B-A had higher probability, the average
reaction time was 522 6 59 ms in A-B-A-B-B and 513
6 55 ms in A-B-A-B-A. There was a signiﬁcant main
effect of sequence probability on reaction time, F(1, 16)
¼ 9.27, p ¼ 0.0082, no signiﬁcant main effect of
sequence regularity, F(1, 16) ¼ 0.98, p ¼ 0.34, and no
signiﬁcant interaction, F(1, 16) ¼ 1.34, p ¼ 0.26.
Reaction times were shorter for the high-probability
sequence. The average lapse rate was 4.5% 6 1.5% in
the session in which A-B-A-B-B had higher probability
and 10.3% 6 2.5% in the other session.
The ﬁnding that the last stimulus in A-B-A-B-B was
judged to be shorter than in A-B-A-B-A demonstrates
that the effect of expectation based on sequence
regularity in reducing perceived duration, if any, is
weaker than that of stimulus repetition. This experiment could shed light on the origins of the reduction in
the perceived duration of the repeated stimulus in the
temporal oddball effect. In the current experiment, the
effect of stimulus repetition is probably weaker than in
the temporal oddball paradigm (e.g., in sequence of AA-A-A-B). This is because the temporal oddball effect
is stronger if there are more repeating stimuli before the
oddball (Pariyadath & Eagleman, 2012), suggesting
that the effect of repetition may accumulate with
consecutive repetitions. In the current experiment, there
is no consecutive repetition, and repetition differs
between the two sequences only in whether the last
stimulus immediately repeats its preceding one. Therefore, the size of the effect of stimulus repetition in
Experiment 2 is likely comparable to the size of the
temporal oddball effect when there is only a single
repetition. In Pariyadath and Eagleman (2012), the
duration of the oddball was overestimated by about 6%
when there was a single repetition, which is close to the
average difference between the duration distortions of
the two sequence types in the current experiment. This
suggests that the effect of repetition dominates the net
difference between the two sequences. On the other
hand, because the alternating pattern is maintained
until the fourth stimulus in the sequence of type A-B-AB-B, the effect of regularity is likely similar to that in
the sequence of type A-A-A-A-B. For these reasons, we
believe that in the temporal oddball paradigm, the
contribution of expectation based on sequence regularity to the temporal oddball effect, if any, is very
small compared with the effect of stimulus repetition.
On the other hand, the ﬁnding that the last stimulus in
a higher probability sequence was judged to be longer
in one type of sequence suggests that if expectation
based on probability inﬂuences perceived duration at
all, the effect might be expansive rather than com-
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pressive. This would further argue against the hypothesis that the temporal oddball effect is due to the
oddball being less expected, as opposed to simple
repetition of the standard stimulus (Pariyadath &
Eagleman, 2008).

Experiment 3: Effect of overlearned sequences
Design
Experiment 1 showed no effect of expectation based
on sequence type probability. Experiment 2 showed
that any effect of expectation based on sequence
regularity in reducing perceived duration is much
weaker than that caused by immediate repetition of the
stimulus. The current experiment further examined
whether expectation based on a sequence overlearned
in daily life, such as 1-2-3-4-5, reduces perceived
duration.
Method
The experiment manipulated two factors: sequence
type and sequence order. The stimuli were sequences of
digits, differing in whether the last digit violated an
overlearned sequence and whether it was a repeat of the
preceding digit. Participants compared the duration of
the last stimulus against other stimuli in the sequence.
The ﬁrst four digits were in ascending order (1-2-3-4) in
one random session of the experiment and in descending order (9-8-7-6) in the other session. The purpose of
including both ascending and descending sequences
was to control for the potential confound that larger
digits may bias the judgment of duration toward longer
(Xuan et al., 2007). The last digit of each sequence was
repeating the previous one (1-2-3-4-4 or 9-8-7-6-6),
expected from the overlearned sequence (1-2-3-4-5 or 98-7-6-5), or unexpected from the overlearned sequence
and not repeating (1-2-3-4-6 or 9-8-7-6-4); we denote
these sequence types as Repeating, Expected, and
Unexpected, respectively. An example of the three
types of sequences with the ﬁrst four digits in ascending
order is shown in Figure 3A. Trials of the three
sequence types were randomly interleaved with equal
occurrence. The trial structure and the task were the
same as in Experiments 1.1 and 2. The digit stimuli
were on average 6.38 of visual angle in height. There
were six practice trials, two of each sequence type,
presented in interleaved order before the testing trials.
