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a b s t r a c t

It is common to judge the duration of an audiovisual event, and yet it remains controversial how the
judgment of duration is affected by signals from other modalities. We used an oddball paradigm to exam-
ine the effect of sound on the judgment of visual duration and that of a visual object on the judgment of
an auditory duration. In a series of standards and oddballs, the participants compared the duration of the
oddballs to that of the standards. Results showed asymmetric cross-modal effects, supporting the audi-
tory dominance hypothesis: a sound extends the perceived visual duration, whereas a visual object has
no effect on perceived auditory duration. The possible mechanisms (pacemaker or mode switch) pro-
posed in the Scalar Expectancy Theory [Gibbon, J., Church, R. M., & Meck, W. H. (1984). Scalar timing
in memory. In J. Gibbon & L. Allan (Eds.), Annals of the New York Academy of Sciences: Vol. 423. Timing
and time perception (pp. 52–77). New York: New York Academy of Sciences] were examined using differ-
ent standard durations. We conclude that sound increases the perceived visual duration by accelerating
the pulse rate in the visual pacemaker.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Studies of time perception have well established that subjective
judgment of duration is not always faithful to the veridical interval
that is timed (Efron, 1970a,1970b), and is affected by several fac-
tors. For example, the judged duration is longer than the veridical
duration for dynamic stimuli (Goldstone & Lhamon, 1974; Kanai,
Paffen, Hogendoorn, & Verstraten, 2006; Lhamon & Goldstone,
1974), larger magnitudes (Ono & Kawahara, 2007; Xuan, Zhang,
He, & Chen, 2007), high aroused negative emotions (Angrilli,
Cherubini, Pavese, & Mantredini, 1997), emotions requiring urgent
action (Droit-Volet & Meck, 2007), impulsive personality
(Wittmann & Paulus, 2008), and lower amounts of concurrently
processed information (Hicks et al., 1977; Hicks, Miller, & Kins-
bourne, 1976; Zakay, 1993). Moreover, the method of time estima-
tion (e.g. production, reproduction, comparative time judgment,
and verbal estimation) is also a critical factor influencing the sub-
jective judgment of durations (Bueti, Walsh, Frith, & Rees, 2008;
Hicks et al., 1976; Ulbrich, Churan, Fink, & Wittmann, 2007; Zakay,
1993; Zakay & Block, 1997).

Human timing ability has been mainly explained by the clock
stage of the Scalar Expectancy Theory (Droit-Volet & Meck, 2007;
Gibbon, 1977; Gibbon, Church, & Meck, 1984; van Wassenhove,
Buonomano, Shimojo, & Shams, 2008; Wearden, Edwards, Fakhri,
& Percival, 1998; Wittmann & Paulus, 2008), which consists of a
ll rights reserved.

: +886 2 23629909.
pacemaker, a mode switch, and an accumulator. The pacemaker
emits pulses at a certain rate, the mode switch controls the gating
of pulses, and the accumulator stores the number of pulses. While
facing a duration judgment, the mode switch closes at the onset of
the duration that is timed. Its closure allows the pulses emitted
from the pacemaker to flow into the accumulator and be collected.
At the offset of this duration, the mode switch opens again so that
the pulses are no longer accumulated. The number of pulses
collected in the accumulator in the given duration represents the
subjective duration, with a linear relationship: the more the accu-
mulated pulses, the longer the judged duration.

In a prospective duration judgment, the judged duration can be
influenced by different mechanisms in the clock stage, such as the
rate of the pacemaker’s pulses and/or the operation latency of the
mode switch. These two mechanisms are independent but not nec-
essarily exclusive; they can work serially to cause fluctuation in
the pulses that are collected in the accumulator (Angrilli et al.,
1997; Burle & Casini, 2001; Droit-Volet & Meck, 2007; Gibbon
et al., 1984; Wearden et al., 1998; Wittmann & Paulus, 2008).
When the pulse rate is accelerated, or the latency difference be-
tween the closing and opening of the mode switch is larger, or
both, the perceived duration tends to be longer than the veridical
duration, a phenomenon known as subjective time expansion or
subjective time dilation (Kanai & Watanabe, 2006; Kanai et al.,
2006; Tse, Intriligator, Rivest, & Cavanagh, 2004).

Tse et al. (2004) used the oddball paradigm to study subjective
time expansion. In this paradigm, the participants conduct a pro-
spective duration task in which they know a priori that they will
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1 We did not attempt to include all possible combinations of audiovisual stimuli: as
a result the present study applies only to the condition in which the onset and offset
of audiovisual stimuli correspond to each other.
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judge the duration of a stimulus, so that the attention is oriented
toward the temporal dimension of the stimuli (Block & Zakay,
1997; Hicks et al., 1976; Zakay, 1993). The duration of an oddball
is compared to that of a standard, when one oddball is inserted
among a train of standards in a serial presentation. Tse et al.
(2004) observed that subjective time expansion occurred when
the veridical duration was longer than 120 msec, in either visual
or auditory modality. This is interpreted in terms of attentional ori-
enting due to the unpredictability of the oddball: the oddball at-
tracted more attention relative to the high-probability standards,
thus its perceived duration was also relatively lengthened.

In their study Tse et al. (2004) focused mainly upon the perceived
duration of stimuli presented in a single sensory modality. However,
cross-modal effects have been well illustrated on different percepts
(e.g. Chen & Yeh, 2008; MacDonald & McGurk, 1978; McGurk &
MacDonald, 1976; Morein-Zamir, Soto-Faraco, & Kingstone, 2003;
Shams, Kamitani, & Shimojo, 2000; Vroomen & de Gelder, 2000;
Watanabe & Shimojo, 1998). Time perception is no exception; it
has been shown that temporal processing in one modality may be
affected by the signals from other modalities (Goldstone, Boardman,
& Lhamon, 1959; Guttman, Gilroy, & Blake, 2005; van Wassenhove
et al., 2008; Walker & Scott, 1981). In one of these earlier contribu-
tions regarding intersensory temporal processing, Walker and Scott
(1981) observed that perceived visual duration was affected by
sound, and thus concluded that the perceived duration of audio-
visual stimuli was resolved in favor of auditory information,
because audition dominates vision for temporal processing (Welch,
DuttonHurt, & Warren, 1986; Welch & Warren, 1980).

