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Crossmodal interactionsbetween audition and touch are
the subject of increasing interest in the burgeoning litera-
ture on multisensory integration and attention in humans,
in both the spatial and nonspatial domains (e.g., Eimer,
Cockburn, Smedley, & Driver, 2001; Jousmäki & Hari,
1998; Merat, Spence, Withington, & McGlone, 1999;
Sherrick, 1976; Spence, Nicholls, Gillespie, & Driver,
1998). For example, in the nonspatial domain, Jousmäki
and Hari recently reported an audiotactileillusion whereby
sounds synchronized with hand rubbing were shown to
modify tactile sensations (e.g., enhancing the high fre-
quencies of the hand-rubbing sound made the hands feel
drier), an effect they labeled the parchment-skin illusion. In
the spatial domain, Merat and colleagues have demon-
strated that speeded elevationresponses to auditory targets
presented above or below the midline are influenced by si-
multaneous tactile distractors presented to the thumb
(down) or index finger (up). Taken together, these studies
suggest that extensiveaudiotactileinteractionsaffect multi-

sensory informationprocessing.The present study was de-
signed to explore audiotactile spatial interactions—specif-
ically, whether perceived location of sounds would be af-
fected by concurrent tactile stimulation presented to the
fingertips.

Multisensory spatial interactionshave often been shown
through studies of intersensory bias. One example is the
ventriloquism illusion:When simultaneousvisual and au-
ditory stimuli are presented from discrepant spatial posi-
tions, people tend to localize the sound as coming from a
position closer to the visual event than is actually the case
(e.g., Urbantschitsch, 1880; see Bertelson, 1998, for a re-
cent review). The reverse effect, the biasing of visual lo-
calizationby an auditory stimulus, has also been reported
under certain conditions, although this effect is smaller in
magnitude and less consistent (Radeau & Bertelson,
1976, 1987). Intersensory biases have also been shown to
occur between other pairs of modalities: vision and touch
(the so-called visual capture1 of touch), vision and proprio-
ception (e.g., Botvinick & Cohen, 1998; Pavani, Spence,
& Driver, 2000; Pick, Warren, & Hay, 1969), and also au-
dition and proprioception(e.g., Fisher, cited in Howard &
Templeton, 1966; Pick et al., 1969).

The study of bias in sound localization as a function of
tactile stimulation investigated here is important because
neither modality has been shown to exhibit a clear dom-
inance over the other in terms of spatial localization,unlike
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whether auditory localization judgments could also be affectedby the presentationof spatiallydisplaced
tactile stimuli, using a procedure designed to reveal perceptual interactions across modalities. Partici-
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presented either in isolationor together with tactilestimulation to the fingertips.The resultsdemonstrate
that the apparent location of a sound can be biased toward tactile stimulation when it is synchronous,
but not when it is asynchronous, with the auditory event. Directing attention to the tactile modality did
not increase the bias of sound localization toward synchronous tactile stimulation. These results pro-
vide the first demonstration of the tactile capture of audition.
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the more commonly studied situations, in which vision is
one of the modalities presented (see Bertelson, 1998;
Welch & Warren, 1986, for reviews). Vision has been de-
scribed as the most accurate of the spatial senses (see
Welch & Warren, 1986)because localizationtasks are per-
formed more precisely by vision than by any other sen-
sory modality. There is also evidence that visual maps pre-
dominate over auditory or somatosensory maps with
respect to spatial localization (Stein & Meredith, 1993;
though see Auerbach & Sperling, 1974). At the behav-
ioral level, Warren (1970) has demonstrated that audi-
tory localization can be improved by the presentation of
a structured visual environment, and this could be inter-
preted in terms of visual mapping of auditory stimuli.
Additionally,neurophysiological findings in the monkey
superior colliculus, a subcortical structure involved in
multisensory integration (e.g., Stein & Meredith, 1993;
Wallace, Wilkinson, & Stein, 1996) also support the hy-
pothesis that visual maps have a unique and central role
in both auditory (Jay & Sparks, 1984) and somatosen-
sory (Groh & Sparks, 1996) spatial processing.