They were indistinguishable from the testing trials.
Each of the two sessions had 450 testing trials.
Prediction
If repetition reduces perceived duration, then a 4
after 1-2-3-4 should be judged as briefer than a 6, and a
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Figure 3. Perceived duration is not influenced by expectation based on overlearned sequences. (A) Examples of the three sequence
types (Repeating, Expected, and Unexpected) of ascending order. (B) Prediction of the results. If only stimulus repetition reduces
perceived duration, then only the last stimulus in Repeating should be judged as briefer than that in Unexpected (top). If expectation
based on overlearned sequences also reduces perceived duration, then the last stimulus in Expected should also be judged as briefer
than that in Unexpected (bottom). (C) Average psychometric curves of each condition over 12 participants. (D) Only the last stimulus
in Repeating was judged as briefer than that in Unexpected. There was no significant difference between Expected and Unexpected.

6 after 9-8-7-6 should be judged as briefer than a 4
(Figure 3B). If overlearned sequences induce expectation and high-level expectation reduces perceived
duration, then a 5 after 1-2-3-4 should be judged as
briefer than a 6, and a 5 after 9-8-7-6 should be judged
as briefer than a 4 (Figure 3B).
Results
The participant-averaged psychometric curves and
the relative duration distortions for each condition are
shown in Figures 3C and D. The last stimulus was
judged to be 4.0% 6 1.0% briefer than the preceding
stimuli in the sequence 1-2-3-4-4, 5.4% 6 1.7% longer
in the sequence 1-2-3-4-5, 4.6% 6 0.6% longer in the
sequence 1-2-3-4-6, 3.7% 6 1.3% briefer in the
sequence 9-8-7-6-6, 3.5% 6 1.1% longer in the sequence
9-8-7-6-5, and 3.6% 6 1.0% longer in the sequence 9-87-6-4. A two-way repeated-measures ANOVA with
factors sequence type and sequence order showed a
signiﬁcant main effect of sequence type (Repeating,
Expected, and Unexpected) on the relative duration
distortion, F(2, 22) ¼ 31.84, p , 0.001, no signiﬁcant
main effect of sequence order, F(1, 11) ¼ 0.28, p ¼ 0.60,
and no signiﬁcant interaction, F(2, 22) ¼ 0.89, p ¼ 0.41.
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After averaging the relative duration distortions of
corresponding conditions between the two sessions, a
post hoc paired t test found a signiﬁcant difference
between Repeating and Expected, t(11) ¼ 5.7, p ,
0.001, and between Repeating and Unexpected, t(11) ¼
9.06, p , 0.001 (both passing the Holm-Bonferroni
correction [Holm, 1979]), but none between Expected
and Unexpected, t(11) ¼ 0.30, p ¼ 0.77. The last
stimulus was judged to be shorter in Repeating than in
the other two conditions.
A repeated-measures ANOVA revealed no signiﬁcant main effect of sequence type on JND, F(2, 22) ¼
0.27, p ¼ 0.76, no signiﬁcant effect of sequence order,
F(1, 11) ¼ 3.37, p ¼ 0.09, and no signiﬁcant interaction,
F(2, 22) ¼ 1.00, p ¼ 0.38. The average reaction time was
365 6 58 ms in the sequence 1-2-3-4-5, 360 6 49 ms in
the sequence 1-2-3-4-5, 351 6 52 ms in the sequence 12-3-4-6, 320 6 31 ms in the sequence 9-8-7-6-6, 351 6
46 ms in the sequence 9-8-7-6-5 and 344 6 40 ms in the
sequence 9-8-7-6-4. There was no signiﬁcant main effect
of sequence type on reaction time, F(2, 22) ¼ 1.20, p ¼
0.32, no signiﬁcant main effect of sequence order, F(1,
11) ¼ 0.37, p ¼ 0.55, and no signiﬁcant interaction, F(2,
22) ¼ 1.08, p ¼ 0.35. The average lapse rate was 2.0% 6
0.8% in the session of ascending sequences and 1.3% 6
0.5% in the session of descending sequences.