After Walker and Scott’s (1981) proposition that audition was
dominant in intersensory temporal processing, van Wassenhove
et al. (2008) observed a contrary result favoring visual dominance.
They modified the oddball paradigm in order to remove the unpre-
dictability of the oddballs. In their study, an oddball was always
presented at the fourth position among four standards in each trial,
and the modality of stimuli was manipulated as a factor. They
found, contrary to Walker and Scott’s study, that perceived audi-
tory duration was altered by visual input but that the reverse
was not true.

Rather than the comparative time judgment adopted by van
Wassenhove and her colleagues, Walker and Scott required the
participants to reproduce their perceived duration by pressing a
key after viewing the uni- or bi-modal stimuli. As the method of
time estimation is also a factor influencing the perceived duration
(Bueti et al., 2008; Hicks et al., 1976; Ulbrich et al., 2007; Zakay,
1993; Zakay & Block, 1997), the difference between their results
may not reflect the cross-modal effect on time perception per se,
but rather an effect that can be attributed to the different methods
used for time estimation. To resolve this issue, we adopted the
same comparative time judgment as adopted in van Wassenhove
et al. (2008), and tested whether the opposite results observed be-
tween the two studies resulted from the methods used, or from
other, overlooked, possibilities.

Regarding cross-modal time perception, three possible out-
comes are predicted for the duration judgments of audiovisual
stimuli. Firstly, either an auditory or a visual dominance should
be observed, as observed by Walker and Scott (1981) or by van
Wassenhove et al. (2008), respectively. The auditory dominance
hypothesis predicts that adding a sound affects the subjective vi-
sual duration, but adding a visual object has little or limited effect
on subjective auditory duration, since audition dominates vision
for temporal processing (Welch & Warren, 1980; Welch et al.,
1986). Based on the results of van Wassenhove et al. (2008), in con-
trast, visual dominance is also a possible outcome even though
‘‘The pattern of results . . . is difficult to reconcile with our current
understanding of duration perception and classic model of multi-
sensory integration” (van Wassenhove et al., 2008, p. 10).
Secondly, just as the attentional distraction model (Hicks et al.,
1976, 1977) predicts, concurrent information should orient atten-
tion away from the temporal dimension of the stimulus, and a sig-
nal from another modality may act as a distractor. Therefore, it is
subjective time contraction rather than expansion that is expected,
due to the reduced attentional resource toward the temporal
dimension of the stimulus. Moreover, Dalton and Spence (2007)
observed that while irrelevant auditory singletons can capture
attention in a sequential visual search task, irrelevant visual single-
tons cannot similarly affect a sequential auditory search task, ren-
dering an asymmetric cross-modal effect on temporal attentional
capture. Accordingly, subjective time contraction could affect
either visual or auditory duration judgment for bi-modal stimuli,
depending on which signal and modality capture attention most
effectively.

Lastly, Tse et al. (2004) predicted that the degree of subjective
time expansion would increase with the oddness of an oddball,
and one of the methods of increasing the oddness is to increase
the saliency of the stimulus. Bi-modal stimuli can be more salient
than uni-modal stimuli if the signals from both modalities interact,
and indeed, it has been shown that audiovisual stimuli have higher
visibility than visual stimuli alone (e.g. Bolognini, Frassinetti,
Serino, & Ladavas, 2005; Chen & Yeh, 2008; McDonald, Teder-
Salejarvi, & Hillyard, 2000; Sheth & Shimojo, 2004). For that reason,
the oddness hypothesis predicts a higher degree of subjective time
expansion in the duration judgments of bi-modal stimuli, regard-
less of whether the stimulus is auditory or visual.

In this study, we used the oddball paradigm (Tse et al., 2004) to
re-examine subjective time judgment of both uni- and bi-modal
stimuli, using the duration judgment of the uni-modal stimuli as
our baseline.1 Our aim was twofold: to resolve the discrepancy in
the results obtained by van Wassenhove et al. (2008) and Walker
and Scott (1981), and to address the happening of the cross-modal
effect by applying the internal clock stage of the Scalar Expectancy
Theory (Gibbon, 1977; Gibbon et al., 1984).

2. Experiment 1

In this experiment, the judged duration of bi-modal stimuli was
compared to that of uni-modal stimuli, and the difference between
them was defined as the cross-modal effect. We examined the
cross-modal effect of (1) sound on visual duration judgment and
(2) visual objects on auditory duration judgment.

A factorial design with two treatments (task: visual or audi-
tory �modality: uni- or bi-modal) was used in this experiment,
with the task as a between-subject factor in Experiment 1A and a
within-subject factor in Experiment 1B. Each participant was
instructed to compare the duration of the oddball to that of the
standards according to either the visual modality (i.e., visual task)
or the auditory modality (i.e., auditory task). The judged duration
was obtained for both the uni- and the bi-modal conditions in each
task and the comparison between them revealed the influence of
sound on visual duration judgment and vice versa.

2.1. Method

2.1.1. Participants
In Experiment 1A, 52 undergraduates at National Taiwan Uni-

versity participated in this study in exchange for course credit. Half
were assigned to the visual task and the other half to the auditory
task. In Experiment 1B, another group of 16 paid volunteers
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participated in both the visual and the auditory tasks. All of them
had normal or corrected-to-normal vision and hearing, and were
naïve as to the purpose of the experiment.

