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Abstract When looking at two identical objects moving
toward each other on a two-dimensional visual display,
two different events can be perceived: the objects can
either be seen to bounce off each other, or else to stream
through one another. Previous research has shown that the
large bias normally seen toward the streaming percept can
be modulated by the presentation of an auditory event at
the moment of coincidence. However, previous behavioral
research on this crossmodal effect has always relied on
subjective report. In the present experiment, we used a
novel experimental design to provide a more objective/
implicit measure of the effect of an auditory cue on visual
motion perception. In our study, two disks moved toward
each other, with the point of coincidence hidden behind an
occluder. When emerging from behind the occluder, the
disks (one red, the other blue) could either follow the same
trajectory (streaming) or else move in the opposite
direction (bouncing). Participants made speeded discrim-
ination responses regarding the side from which one of the
disks emerged from behind the occluder. Participants
responded more rapidly on streaming trials when no sound
was presented and on bouncing trials when the sound was
presented at the moment of coincidence. These results
provide the first empirical demonstration of the auditory
modulation of an ambiguous visual motion display using
an implicit/objective behavioral measure of perception.

Keywords Crossmodal integration . Motion perception .
Multisensory perception . Neural substrates of audiovisual
integration

Introduction

If one were to ask what would happen if two identical
objects moved along intersecting trajectories in a real-
world situation, the answer would certainly be that the
objects would collide. However, an ambiguous situation
arises when the same objects are presented on a two-
dimensional display (such as on a computer screen). If the
two objects move toward one another, reach the same
position, and then move apart, different possible outcomes
can be perceived. Either the objects can be perceived to
follow the same trajectory (i.e. to stream through one
another), or else to reverse their direction (i.e. to bounce
off one another as following a real collision).

Although such a situation seems to be totally ambig-
uous, a strong bias is found toward the perception of
streaming when explored under experimental conditions
(e.g. Bertenthal et al. 1993; Sekuler and Sekuler 1999).
Sekuler et al. (1997) showed that the incidence of the
bouncing percept can be increased by presenting a sound
at the moment of coincidence of the two objects (in this
case two black disks on a screen seen moving directly
toward each other). Sekuler et al.’s results have been taken
to show that the sensory information perceived in one
modality (audition) can modulate the perception of events
occurring in another modality (i.e. ambiguous visual
motion perception). Interestingly, the auditory stimulus
does not even have to consist of a realistic collision-like
sound, with researchers typically using brief pure tones in
order to demonstrate the crossmodal effect.

While Sekuler et al.’s (1997) study has generated much
interest in the years since it was published, it is important
to note that, to our knowledge, all behavioral studies
conducted on the phenomenon to date in adults have relied
on subjective reports (e.g. Bushara et al. 2002; Sekuler and
Sekuler 1999; Watanabe and Shimojo 1998, 2001a, b;
though see Scheier et al. 2003 for recent developmental
work using an implicit measure in infants). That is,
participants in all previous studies had to report verbally
whether they saw the two objects streaming or bouncing
off each other on each and every trial. The question
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addressed in the present study is whether the presence of
the sound would have the same effect on perception if
participants were not explicitly asked to report on their
perception of bouncing versus streaming.

There has recently been much debate regarding the
perceptual nature of many crossmodal illusions. For
instance Bertelson and de Gelder (2004) have argued
that one needs to take every precaution to try and rule out
the possible confounding influence of response bias, and
other decisional factors in such studies (see also Pashler
1998). One might argue that the crossmodal effect reported
by Sekuler et al. (1997) simply reflects some kind of
cognitive bias, or else the consequences of any task
demands present in the experimental situation (e.g. Orne
1962; Rosenthal 1967), rather than a genuine crossmodal
perceptual effect. While some attempt has been made to
address this cognitive bias issue by investigating the effect
of varying the duration of the balls’ postcoincidence
trajectories on perception (Watanabe and Shimojo 2001a),
this research still used the subjective report paradigm. In
order to overcome the potential methodological short-

comings associated with the use of subjective report (such
as potential task-demands), we decided to try and
demonstrate the effect using a more indirect measure of
perception, relying instead on speeded discrimination
responses to the direction of movement of one of the
two objects after they collided.