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These results suggest that expectation based on
overlearned sequences had no effect on perceived
duration. The 5 in 1-2-3-4-5 and the 6 in 1-2-3-4-6
differed only in whether the digit was expected based
on an overlearned sequence but did not generate a
difference in their perceived duration. By contrast, the
repetition of the 4 in 1-2-3-4-4 reduced its perceived
duration. We cannot rule out that the strength of the
expectation based on an overlearned sequence gradually diminishes as the experiment continues. Future
studies may test this hypothesis by conducting experiments consisting of only a few trials per participant
and combining the responses from many participants
for analysis.
One may worry that the use of different digits may
bias judgments of duration (larger numbers may be
judged as longer; see Xuan et al., 2007), causing the
difference between conditions. This possibility is ruled
out by the results from the session in which descending
sequences were used. For example, if the difference
between conditions in ascending sequences (e.g., the
last digit in 1-2-3-4-4 was judged as shorter than the last
digit in 1-2-3-4-5) were due to the bias caused by the
digits, then we would expect the opposite pattern of
results in the descending sequence (e.g., the last digit in
9-8-7-6-6 would be judged as longer than the last digit
in 9-8-7-6-5) and we would have found an interaction
between sequence type and sequence order. The
absence of either a main effect or an interaction effect
of sequence order on either the relative duration
distortion or reaction time suggests that the value of
digits did not cause a signiﬁcant bias in duration
judgment.

Experiment 4: Attempt to replicate the previous
results
Design
In Experiment 3, we found that perceived duration is
not reduced by expectation based on overlearned
sequences. This seems to conﬂict with the ﬁnding of an
experiment in Pariyadath and Eagleman (2007), in
which the duration of the ﬁrst digit in an overlearned
sequence of 1-2-3-4-5 was judged to be longer than its
succeeding digits, which was not the case in a scrambled
sequence (e.g., 1-3-5-4-2). Therefore, we attempted to
directly replicate their result.
Method
We randomly interleaved sequences of three types:
the sequence 1-1-1-1-1, the sequence 1-2-3-4-5, and
various scrambled sequence (a 1 followed by a random
permutation of 2, 3, 4, 5, with the constraint that the 2
could not follow 1 immediately). We denote these
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sequence types as Repeating, Ordered, and Scrambled,
respectively. (Note that the Repeating sequence,
although named the same as one sequence type in
Experiment 3, has more repetition within a trial.)
Examples of the stimulus sequences are shown in
Figure 4A. Instead of varying the duration of the last
stimulus as in Experiments 1 through 3, we followed
the design of Pariyadath and Eagleman (2007) and
drew the duration of the ﬁrst stimulus randomly from
10 possible values equally spaced between 320 and 680
ms, with the other stimuli each lasting 500 ms.
Participants reported whether the ﬁrst digit appeared
longer or briefer than other digits. Because of this
difference, a positive relative duration distortion
indicates that the ﬁrst stimulus in a sequence is judged
as longer than the following stimuli. The duration of
ﬁxation, the duration of the interstimulus interval, and
the time from the participant’s response to the start of
the next trial were the same as in Experiments 1.1, 2,
and 3. Each participant completed 420 trials in one
session.
Prediction
If stimulus repetition reduces perceived duration,
then the last four stimuli in Repeating should be judged
as briefer than those in Scrambled. Thus, the participants should judge the ﬁrst stimulus as longer in
Repeating than in Scrambled. If high-level expectation
based on an overlearned sequence also reduces
perceived duration, then the last four stimuli in
Ordered should be judged as briefer than those in
Scrambled. Thus, the ﬁrst stimulus should be judged as
longer in Ordered than in Scrambled (Figure 4B).