2.1.2. Stimuli and apparatus
Stimuli were controlled by an ASUS D360 Pentium 4 PC and pre-

sented on a ViewSonic Graphics Series G90f+ 21-inch CRT monitor
with a refresh rate of 85 Hz. The visual standards were black and
the visual oddballs were red. Both were disks with a radius of
1.06� visual angle, presented on a white background and centered
on the screen. The auditory standard and oddball were 440 and
1000 Hz sinusoidal tones, respectively. Auditory tones were pre-
sented binaurally with a stereo headphone, and the intensity was
55 dB SPL as measured at the participant’s ear. In both cases, the
oddballs and standards were static disks or steady tones without
any dynamic change in size, in order to avoid the effect of size dif-
ference or dynamic property on subjective time experience (see
Section 5).

The uni- and bi-modal conditions were presented in two blocks
(see Fig. 1). In both conditions, the duration of the standards was
set to a constant duration of 1059 msec. The duration of the odd-
balls was varied among nine test durations: 753, 835, 906, 976,
1059, 1129, 1200, 1282, and 1353 msec. The oddball appeared
six times at each of the nine test durations. These 54 appearances
of oddballs were randomly distributed within a train of 540 stan-
dards (with 7–12 standards inserted between oddballs), and there-
fore the probability of the oddball’s appearance was 9.09%. All the
stimuli were separated by one of the three interstimulus intervals
(ISIs): 953, 1059, and 1153 msec, selected at random. This arrange-
ment of irregular ISIs was to prevent the participants from making
responses according to a constant rhythm.

A 1000 Hz sinusoidal tone was added to the visual task to create
the bi-modal condition, with the oddball and its accompanying
tone having the same duration (i.e., the onset and offset of each
were identical). In the bi-modal condition, the participants were
told to respond to the duration of the visual stimuli and to ignore
the tone.

In the case of the auditory task, a red disk was added to create
the bi-modal condition, with the oddball and its accompanying
disk having the same duration. The participants responded to the
Fig. 1. Sequence of events for different duration judgment tasks and different modalities.
experiments) and 1000 Hz speakers represent the oddballs. Before each oddball there we
rendering 7–12 standards between two oddballs. No inter-trial interval existed in the exp
before the appearance of the third standard. The figures are not plotted to scale.
duration of the auditory stimuli and ignored the red disk in this
condition while maintaining their fixation on the center of the
screen.

2.1.3. Procedure
In Experiment 1A, each participant completed only the visual or

auditory task, with a counterbalanced order between uni- and bi-
modal conditions. In Experiment 1B, participants completed both
tasks, and the sequence of tasks and conditions followed the Latin
Square arrangement across participants.

The participants wore an earphone and sat in front of the screen
at a viewing distance of 50 cm, with their heads stabilized by a chin
rest. They were instructed to fixate on the center of the screen. A
fixation point was not used because the differing sizes of the fixa-
tion point and disks might cause apparent motion; however, the
appearance of visual disks can be helpful in locating the center of
the screen.

The participants were told that the duration of standards would
remain constant and the duration of oddballs would vary ran-
domly. They had to compare the duration of an oddball to the dura-
tion of the standards, and make their judgment after the
disappearance of the oddball and before the appearance of the
third standard following it. They were encouraged to use the dura-
tion of standards both before and after the oddball to minimize
memory load while making the duration judgment (Tse et al.,
2004), and they were informed that reaction time was not re-
corded. If the participants did not respond before the appearance
of the third standard, the test duration of that oddball was re-in-
serted at random in the train of standards.

The participants pressed the key ‘‘/” with their right index finger
when the duration of the oddball appeared longer than that of the
standard and ‘‘z” with their left index finger when it appeared
shorter. Each condition was continued until six responses at each
of the nine test durations were successfully recorded.

2.2. Results and discussion

The data were fitted by a Weibull function (Tse et al., 2004) and
the 50% point of the fitted curve was taken as the point of subjec-
tive equality (PSE) for each participant. The group-averaged
The black disks and 440 Hz speakers symbolize the standards. The gray disks (red in
re four to nine standards and after each oddball there were at least three standards,
eriment. The participants had to respond after the disappearance of the oddball and
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psychometric curves for the uni- and bi-modal conditions in each
task of Experiments 1A and 1B are plotted in Fig. 2. We calculated
the expansion ratio by dividing the standard duration by the PSE,
with a value larger than 1 indicating subjective time expansion:
the higher the expansion ratio, the larger the subjective time
expansion.

In Experiment 1A, the expansion ratios (Fig. 3A) were submitted
to a two-factor analysis of variance (ANOVA), with one between-
subject factor (task: visual or auditory) and one within-subject fac-
tor (modality: uni- or bi-modal). The main effect of modality [F(1,
50) = 24.496, MSE = 0.003, p < 0.001] and the interaction of
task �modality [F(1,50) = 11.458, MSE = 0.003, p < 0.001] were
significant. The simple main effect confirmed that the expansion
ratios in the bi-modal condition (the averaged expansion ra-
tio = 1.092, SE = 0.015) were significantly higher than those in the
uni-modal condition (the averaged expansion ratio = 1.007,
SE = 0.013) for the visual task [F(1,50) = 34.730, MSE = 0.003,
p < 0.001] but not for the auditory task [the averaged expansion ra-
tio = 1.047, SE = 0.015 for the bi-modal condition and the averaged
expansion ratio = 1.031, SE = 0.015 for the uni-modal condition,
F(1,50) = 1.224, MSE = 0.003, p = 0.274], and the expansion ratios
were significantly higher for the visual task than for the auditory
task in the bi-modal condition [F(1,100) = 4.680, MSE = 0.006,
p < 0.05] but not in the uni-modal condition [F(1,100) = 1.317,
MSE = 0.006, p = 0.255].