In the present study, two disks, one red and the other
blue, were presented on a computer monitor moving along
intersecting trajectories. As the point of coincidence
approached, the two disks disappeared behind a central
visual occluder. Shortly afterward, the disks reappeared
and their trajectories were either the same as before (i.e.
they appeared to have streamed through one another) or
else they could change their direction (i.e. consistent with
their having bounced off one another). On half of the
trials, a sound was presented at the moment of
coincidence. Given the results of Sekuler et al. (1997),
we expected that the sound might bias the perception of
the ambiguous visual event, such that participants would
be more likely to perceive the balls as having collided
rather than streamed through each other when the auditory

Fig. 1 Schematic illustration of
a bouncing trial (with the sound
present) and a streaming trial
(with the sound absent) in the
horizontal (H) trajectory condi-
tion at three points in time (T1–
T3) during a trial. The white and
black disks correspond to the red
and blue disks in the experi-
ment. The black arrows above
the disks indicate the direction
of movement of the disks (be-
fore and after occlusion) on that
particular trial
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cue was presented. If so, we predicted that participants
would respond more rapidly on bouncing trials than on
streaming trials when the sound was presented. Moreover,
we predicted that participants would respond more rapidly
to streaming than to bouncing trials when no sound was
presented. Such a pattern of results would provide an
implicit measure of the auditory modulation of visual
perception of a two-dimensional motion display that was
less prone to potential criticisms in terms of task demands
than the subjective report measures used in previous
studies.

Methods

Participants

Twenty participants (four men and 16 women), all students from the
University of Granada (all between 18 and 30 years of age) took part
in this experiment. All reported normal hearing and normal or
corrected-to-normal vision, and all received course credit in
exchange for their participation. The experiment took approximately
30 min to complete and was performed in accordance with the
ethical standards laid down in the 1964 Declaration of Helsinki. All
the participants gave their informed consent prior to their inclusion
in the study.

Apparatus and materials

The participants sat 50 cm from a 15-inch VGA computer monitor
in a dimly-illuminated room. A yellow circle (diameter = 0.2 deg of
visual angle) presented in the middle of the screen was used as a
central fixation point. The visual occluder consisted of a black
rectangle (5.4×11 deg of visual angle) presented behind the fixation
point. Two disks, one blue and the other red (diameter = 1.5 deg),
were presented symmetrically from one of three possible elevations
on the computer screen (at an eccentricity of 14.7 deg): the disks
appeared at the top of the screen when moving diagonally from top-
to-bottom (TB); at the middle when moving on a horizontal
trajectory (H); and at the bottom when moving diagonally from
bottom-to-top (BT). The disks moved toward the black occluder
(and behind it), at 25 deg s-1. Two loudspeaker cones, one placed
directly to either side of the computer screen, were used to present a
brief (14 ms, equivalent to one refresh rate of the screen) 1,500-Hz
pure tone (with an intensity well above participant’s audible
threshold; see Fig. 1). Participants perceived the sound as coming
from the centre of the screen (i.e. from the same location as the two
disks would meet behind the occluder). The presentation of the
auditory and visual stimuli and the timing of responses were
controlled by the MEL software package (Schneider 1988).