Results
The participant-averaged psychometric curves and
the relative duration distortions for each condition are
shown in Figures 4C and D. The ﬁrst digit was judged
to be 29.9% 6 4.0% longer than the succeeding stimuli
in Repeating, 2.5% 6 2.0% briefer in Ordered, and
2.1% 6 2.2% briefer in Scrambled. We found a
signiﬁcant effect of sequence type on the relative
duration distortion, F(2, 24) ¼ 28.13, p , 0.001, oneway repeated-measures ANOVA. Post hoc paired t test
(with Holm-Bonferroni correction [Holm, 1979]) found
a signiﬁcant difference between Repeating and Ordered, t(12) ¼ 5.54, p , 0.001, and between Repeating
and Scrambled, t(12) ¼ 5.23, p , 0.001, but not between
Ordered and Scrambled, t(12) ¼ 0.29, p ¼ 0.77. We
conclude, contrary to a previous study (Pariyadath &
Eagleman, 2007) but consistent with Experiment 3, that
stimulus repetition but not expectation based on
overlearned sequences reduces perceived duration.
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Figure 4. An attempt to replicate a previous result failed to find the effect of expectation. (A) Examples of the three sequence types
(Repeating, Ordered, and Scrambled). In each trial of the Scrambled sequence, the second to fifth stimuli were random permutations
of digits 2, 3, 4, and 5, without 2 occurring at the second position. (B) Prediction of the results. If only repetition reduces perceived
duration, then the first stimulus should be judged as longer than the succeeding stimuli only in Repeating. There should be no
difference between Ordered and Scrambled (top). If expectation also reduces perceived duration, then the first stimulus should be
judged as longer in Ordered than in Scrambled (bottom). (C) Average psychometric curves of each condition over 13 participants. (D)
The first stimulus was judged to be longer than the succeeding stimuli only in Repeating. There was no significant difference between
Ordered and Scrambled. The difference between Repeating and Ordered and between Repeating and Scrambled was significant.

There was a signiﬁcant effect of sequence type on
JND, F(2, 24) ¼ 5.14, p ¼ 0.01. On average the JND in
Repeating was larger than in Ordered, paired t test,
t(12) ¼ 2.48, p ¼ 0.03, and larger than in Scrambled,
paired t test, t(12) ¼ 2.24, p ¼ 0.04, although the
signiﬁcance level did not pass the Holm-Bonferroni
correction threshold. There was also a signiﬁcant effect
of sequence type on the reaction time, F(2, 24) ¼ 4.69, p
¼ 0.02. On average, reaction time was shorter in
Repeating than in Scrambled, t(12) ¼ 2.66, p ¼ 0.02,
and shorter in Ordered than in Scrambled, t(12) ¼
2.87, p ¼ 0.01. Only the latter pair of comparisons
passed the Holm-Bonferroni correction (Holm, 1979).
The average lapse rate was 8.2% 6 2.5%.
This experiment failed to ﬁnd a signiﬁcant difference
in duration distortion between Ordered and Scrambled
sequences; this is consistent with a recent study using a
closely related paradigm (Herai & Mogi, 2010). After
inspecting the design and data of Pariyadath and
Eagleman (2007), we think the discrepancy might have
two causes. First, their paper tested one group of
participants on Repeating and Ordered and a second
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group on Repeating and Scrambled. Here, we tested the
same participants on all three sequence types. Second,
their low number of trials (63 per condition, compared
with our 150 in Experiment 3 and 140 in Experiment 4)
makes their estimation of duration distortion less
reliable. We further estimated the statistical power of
this experiment. By assuming that the effect size is
equal to that estimated in Pariyadath and Eagleman
(2007), our sample size ensures a statistical power of
97% to detect a difference between Ordered and
Scrambled at the signiﬁcance level of 0.05. Therefore, it
is unlikely that our ﬁnding results from a type II
statistical error.