In Experiment 1B, the expansion ratios (Fig. 3B) were submitted
to a two-factor (visual/auditory task � uni-/bi-modality) repeated-
measure ANOVA. The main effects of task [F(1,15) = 19.359,
MSE = 0.005, p < 0.001], modality [F(1,15) = 4.974, MSE = 0.002,
p < 0.05], and their interaction [F(1,15) = 11.170, MSE = 0.002,
Visual duration judgment task in Experiment 1A 

Auditory duration judgment task in Experiment 1A
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Fig. 2. The group-averaged psychometric curves, separated for the uni- and bi-modal con
as a within-subject factor).
p < 0.01] were significant. The main effect of the task indicated that
the expansion ratios for the auditory task were significantly higher
than those for the visual task, when task was a within-subject fac-
tor. The simple main effect confirmed that while the expansion ra-
tios in the bi-modal condition (the averaged expansion
ratio = 1.067, SE = 0.014) were significantly higher than those in
the uni-modal condition (the averaged expansion ratio = 1.000,
SE = 0.020) for the visual task [F(1,30) = 15.462, MSE = 0.002,
p < 0.001], the difference between the uni- (the averaged expan-
sion ratio = 1.118, SE = 0.020) and bi-modal conditions (the aver-
aged expansion ratio = 1.105, SE = 0.021) for the auditory task
was not significant [F(1,30) = 0.556, MSE = 0.002, p = 0.462]. More-
over, the expansion ratios were significantly higher for the audi-
tory task than for the visual task in the uni-modal condition
[F(1,30) = 30.439, MSE = 0.004, p < 0.001], whereas the expansion
ratios for the two tasks did not differ in the bi-modal condition
[F(1,30) = 3.134, MSE = 0.004, p = 0.086].

The main effect of the task was significant: larger subjective
time expansion was observed for the auditory task than for the vi-
sual task, but only in Experiment 1B (a within-subject design) and
not in Experiment 1A (a between-subject design). It is well docu-
mented that the pulse rate is faster in the auditory pacemaker than
in the visual pacemaker (e.g. Goldstone & Lhamon, 1974; Wearden
et al., 1998), and therefore there is a modality difference while
judging the same duration. It is possible that with a repeated-mea-
sures design the pacemaker would be less variable within a partic-
ipant than across participants, and thus the phenomenon may
merely reflect the modality difference since lights are judged
shorter than sounds when they are actually equal in duration
(Goldstone & Lhamon, 1974; Goldstone et al., 1959). However,
Visual duration judgment task in Experiment 1B

Auditory duration judgment task in Experiment 1B 

0

0.5

1

700 800 900 1000 1100 1200 1300 1400

P
ro

po
rt

io
n 

of
 "

L
on

ge
r"

 R
es

po
ns

e

Duration of Oddballs

Uni-modal

Bi-modal

0

0.5

1

700 800 900 1000 1100 1200 1300 1400

P
ro

po
rt

io
n 

of
 "

L
on

ge
r"

 R
es

po
ns

e

Duration of Oddballs

Uni-modal

Bi-modal

C

D

ditions of Experiment 1A (task as a between-subject factor) and Experiment 1B (task



Duration judgment task as a between-subject factor

Duration judgment task as a within-subject factor

0.8

0.9

1

1.1

1.2

1.3

Visual Auditory

E
xp

an
si

on
 R

at
io

Duration Judgment Task

Uni-modal

Bi-modal

0.8

0.9

1

1.1

1.2

1.3

Visual Auditory

E
xp

an
si

on
 R

at
io

Duration Judgment Task

Uni-modal

Bi-modal

A

B

Fig. 3. The averaged expansion ratio for different duration judgment tasks and
different modalities in Section 2. The dotted line indicates the 1.0 expansion ratio.
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another possibility is that a uni-modal oddball is more salient
when defined by a difference in pitch than by a difference in colour,
and that difference in salience becomes more obvious with a
within-subject design.

Our main interest was to compare the subjective time judgment
in the bi-modal condition to that in the uni-modal condition for
different tasks. In both experiments, a robust asymmetric result
was observed, in that a concurrent sound influenced the visual
duration judgment, causing it to expand, whereas a concurrent vi-
sual object did not influence the auditory duration. Moreover, in
Experiment 1B, in the bi-modal condition, the subjective time
expansion of the visual task was not different from that of the audi-
tory task, which means that the added sound not only expanded
the visual duration judgment but also equated it to the bi-modal
condition of the auditory task with a repeated-measures design.

A possible reason that no difference was observed between the
uni- and bi-modal conditions in the auditory task could have been
the participants’ failure to pay attention to the screen even though
they were required to do so. In order to avoid the possibility that
the participants simply did not see the visual pattern, we con-
ducted a control experiment in which 16 participants performed
only the auditory task, but with different manipulations in two
blocks. In one manipulation, only the bi-modal oddballs (a red disk
and a 1000 Hz tone) were included. In the other manipulation,
catch trials (a black disk and a 1000 Hz tone) were randomly dis-
tributed, in addition to the bi-modal oddballs, within the train of
standards and oddballs in order to force the participants to fixate
their eyes on the screen. The procedure remained the same as
the auditory task in Section 2, except that the participants were in-
structed to press the space bar for the catch trials. They had to rely
on the visual difference (a black disk but not a red disk) in order to
correctly respond to catch trials so that fixating on the screen was
necessary. The sequence of these two manipulations was counter-
balanced across participants. In both manipulations, the expansion
ratios obtained in the control experiment did not differ
[F(1,15) = 2.553, MSE = 0.002, p = 0.140]. We also compared the
bi-modal condition of the auditory task in Experiment 1B to that
in the control experiment and confirmed that they had the same
expansion ratio [F(1,30) = 0.720, MSE = 0.006, p = 0.403]. Therefore,
we cannot attribute the fact that no difference was observed
between the uni- and bi-modal conditions in the auditory task in
Section 2 to the participants’ not seeing the visual changes in the
bi-modal condition.