Procedure

On each trial, the red and blue disks appeared randomly on opposite
sides of the screen, either at the top, middle, or bottom. The disks
moved toward each other with one of the three possible trajectories.
The disks disappeared behind the occluder just prior to their
coincidence and reappeared after a delay of 168 ms. The disks could
either reappear from behind the opposite side of the occluder
moving in the same direction as they had before occlusion, or else
they could reappear from the same side of the occluder, moving in
the opposite direction to that prior to their occlusion. On a random
half of the trials, the auditory stimulus was presented at the moment
when the disks would have met behind the occluder (when their

centres would both have coincided at the centre of the screen). No
sound was presented on the other trials. The trajectory of the disk
(TB, BT, H), the presence of the sound (present vs. absent), and the
direction in which the disks moved after occlusion (same vs.
different) were randomly intermixed across trials.
The participants were instructed to attend to either the red or blue

disk (counterbalanced across participants), and to respond to the side
(left vs. right) on which the disk reappeared from behind the
occluder (by pressing the “z” or “m” keyboard keys, respectively).
The participants were not informed about the presence of the sound,
and were asked to ignore everything apart from the direction in
which the target disk reappeared from behind the occluder.
The participants completed one block of 24 practice trials,

followed by three blocks of 96 experimental trials, and were allowed
to take a short break between blocks should they so desire. The
participants were instructed to fixate the centre of the screen, and to
respond as rapidly and accurately as possible. Participants pressed
the space bar on the keyboard to initiate the next trial.

Results

The mean RT data for correct response trials were
submitted to a three-way repeated-measures analysis of
variance (ANOVA) with the factors of Trajectory (TB, BT,
H), Sound (present vs. absent), and Path of Motion
(streaming vs. bouncing). This analysis revealed a signif-
icant main effect of the presence of the sound
[F(1,19)=4.94, MSE =457, p <.05], with participants
responding more rapidly on sound-present trials than on
sound-absent trials overall (435 vs. 441 ms), presumably
reflecting a crossmodal alerting effect (e.g. Spence and
Driver 1997). The analysis also revealed a significant
interaction between the Sound and Path of Motion factors
[ F (1,19)=24.6,MSE =833, p <.01]. Subsequent analyses (a
priori comparisons) showed that participants responded
more rapidly to bouncing than to streaming (425 vs.
446 ms, respectively) on trials where the sound was
present [ F (1,19)=11.5, MSE =1139, p <.01]. However, the
reverse was true on trials where the sound was absent (433
vs. 449 ms, respectively) [ F (1,19)=5.94, MSE =1300, p
<.05] (see Fig. 2). None of the other terms in the analysis
of the RT data approached significance. Participants made

Fig. 2 Graph showing the participants’ mean RT (+ S.E.) in
responding to the direction of the disk after occlusion as a function
of the Presence of the sound and the Path of motion after occlusion.
The percentages above each column indicate the mean error rate for
each condition
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very few errors overall (see Fig. 2), and a similar analysis
performed on these data revealed no significant terms.1

Discussion

The present study was designed to explore the influence of
auditory stimuli on the perception of an ambiguous two-
dimensional visual motion display. Although the two
moving disks were distinguishable on the basis of their
colour, uncertainty about their direction of movement after
coincidence was introduced by having them meet behind
an opaque occluder. On those trials where no sound was
presented, our results are consistent with previous research
suggesting a significant bias toward the perception of
streaming in such ambiguous two-dimensional displays
(Bertenthal et al. 1993; Sekuler et al. 1997). However, our
results also demonstrate that this tendency toward the
perception of streaming can be reversed by the presenta-
tion of an auditory event at the moment of coincidence,
consistent with Sekuler et al.’s previous results. Our
participants actually responded more rapidly on bouncing
trials than on streaming trials on those trials where the
sound was present.

Vroomen and de Gelder (2000) reported that the
presentation of a distractive sound at the same time as a
visual target (presented in a rapidly changing stream of
visual distractors) can make the target appear to have been
presented for longer. Given this finding, one might wonder
whether the presence of a sound at the point of collision
could have a similar effect on visual processing in
ambiguous visual motion displays such as that used by
Sekuler et al. (1997), i.e. making the moment of
coincidence appear to last longer, hence perhaps increas-
ing the likelihood of people perceiving a collision (cf.
Watanabe and Shimojo 2001a, b). Indeed, Bertenthal et al.
(1993) demonstrated that momentarily pausing the targets
at the moment of coincidence can increase the probability
that participants report bouncing, providing a possible
explanation for the auditory modulation of visual percep-

tion seen in previous crossmodal studies. However, the
present study demonstrates that this account cannot be the
whole story, since in our paradigm the target disks were
actually hidden behind the occluder at the moment when
the sound was presented (and hence there was no visual
event to prolong).