It is not entirely clear why there is a difference in
JND and reaction time between conditions. One
possible reason why the JND is larger in the Repeating
condition is that participants might occasionally
confuse their memory of the perceived duration of the
ﬁrst stimulus in a sequence of 1-1-1-1-1 with the
memories of the following stimuli, which are reduced
by repetition. The different reaction times between
Scrambled and other types of sequences may suggest a
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stronger expectation of the later stimuli in Repeating
and Ordered sequences. If this is the case, this and the
fact that the relative duration distortion in Ordered is
no larger than in Scrambled argue against the
hypothesis that expectation reduces perceived duration.
The average value of the digits after the ﬁrst stimulus
in Repeating was smaller than that in the other
conditions. We cannot rule out the possibility that the
value of digits can bias participants’ responses (Xuan et
al., 2007). However, the fact that we did not observe
such an effect in Experiment 3 suggests that this bias, if
any, is very small in our experiment design. Therefore,
it is unlikely to be the major cause of the difference
observed between Repeating and the other two
sequences.

Experiment 5: The interaction between
repetition and stimulus location
Design
Stimulus repetition appears to be the only factor that
reduces perceived duration in Experiments 1 through 4.
The effect of repetition may occur because the repeated
stimulus affects the neural population responding to
that stimulus. If this is the case, then the size of the
receptive ﬁeld of such neural population should
determine the spatial speciﬁcity of the effect. If the
receptive ﬁelds are relatively small, then the perceived
duration of a repeated stimulus should be reduced only
when it appears at the same location as its preceding
stimuli. If the receptive ﬁelds are relatively large, then
the perceived duration should also be reduced when the
repeated stimulus appears at a different location.
Typically, neurons at a higher level of the sensory
processing hierarchy have larger receptive ﬁelds.
Therefore, understanding whether the effect of repetition is speciﬁc to the location of the repeated stimuli
may shed light on the stage in sensory processing
hierarchy where duration perception takes place. In this
experiment, we measure the interaction of a change in
stimulus feature and a change in stimulus location to
determine the spatial speciﬁcity of the effect of
repetition on perceived duration.
Method
Example stimulus sequences are shown in Figure
5A. The size and luminance of the stimuli, the timing
structure of each trial, and the task were identical to
those in Experiment 2. On any trial, the ﬁrst four
stimuli were of identical orientation and appeared at
the same location. Their orientation was either 458
clockwise or 458 counterclockwise, with equal probability. Their location was 4.68 visual angle (estimated at
a distance of 60 cm) to either the left side or the right
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side of ﬁxation. The experiment had four conditions,
deﬁned by the relation between the last stimulus and
the ﬁrst four stimuli: The last stimulus could appear at
the same location with the same orientation as the ﬁrst
four stimuli (we denote this condition as SS), at the
same location with a different (orthogonal) orientation
(SD condition), at a different location (on the other
side) with the same orientation (DS condition), or on
the other side with an orthogonal orientation (DD
condition). Participants judged whether the last stimulus lasted for a longer or shorter duration than the
ﬁrst four. There were 120 trials in each condition. All
four conditions were randomly interleaved.
Prediction
If repetition of a stimulus reduces perceived duration, then we expect the perceived duration of the last
stimulus in the SS condition to be shorter than in the
SD condition. If perceived duration is reduced by the
repetition of a speciﬁc stimulus and if this effect is
through the inﬂuence on a neural population with small
receptive ﬁelds, then the effect of repetition should be
constrained to the location of the stimulus: The last
stimulus in the SS condition should be judged to be
shorter than in the DS condition, and there should be
no difference between the DS and DD conditions. If the
effect of repetition is through the inﬂuence on a neural
population with large receptive ﬁelds, then there should
be a difference between DS and DD conditions, but
small or no difference between SS and DS conditions
and small or no difference between SD and DD
conditions.
This experiment is not aimed at distinguishing
whether the distortion of perceived duration is due to
repetition or expectation. If the distortion is due to
expectation, then the prediction may be similar,
depending on how a change of stimulus location
inﬂuences expectation.