Regarding the three predictions described in Section 1, our re-
sults cannot be explained by either the attentional distraction
model, which predicts that reduced attentional resources allotted
to the temporal dimension of the bi-modal stimuli will cause sub-
jective time contraction, or the oddness hypothesis, which predicts
that in both tasks increased the saliency of the bi-modal stimuli,
and thus the subjective time expansion, is to be expected. Our re-
sults support the auditory dominance hypothesis, which predicts
that audition dominates vision in temporal processing (Welch &
Warren, 1980; Welch et al., 1986). The added sound changed the
visual duration judgment, and consequently more subjective time
expansion was found than when the visual oddball was presented
without sound. No difference was observed between the condi-
tions for the auditory duration judgment regardless of the presence
of a visual object. This suggests that the added sound dominated
and altered the processing of visual temporal judgment but the re-
verse was not true, consistent with what Walker and Scott (1981)
observed in their reproduction task.

To summarize, both Experiments 1A and 1B showed that there
was a cross-modal effect of sound on visual duration judgment but
a visual change had no effect on auditory duration judgment, and
this pattern of asymmetric cross-modal effects supports the audi-
tory dominance hypothesis in temporal processing.
3. Experiment 2

In Section 2, the observed cross-modal effects support the typ-
ical finding of auditory dominance for temporal processing. How-
ever, we wondered whether audition is so dominant that the
visual change may not be necessary to induce the cross-modal ef-
fect of sound on visual duration judgment, or whether a contingent
change of oddballs in both modalities is required.

To be more specific, the contingency defined here is the syn-
chronous appearance of the audio and visual stimuli. We verified,
in this experiment, whether the contingency between the visual
and auditory presentations of the bi-modal oddball is necessary,
in which case a lack of this contingency cannot demonstrate the
cross-modal effect, or whether sound alone simply overrides the
visual oddball in a winner-takes-all fashion, so that the dominant
auditory modality is sufficient to capture the whole temporal
processing.

The bi-modal condition of the visual task was modified in such a
way that the 1000 Hz tone was paired with a black visual oddball
and named as the bi-modal (black disk) condition. In this condi-
tion, the contingency of audiovisual stimuli did not exist and the
expansion ratio was compared to that of the uni-modal condition.
If mere exposure to the 1000 Hz tone without the visual change is
sufficient to induce the cross-modal effect observed in Section 2, a
difference in the expansion ratio between the uni-modal and
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bi-modal (black disk) conditions is to be expected. If, however, a
contingency between sound and visual change is necessary to in-
duce the cross-modal effect, then no difference should be observed
between the uni-modal and bi-modal (black disk) conditions. The
bi-modal condition as used in Section 2 was also included for com-
parison and named as the bi-modal (red disk) condition in this
experiment.

3.1. Method

3.1.1. Participants
Fifteen undergraduates participated in this study in exchange

for course credit. All were naïve about the purpose of the experi-
ment and had normal or corrected-to-normal vision and hearing.

3.1.2. Stimuli and apparatus
The stimuli and apparatus were the same as those used in the

visual task in Section 2. In addition to the uni- and bi-modal (red
disk) conditions as used before, the bi-modal (black disk) condition
in which a 1000 Hz sinusoidal tone was paired with a black disk
was also included.

3.1.3. Procedure
Participants were required to compare the duration of an odd-

ball to the duration of the standards. In the bi-modal (black disk)
condition, they were told to identify the visual oddballs with the
help of an auditory signal, since both the visual oddballs and stan-
dards were black disks, differing from each other only in duration.
All other aspects were identical with the visual task in Section 2.
The three conditions were conducted within participants, and they
were presented in a Latin Square arrangement across participants.

3.2. Results and discussion

The PSEs and expansion ratios of uni- and bi-modal conditions
were obtained for each participant. The expansion ratios were sub-
mitted to a one-factor [uni-modal, bi-modal (black disk), and bi-
modal (red disk) conditions] repeated-measure ANOVA and were
significant [F(2,28) = 5.154, MSE = 0.004, p < .05]. The Tukey HSD
showed that while the expansion ratios between the bi-modal
(black disk) condition (the averaged expansion ratio = 1.096,
SE = 0.027) and the uni-modal condition (the averaged expansion
ratio = 1.066, SE = 0.022) did not differ, the expansion ratio in
the bi-modal (red disk) condition (the averaged expansion ratio =
1.139, SE = 0.030) was significantly higher than that in the uni-
modal condition (Fig. 4). In other words, sound alone was not suf-
ficient to induce the cross-modal effect, and contingency between
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Fig. 4. The averaged expansion ratio for different modality conditions in Section 3.
The dotted line indicates the 1.0 expansion ratio.
the visual and auditory changes was necessary for sound to expand
visual duration.