The results reported here add to a growing body of
empirical research demonstrating that the environmental
events occurring in one sensory modality can influence the
perception of stimuli presented at around the same time in
a different sensory modality (see Calvert et al. 2004;
Driver and Spence 2000, for reviews). However, our
results provide the first behavioral demonstration of the
auditory modulation of visual perception in the ambiguous
visual motion paradigm in adults that does not rely on
subjective report. Instead, by using a more objective
measure of performance (based on expectancy-based
differences in response latencies), we were able to provide
an implicit demonstration of the modulation of visual
perception (of a two-dimensional visual display) by the
presence of a sound that is less open to criticisms in terms
of task-demands or experimenter expectancies effects (e.g.
Orne 1962; Rosenthal 1967). Our use of an implicit
speeded response paradigm should also help to reduce any
possible confounding influence of response biases attri-
butable to the unspeeded subjective report required in
previous studies (see Bertelson and de Gelder 2004;
Pashler 1998), and may in future studies be applicable to
the study of other perceptual illusions such as the
‘launching effect’ (e.g. Michotte 1946/1963; see also
Scholl and Nakayama 2002).

Bushara et al. (2002) recently published a neuroimaging
study of the crossmodal modulation of visual perception
using a variant of this ambiguous two-dimensional motion
display, using event-related functional magnetic resonance
imaging. They compared the patterns of brain activation
seen when participants reported a ‘bouncing’ versus a
‘streaming’ percept. Bushara et al. (2002) found an
enhanced neural response on ‘bouncing’ (as compared
with ‘streaming’) trials in multimodal brain areas (such as
the superior colliculus), together with reduced activity in
primarily unimodal areas, consistent with there being a
genuinely perceptual component to the auditory modula-
tion of ambiguous visual motion perception. In future
studies, it will be interesting to combine behavioral
paradigms that are less prone to task-demands, such as
the one used here, with the latest neuroimaging techni-
ques, such as those reported by Bushara et al. (2002), to
further resolve the ‘cognitive versus perceptual’ debate
regarding the mechanism underlying crossmodal illusions.
The need for such a converging cognitive neuroscience
methodologies approach has become increasingly impor-
tant given recent psychophysical demonstrations that
response biases can actually modulate perceptual experi-
ence (e.g. Wohlschläger 2000).

1We subsequently conducted a follow-up experiment with an
additional nine participants in which only a single predictable
trajectory of motion (TB) was used (rather than the three possible
paths of motion included in the main experiment). Once again, a
significant interaction was found between the Path of motion and
Presence of the Sound factors [ F (1,8)=8.0, p <.05]. Participants
responded 20 ms faster on sound-absent trials when the target disks
reappeared on the opposite side of the occluder (streaming
condition, M=323 ms) than when they reappeared on the same
side (bounce condition, M=343 ms; p <.01; t- test pairwise
comparison). However, in contrast to the results reported in the
main text, there was no significant difference in performance
between the streaming and bouncing conditions on sound-present
trials (M=321 vs. 320 ms, respectively). This latter result may have
been caused by the strong ‘dominance’ of the streaming percept over
the bouncing percept that is typically found when only one
trajectory of motion is presented (e.g. Bertenthal et al. 1993).
Therefore, it appears that in order to obtain the specific crossover
interaction (i.e. faster RT in the bouncing trials when the sound is
present vs. faster RT in the streaming trials when the sound is
absent), a paradigm in which different possible trajectories of
motion are interleaved may be more appropriate.
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