Results
The participant-averaged psychometric curves and
the relative duration distortions for each condition in
Experiment 5 are shown in Figure 5B and C. In the SS
condition, the last stimulus was judged to be 2.3% 6
2.4% shorter than the preceding stimuli. In the SD
condition, the last stimulus was judged to be 8.9% 6
0.9% longer. In the DS condition, the last stimulus was
judged to be 11.8% 6 1.2% longer. In the DD
condition, the last stimulus was judged to be 12.2% 6
1.6% longer. A two-way repeated-measures ANOVA
with factors orientation (same or different) and
location (same or different) of the last stimulus showed
a signiﬁcant main effect of orientation on the relative
duration distortion, F(1, 11) ¼ 11.55, p ¼ 0.006, a
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Figure 5. The effect of repetition is constrained to the location of the stimulus. (A) Examples of the four sequence types: SS, SD, DS,
and DD. The orientation of the first four stimuli occurred as either 458 clockwise or 458 counterclockwise from vertical and appeared
either to the left or to the right of fixation with equal incidence. (B) The average psychometric curves of each condition over 12
participants. (D) The duration distortion of the last stimulus relative to other stimuli in each condition. When the last stimulus was not
an exact repetition of preceding stimuli at the same location, the duration was judged as longer than the preceding stimuli.

signiﬁcant main effect of location, F(1, 11) ¼ 12.14, p ¼
0.005, and a signiﬁcant interaction, F(1, 11) ¼ 19.64, p ¼
0.001. The last stimulus was judged as longer when it
appeared on the opposite side from the preceding
stimuli than when it appeared at the same location. It
was judged as longer when it changed its orientation
from the preceding stimuli than when it did not change.
Post hoc paired t test between each pair of conditions
(with Holm-Bonferroni correction [Holm, 1979]) revealed that the last stimulus was judged to be
signiﬁcantly shorter in the SS condition than in all
other conditions: t(11) ¼ 4.21, p ¼ 0.001 compared
with the SD condition; t(11) ¼ 4.09, p ¼ 0.002
compared with the DS condition; and t(11) ¼3.71, p ¼
0.003 compared with the DD condition. There was no
signiﬁcant difference between any other pairs of
conditions.
There was no signiﬁcant effect of orientation on
JND, F(1, 11) ¼ 1.18, p ¼ 0.30, no signiﬁcant effect of
location, F(1, 11) ¼ 2.98, p ¼ 0.11, and no signiﬁcant
interaction, F(1, 11) ¼ 1.64, p ¼ 0.23. There was no
signiﬁcant effect of orientation on the reaction time,
F(1, 11) ¼ 0.00, p ¼ 0.97, no signiﬁcant effect of
location, F(1, 11) ¼ 0.77, p ¼ 0.40, and no signiﬁcant
interaction, F(1, 11) ¼ 4.58, p ¼ 0.06. The lapse rate was
6.2% 6 1.8%.
That there is no signiﬁcant difference between the
DS and DD conditions suggests that only repetition of
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a stimulus at the same location reduces its perceived
duration. The signiﬁcant difference between the SS and
DS conditions is consistent with the hypothesis that the
effect of repetition may occur because the repeated
stimulus inﬂuences a neural population with relatively
small receptive ﬁelds. The result of this experiment does
not rule out the hypothesis that expectation reduces
perceived duration. But if one were to accept the
expectation hypothesis, then these results suggest that
the expectation that a stimulus will appear at a different
location is smaller than the expectation that a stimulus
will appear at the same location and that the
expectation of any stimulus at a different location is
equal regardless of the stimulus property.

General discussion
Repeated stimuli are judged to be briefer than nonrepeated ones. However, it has been difﬁcult to
determine whether perceived duration is reduced by
stimulus repetition only or by expectation in general.
Manipulating three sources of high-level expectation—
sequence type probability, sequence regularity, and
overlearned sequences—we found that repetition consistently reduces perceived duration, whereas high-level
expectation does not. If anything, we found in
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Experiment 2 a hint that expectation based on sequence
type probability increased perceived duration.