As auditory dominance over visual duration judgment was ob-
served in Section 2, the result of Section 3 further suggests that
the contingent change of the visual and auditory modalities was
necessary to induce the cross-modal effect of sound on visual dura-
tion expansion, and the auditory change alone did not act in a win-
ner-takes-all fashion. In other words, the observed cross-modal
effect depends on the bi-modal interaction of audiovisual stimuli,
rather than on the dominant modality alone.
4. Experiment 3

In Sections 2 and 3, the bi-modal interaction of audiovisual
stimuli caused asymmetric cross-modal effects in time perception.
In this experiment, we explored the mechanism responsible for the
cross-modal effect of sound on visual duration expansion, with the
help of the internal clock stage derived from the Scalar Expectancy
Theory. As described previously, subjective time expansion is
caused by the increased accumulation of temporal pulses during
the event that is timed, which could be due to either (1) a higher
pulse rate in the pacemaker or (2) a larger difference in latency be-
tween opening and closure of the mode switch (Angrilli et al.,
1997; Block & Zakay, 1997; Burle & Casini, 2001; Droit-Volet &
Meck, 2007; Gibbon, 1977; Gibbon & Church, 1984; Gibbon et al.,
1984; Wearden et al., 1998; Wittmann & Paulus, 2008). The first
possibility is similar to the phenomenon of auditory driving ob-
served by Welch et al. (1986), in which the visual flicker would be-
come perceptually synchronized with the auditory flutter. Also,
sounds are judged to be longer than lights (Goldstone & Lhamon,
1974; Goldstone et al., 1959), because the pulse rate in the audi-
tory modality runs faster than the one in the visual modality
(Wearden et al., 1998). Therefore, it is feasible that the pulse rate
of the visual pacemaker is driven faster by the concurrent sound,
leading to the expansion of visual duration. If the pulse rate in
the pacemaker is accelerated, the effect will be proportional to
the durations that are timed (Gibbon & Church, 1984; Wearden
et al., 1998).

The second possibility can be explained by the discrepancy of
subjective simultaneity between the visual and auditory stimuli.
It is well known that the perception of a sound onset precedes a
simultaneous visual stimulus, so that the onset of the concurrent
sound may serve as the marker for the audiovisual event (Fendrich
& Corballis, 2001; Jaskowski, Jaroszyk, & Hojan-Jezierska, 1990;
Kanai, Sheth, Verstraten, & Shimojo, 2007; Stone et al., 2001; Sugita
& Suzuki, 2003; Zampini, Shore, & Spence, 2003). Accordingly, the
closure of the mode switch may be associated with this sound on-
set marker. If the accumulation process is prolonged due to faster
switch closure, an absolute horizontal placement of psychometric
functions will appear, regardless of the duration that is judged
(Gibbon & Church, 1984; Wearden et al., 1998).

We adopted the algorithm applied by Wearden et al. (1998) to
the internal clock stage in order to differentiate the effects between
the pacemaker and the mode switch. When facing a veridical dura-
tion (t) that is to be judged, the pulse rate of the pacemaker (r) and
the total length of the mode switch closure (t � lc + lo, where lc de-
notes the latency of the mode switch to close and lo denotes the la-
tency of the mode switch to open) work together to give rise to the
number of pulses collected in the accumulator, and therefore the
judged duration (y) is equal to r(t � lc + lo). Based on the formula
y = rt + r(lo � lc), we can now use the veridical duration (t) to predict
the judged duration (y). The first component rt is related to the
pulse rate of the pacemaker and the veridical duration, and the sec-
ond component is a multiple of the pulse rate and the difference of
the latencies between the opening and closing of the mode switch.
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If the added sound changes the pulse rate of the visual pace-
maker to some extent, both components will also be changed to
Drt + Dr(lo � lc) but Dr(lo � lc) can be observed only when (lo � lc)
is greater than zero. Drt can be inferred from the change in the
slope of the function and Dr(lo � lc) from the change in the inter-
cept. Conversely, if the added sound influences the subjective time
expansion through changing the latency of the mode switch, then a
change will be observed in the intercept rD(lo � lc) only. If the
sound casts its influence through both mechanisms, changes will
be found in both the slope and the intercept.

Only the visual task was implemented in this experiment, and
three durations were used for the standards (529, 1059, and
2106 msec): their judged durations were used to fit to the function
y = rt + r(lo � lc).

4.1. Method

4.1.1. Participants
Eighteen paid naïve participants, with normal or corrected-to-

normal vision and hearing, took part in this experiment.

4.1.2. Stimuli and apparatus
All the stimuli and the apparatus were the same as those used

in the uni- and bi-modal conditions of the visual task in Section
2, except for the three durations used for the standards (529,
1059, and 2106 msec) and their corresponding nine test durations.
For the 1059 msec standards, the nine test durations of the odd-
balls were the same as those in Sections 2 and 3. For the 529 and
2106 msec standards, we directly adopted the nine test durations
of oddballs used in Tse et al. (2004) study. The nine test durations
for the 529 msec standards were 235, 282, 329, 376, 424, 471, 506,
553, and 600 msec. For the 2106 msec standards, the test durations
were 1129, 1271, 1424, 1576, 1729, 1871, 2024, 2176, and
2329 msec.

4.1.3. Procedure
Eighteen participants took part in all six combinations of

modality (uni- and bi-modal conditions) and durations of stan-
dards (529, 1059, and 2106 msec). The sequence of the six experi-
mental blocks followed the Latin Square arrangement across
participants.

4.2. Results and discussion

Fig. 5A shows the averaged expansion ratios of 18 participants
in the uni- and bi-modal conditions with 529 msec standards (in
the uni-modal condition the averaged expansion ratio = 1.072,
SE = 0.023 and in the bi-modal condition the averaged expansion
ratio = 1.252, SE = 0.037), 1059 msec standards (in the uni-modal
condition the averaged expansion ratio = 1.039, SE = 0.019 and in
the bi-modal condition the averaged expansion ratio = 1.136,
SE = 0.026), and 2106 msec standards (in the uni-modal condition
the averaged expansion ratio = 1.127, SE = 0.019 and in the bi-mod-
al condition the averaged expansion ratio = 1.271, SE = 0.033). The
expansion ratios were submitted to a two-factor repeated-measure
ANOVA (529, 1059, or 2106 msec duration of the standards � uni-
or bi-modality). The main effects of the duration of the standards
[F(2,34) = 13.376, MSE = 0.009, p < 0.001] and modality [F(1,17) =
32.586, MSE = 0.016, p < 0.001] were significant. Their interaction,
however, was not significant [F(2, 34) = 2.753, MSE = 0.006, p = 0.08].

A planned post -hoc analysis was conducted to verify whether
the expansion ratios were larger in the bi-modal condition than
those in the uni-modal condition, even though the interaction
was not significant. The analysis confirmed significantly larger
expansion ratios in the bi-modal conditions across all three dura-
tions of the standards [F(1,51) = 31.623, MSE = 0.009, p < 0.001
for the 529 msec duration of standard, F(1,51) = 9.126, MSE =
0.009, p < 0.01 for the 1059 msec duration of standard, and
F(1,51) = 20.121, MSE = 0.009, p < 0.001 for the 2106 msec duration
of standard], indicating that the effect of added sound on the visual
duration expansion was significant regardless of the duration of
the standards.

The averaged PSEs obtained for the uni- and bi-modal condi-
tions are plotted against the standard durations in Fig. 5B. The data
showed an approximately linear relationship between the dura-
tions of the standards and their averaged PSEs. The ANOVA of the
PSEs also supports this notion, showing significant differences in
the main effects of the duration of the standards [F(2,34) =
1497.812, MSE = 10527.043, p < 0.001] and modality [F(1,17) =
29.277, MSE = 12735.284, p < 0.001], as well as their interaction
[F(2,34) = 7.047, MSE = 6504.661, p < 0.01]. The interaction sug-
gested that the magnitude of cross-modal effects increased with
the duration of the standards: for the 529, 1059, and 2106
msec durations, the averaged PSEs were 497.747, 1025.161, and
1877.128 msec in the uni-modal conditions, respectively, and
428.927, 940.876, and 1677.696 msec in the bi-modal conditions).
By performing a linear regression of the durations of the standards
on the PSEs, the slopes r and intercepts r(lo � lc) were obtained for
each participant in the two modality conditions. The averaged
slope was 0.866 (SE = 0.017) for the uni-modal condition and
0.780 (SE = 0.028) for the bi-modal condition. A t-test showed a
significant difference between them [t(17) = 2.965, p < 0.01]. The
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differences in intercepts between uni- (the averaged intercept =
66.831, SE = 14.207) and bi-modal (the averaged intercept =
55.985, SE = 23.247) conditions were not significant
[t(17) = 0.419, p = 0.68].

Obviously, the results suggested different slopes but identical
intercepts between the two modality conditions. This means that
the added sound accelerated the pulse rate of the pacemaker,
whereas the operation latency of the mode switch did not change
with modality. As an accelerated pulse rate caused more pulses to
be collected in the accumulator within an identical veridical dura-
tion, more subjective time expansion was observed in the per-
ceived visual duration when a sound was added.
5. General discussion

Using an oddball paradigm, we examined the effect of an added
sound or visual object on the judgment of, respectively, visual or
auditory duration. We found asymmetric cross-modal effects, in
which an added sound expanded the perceived visual duration
but an added visual object did not influence the judgment of audi-
tory duration. This pattern of cross-modal effects supports the no-
tion that our internal timer shares resources across modalities to
some extent, with a constraint that audition dominates vision for
temporal judgment.

In Section 3, the cross-modal effect has been further proved to
result from the contingency between the visual and auditory
changes, rather than from the sole contribution of sound alone.
In Section 4, the cross-modal effect of sound on visual duration
expansion was again robustly found, when a wider range of dura-
tions were used. Moreover, based on the internal clock stage de-
rived from the Scalar Expectancy Theory (Block & Zakay, 1997;
Droit-Volet & Meck, 2007), the effect of sound on visual duration
is assumed to come from the accelerated pulse rate in the pace-
maker, causing more pulses to be accumulated during the same
interval that is timed, as compared to a condition involving no
sound.

In the current study, a similar oddball paradigm was used, and
the same comparative time judgment was applied as that applied
in the study of van Wassenhove et al. (2008); however, we did
not observe any cross-modal effects of the visual objects on audi-
tory duration judgment. This might result from the lower salience
of the red disk as an add-on object to the auditory oddball. How-
ever, as our results are consistent with those in the study of
Walker and Scott (1981) and other studies (e.g. Goldstone et al.,
1959; Guttman et al., 2005; Morein-Zamir et al., 2003; Welch &
Warren, 1980; Welch et al., 1986), finding auditory dominance
in intersensory temporal processing, the possible inequality of
saliency as an add-on stimulus to the uni-modal oddballs cannot
defeat our conclusion that duration judgments are made in favor
of audition.

Our results clearly showed an asymmetric subjective time
expansion for visual and auditory duration judgments. Since the
attentional distraction model predicts subjective time contraction
rather than expansion, and the oddball hypothesis predicts greater
subjective time expansion for bi-modal than for uni-modal stimuli
in both visual and auditory tasks, we find that neither of the two
hypotheses is supported. The auditory dominance hypothesis bet-
ter explains our asymmetric cross-modal effects. Further, our find-
ing is consistent with that of Walker and Scott (1981) while using a
different method of time estimation. This suggests that auditory
dominance for temporal processing should stand equally between
the time reproduction task and the comparative time judgment.
Bueti et al. (2008) suggested that different brain circuits are re-
cruited between temporal reproduction and perceptual represen-
tations of intervals, but that the activation of the basal ganglia
and the cerebellum is common to different tasks. Therefore, it is
reasonable to speculate that auditory dominance and bi-modal
interaction of time perception may occur at relatively early stages
of temporal processing.