Even though we have used the term perceived
duration, there is debate about whether the shift in a
psychometric curve of a discrimination task truly
reﬂects a change in perception or a cognitive bias in
decision (Schneider & Komlos, 2008). A recent
investigation of the temporal oddball effect suggests
that the effect is more likely due to a perceptual change
than to a cognitive bias (Birngruber et al., 2014). Still,
we cannot rule out the possibility that participants’
responses are vulnerable to certain biases. In Experiment 2, the duration of the last stimulus in the A-B-AB-A sequence was judged as slightly longer than the
ﬁrst four stimuli. The same effect was seen with the last
stimuli in the Expected and Unexpected sequences of
Experiment 3. There are at least two possible reasons
for this. First, participants might have a tendency to
balance their overall responses of longer and shorter
judgments. Because they made more shorter judgments
for the A-B-A-B-B sequence in Experiment 2 and the
Repeating sequence in Experiment 3, this tendency may
cause them to make more longer judgments in the other
conditions. Second, for an unknown reason, people
might have a subtle tendency to judge the last stimulus
in any sequence of ﬁve stimuli as longer. Regardless of
whether a tendency to balance response or a bias
toward answering longer exist in our experiment, either
mechanism should have the effect of a global shift of
the apparent relative duration distortion in all conditions. Because we care only about the differences in
relative duration distortion between conditions, neither
mechanism is likely to change our conclusion.
In Experiment 1.1, participants were explicitly
informed of the probabilities of the sequences, while in
Experiment 2 they were instead instructed to pay
attention to the frequencies of the sequences. This
difference was introduced in order to determine
whether explicitly knowing the probability inﬂuenced
the result. We found a signiﬁcant effect of sequence
probability only in Experiment 2, suggesting that
explicitly knowing the probability does not make
participants judge a stimulus from a high-probability
sequence as longer, but paying attention to this
probability might. One may worry that the explicit
information about probability in Experiment 1.1 could
have introduced a higher expectation to the last
stimulus than to the preceding stimuli in all trials. We
cannot rule out this possibility. But, as discussed above,
this should only introduce a global effect on all
conditions, whereas our conclusions were based on a
comparison between conditions.
Because the stimulus sequences all had the same
length in Experiment 1.1, a concern may be that
participants could have based their judgments solely on
comparing the perceived duration of the last stimulus
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against a reference duration stored in memory,
neglecting all preceding stimuli. We think this is
unlikely because if this were the case, then we would
not see a strong overestimation of the duration of the
last stimulus, as we did. On the contrary, the relative
duration distortion of the last stimulus in Experiment
1.1 was larger than those in Experiments 2 and 3, where
the amount of repetition of stimulus was much less.
The mechanisms underlying the effect of repetition
are unknown. In the context of the temporal oddball
effect, two major hypotheses have been proposed, and
these may generalize to the conditions that we
examined. The attention hypothesis (Tse et al., 2004)
states that the oddball draws more attention, which
potentially increases the rate of information processing,
or the speed of an oscillator under the internal clock
model of time perception (Gibbon, 1977; Treisman,
1963). The neural energy hypothesis attributes perceived duration to the total amount of neural activity
expended to encode a stimulus (Eagleman & Pariyadath, 2009); it has been proposed to explain the parallel
between the reduced perceived duration of repeated
stimulus and neural repetition suppression (Henson &
Rugg, 2003; Noguchi & Kakigi, 2006; Sadeghi,
Pariyadath, Apte, Eagleman, & Cook, 2011) as well as
other parallels between duration illusions and neural
response amplitude (Eagleman, 2008; Eagleman &
Pariyadath, 2009; Pariyadath & Eagleman, 2007, 2012).
These hypotheses might not be mutually exclusive: The
effect of increasing attention to a stimulus might
primarily be to increase the neural response to the
stimulus (Desimone & Duncan, 1995; Moran &
Desimone, 1985; Treue & Martı́nez Trujillo, 1999).