Past studies have shown various forms of auditory dominance
of temporal processing, in addition to the auditory driving (Welch
et al., 1986) mentioned earlier. For example, Guttman et al. (2005)
observed that the rhythmic stream of the to-be-ignored sounds
interacted with the encoding of visual temporal structure: the
incongruent sound interfered with a visual rhythm, whereas the
congruent sound enhanced it. Some auditory dominance effects
may be relevant to the time perception observed here. For exam-
ple, Vroomen and de Gelder (2000) found a freezing phenomenon
in which the detectability of a visual stimulus was enhanced by
simultaneously presenting an abrupt tone in a perceptually orga-
nized sequence of tones. It is reasonable to infer from our study
that their participants’ freezing experience may have arisen from
the effect of a concurrent oddball sound on the subjective time
expansion of the visual target. Finally, Morein-Zamir et al. (2003)
observed the phenomenon of temporal ventriloquism: a sound
(versus no sound) trailing the second of two visual stimuli en-
hances judgment of their temporal order, which is accounted for
by the sound pulling the second visual stimulus further away from
the first visual stimulus in the temporal domain. According to our
results, it is also possible that the temporal characteristic of the
second visual stimulus was perceptually modified by the sound
in a way similar to the subjective time expansion we observed
here.

Using a comparative method similar to that of van Wassenhove
et al. (2008), we observed results that were different from theirs,
but were similar to those obtained by Walker and Scott (1981),
who used a reproduction task instead. Therefore, the different
results should not be attributed to the methods used. van
Wassenhove et al. (2008) results depend heavily on the dynamic
or size property of stimuli, but it is known that dynamic stimuli
(Goldstone & Lhamon, 1974; Kanai et al., 2006; Lhamon &
Goldstone, 1974) and stimuli with larger size (Ono & Kawahara,
2007; Xuan et al., 2007) per se can lengthen the perceived dura-
tion. In their study, the experimental conditions were separated
into three types. In the loom condition, the visual and auditory
oddballs were upward dynamic changes among steady standards
(e.g. looming size or ascending tone). In the recede condition, the
oddballs were shrinking disks or descending tones. In the reverse
condition, the oddballs were steady stimuli among looming or
ascending standards. They found subjective time expansion for
visual, auditory, and bi-modal stimuli in the loom condition, but
time compression for visual and bi-modal stimuli in the reverse
condition. Based on the results that the auditory duration was ex-
panded in the loom condition but compressed in the reverse con-
dition by concurrent visual stimuli, they concluded that the
concurrent visual stimuli modified auditory time perception. How-
ever, the fact that stimuli with dynamic attributes and/or larger
size lead to time expansion may explain why they obtained time
expansion in the loom condition and time compression in the re-
verse condition. We were careful to choose static stimuli, with
no size difference between standards and oddballs, and thus
avoided the effect of dynamic change or change in size on time
expansion. Moreover, our finding of the asymmetric cross-modal
effects was established on the basis of identical stimuli: the odd-
balls in the bi-modal conditions (i.e., a red disk with a 1000 Hz
tone) were the same as those used for visual and auditory tasks.
This was not the case in the study of van Wassenhove et al. (2008).

As the pacemaker and mode switch are the two proposed mech-
anisms of time perception (Angrilli et al., 1997; Block & Zakay,
1997; Burle & Casini, 2001; Droit-Volet & Meck, 2007; Gibbon,
1977; Gibbon & Church, 1984; Gibbon et al., 1984; Wearden
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et al., 1998; Wittmann & Paulus, 2008), we examined further which
mechanism may have contributed to our cross-modal effects on
time expansion. Our results in Section 4 suggested that the added
sound accelerated the pulse rate of the pacemaker, causing more
pulses to be collected in the accumulator within the same veridical
duration. Since the bi-modal interaction was proved to be necessary
and it has been shown that sound alone did not influence the visual
duration expansion in Section 3, it is reasonable to infer that sound
accelerated the pulse rate of the visual pacemaker, just as in the
phenomenon of auditory driving (Welch et al., 1986). This also re-
futes the account that in the visual task participants may have used
a slower pulse rate in the visual modality for the uni-modal odd-
balls (because it was the only modality to be used) and faster pulse
rate in the auditory modality for the bi-modal (sound + red disk)
oddballs (because both modalities were available, and sound was
dominant and could take priority). Had the pacemakers of different
modalities been used alternatively between the uni- and bi-modal
oddballs, we would not have observed the same visual duration
expansion in the bi-modal (black disk) condition, as compared to
the uni-modal condition, in Section 3.

The perception of the sound onset is judged to occur before the
visual stimulus when audiovisual events appear simultaneously
(Fendrich & Corballis, 2001; Jaskowski et al., 1990; Kanai et al.,
2007; Stone et al., 2001; Sugita & Suzuki, 2003; Zampini et al.,
2003). It is thus possible that the closure of the mode switch could
be associated with the marker of the sound onset, leading to more
visual duration expansion. However, in Section 4 we did not obtain
a significant change in the latency of the mode switch: thus, the
discrepancy of subjective simultaneity between the visual and
auditory stimuli may not play a critical role in inducing the
cross-modal effect of sound on visual time expansion.

The uni-modal conditions used in our study are similar to those
used in the study of Tse et al. (2004), but unlike them, across the
three experiments we did not always observe subjective time
expansion in the uni-modal conditions. This difference may come
from the fact that in our study participants had to complete the
uni- and bi-modal conditions in a single experiment, which might
have caused fatigue in the participants or decreased salience of the
uni-modal oddballs relative to the bi-modal oddballs. Even though
we did not always observe subjective time expansion for uni-mod-
al oddballs, the cross-modal effects of sound on visual duration
judgment were consistently found, in all the bi-modal conditions
of the visual task across all experiments and all durations of the
standards.

In conclusion, we have demonstrated in this study that adding a
sound expanded the subjective judgment of visual duration, but
not vice versa. This asymmetric cross-modal effect was consis-
tently found throughout the study using identical bi-modal stim-
uli, supporting the auditory dominance hypothesis. Further
examination of the mechanism indicates that the added sound
accelerates the pulse rate of the visual pacemaker, causing more
pulses to be collected in the accumulator, thus extending the
perceived visual duration.
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