Because our data show that repetition of a stimulus,
but not high-level expectation, reduces perceived
duration, they point to a primary role for bottom-up
processes in time perception. This would be compatible
with the neural energy hypothesis as well as with the
attention hypothesis if attention is bottom-up. However, higher-level cognitive factors such as expectation
are unlikely to provide a unifying explanation of the
observed distortion in duration perception on the
subsecond time scale.
Our results are in line with a series of studies that
demonstrate compression of perceived duration by lowlevel sensory adaptation in both the visual (Bruno,
Ayhan, & Johnston, 2010; Johnston et al., 2006) and
tactile (Watanabe, Amemiya, Nishida, & Johnston,
2010) modalities. Together, these studies suggest that
time perception may be achieved by a distributed
network that includes sensory cortices (Eagleman,
2008; Ivry & Schlerf, 2008; Merchant, Harrington, &
Meck, 2013) instead of by a centralized clock.
Speciﬁcally, Johnston et al. (2006) demonstrated that
the adaptation to a visual stimulus of high temporal
frequency can distort the perceived duration of a
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subsequent stimulus of low temporal frequency only
when the subsequent stimulus appears at the location
of the adapting stimulus. Both this result and our
ﬁnding in Experiment 5 that the effect of repetition is
location-speciﬁc support the hypothesis that low-level
neural processing of sensory stimuli, where the sizes of
receptive ﬁelds are relatively small, largely contributes
to duration perception in the subsecond range.
We did not ﬁnd in any of our experiments that the
expectation of a stimulus sequence reduces perceived
duration. This seems to conﬂict with a study that found
that when the probability of a single stimulus is
manipulated, the more frequent stimulus is judged as
briefer (Ulrich, Nitschke, & Rammsayer, 2006). However, the latter ﬁnding might also be accounted for by
the repetition of the frequent stimulus over the course
of their experiment. By contrast, all single stimuli
appeared equally often in our Experiments 1.1 and 2.
Ulrich et al. (2006) explained their ﬁnding by suggesting that the unexpected stimulus increases arousal,
which in turn speeds up the pacemaker of the
hypothetical internal clock, giving rise to an increase in
perceived duration (Ulrich et al., 2006). Our study
cannot rule out this possibility because we did not
measure any physiological responses that could reﬂect
arousal. Future studies that measure skin conductance
or pupil dilation (Bradley, Miccoli, Escrig, & Lang,
2008) may help test the arousal hypothesis.
Matthews (2015) manipulated the probabilities of
sequences comprising two consecutive identical stimuli
and the probabilities of sequences comprising two
consecutive different stimuli. Increasing the probability
of one type of sequence should make that type of
sequence more expected, as was the logic underlying
our Experiments 1 and 2. This study found that the
duration of the second stimulus in the sequence of
identical stimuli is judged as longer when the probability of that type of sequence is higher than when it is
lower (Matthews, 2015). This result is similar to the
pattern observed in Experiment 2. Both these results
and our results show that high-level expectation based
on the probablity of a sequence type does not reduce
perceived duration, as repetition of a stimulus does.
Both the results are against the hypothesis that
expectation in general reduces perceived duration.
However, we ﬁnd a positive effect of expectation on
perceived duration only in Experiment 2 and only in
one type of sequence. We have no good explanation for
this.
Our results point to lower sensory cortices as the
neural basis of time perception. Traditionally, a
common model of time perception is the internal clock
model (Gibbon, 1977; Treisman, 1963), according to
which the brain integrates an approximately constant
signal to encode duration. It is unclear where this signal
comes from. If one were to take this perspective, then
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our results suggest that the neural response in low-level
sensory cortex may be a candidate signal for this
integration. Although mechanistic models of how time
may be encoded by neural networks exist—for example, a state-dependent network model (Karmarkar &
Buonomano, 2007), a model based on neural integration (Simen et al., 2011), and a beat frequency timing
model (Matell & Meck, 2000; Richelle & Lejeune,
1980)—it is not clear what these models predict for our
experiments. Mimicking the manipulation of factors
such as repetition and expectation in neural simulations
might increase understanding of the neural basis of
duration illusions.
Keywords: time perception, expectation, predictability
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