Pick et al. (1969) reported one of the few studiesof multi-
sensory spatial interactions that did not involve vision as
one of the stimulus modalities. They introduced an arti-
ficial discrepancy between audition and proprioception
by means of a pseudophone that displaced the azimuthal
position of sounds by 11º laterally. With their vision oc-
cluded, participants rested a finger from their left hand
on a loudspeaker placed above a table so that they could
feel its operationwhenever a series of auditory clicks were
presented. Participants were informed explicitly that the
auditory and proprioceptivestimuli might appear to come
from discrepant locationsand were required to point with
their other hand under the table to indicate the perceived
location of their finger and/or the sounds. Proprioception
was shown to have a strong biasing effect on auditory judg-
ments, whereas auditory stimuli exerted only a minimal in-
fluence on proprioceptive judgments. However, although
Pick et al. described their study solely in terms of the “pro-
prioceptivebias of audition,” it is difficult to rule out the
possibility that participants’ judgments of the sound lo-
cation may have been biased by where they felt the loud-
speaker to be (i.e., by tactile cues regarding the loud-
speaker location) rather than simply by where they felt
their finger to be in space (i.e., by proprioceptivecues re-
garding their felt hand position), and hence Pick et al.’s re-
sults may reflect some unknowncontributionof the tactile
bias of audition.

Additional, albeit indirect, evidence for spatial inter-
actionsbetween auditionand touch comes from a study re-
ported by Freedman and Wilson (1967). They examined
whether or not movement was a necessary prerequisite for
compensation to auditory–tactile rearrangement. During
the exposure phase of their experiment, participants lis-
tened to the soundof a moving loudspeakercone that some-
times touched their fingers. As auditory inputs were ar-
tificially displaced laterally (again using a pseudophone),

an audiotactile spatial conflict was created. Freedman and
Wilson reported a shift in pointing responses to auditory
targets following this exposure phase. This result may sug-
gest that auditory and tactile inputs were integrated dur-
ing the exposure period to overcome the induced spatial
discrepancy. It is important to note, however, that the re-
sults of both Pick et al.’s (1969) study and Freedman and
Wilson’s study do not necessarily imply any integrationof
auditory and tactile information. During the exposure
phase, participantswere clearly aware that what they would
feel at their fingertipswould be the loudspeaker,and hence
it could be argued that participants were using a proprio-
ceptive cue regarding the loudspeaker’s location to recal-
ibrate auditory maps (cf. Pavani et al., 2000).2

Two different paradigms have been used so far to study
intersensory bias: immediate effects and aftereffects. Typ-
ically, these paradigms reveal a shift in pointing responses
either during the presentationof spatially discrepant stim-
uli in the two modalities (immediate effects) or after a pe-
riod of exposure to an intermodal spatial conflict (after-
effects or adaptation). However, Choe and colleagues
(Choe, Welch, Gilford, & Juola, 1975) claimed that imme-
diate effects may reflect response biases rather than true
perceptual interactions.That is, in many experiments using
immediate effects, previous knowledge about the stimuli
or just the obvious presence of conflicting cues may have
induced response biases that can explain the intersensory
effects found without the need to invoke perceptual pro-
cesses (see Bertelson,1998). Indeed, even the studyof after-
effects does not seem to be completely free of potential
cognitive biases. As Bertelson and Aschersleben (1998)
have noted, the conscious detection of a spatial discrep-
ancy during the exposure phase of an experiment could
affect the setting of response criteria during the posttest
period as well (as in Freedman & Wilson’s, 1967, study).
In support of this claim, Radeau and Bertelson (1974)
reported that the magnitude of audiovisual aftereffects
were affected by the particular instructional set given—
that is, whether participants were told that the combina-
tion of lights and sounds had a common origin, a different
origin, or else were given no information regarding the
spatial relationshipbetween the stimuli.Canon (1970,1971)
also demonstrated that the magnitude of aftereffects ob-
served after an intermodal conflict were modulated by the
particular modality attended during the exposure phase.
Given that the study of genuine perceptual intersensory
biases is relevant to understanding how we build up a co-
herent representationof external space (Bertelson & Asch-
ersleben, 1998), it is clearly important to have a method
that, as far as possible, avoids response biases in the study
of intersensory bias.

Postperceptual adjustments, such as response bias, are
more likely to occur when the situation is transparent (i.e.,
the data necessary for an explicit deliberation, such as the
spatial separation of the inputs or their timing, can be per-
ceived consciouslyby the participant;Bertelson, 1998), as
in the majority of previousstudiesof intersensorybias. Ber-
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telson and Aschersleben (1998) recently designed an ex-
perimental procedure free from such postperceptual ad-
justments to investigateaudiovisualventriloquismeffects
(see also Welch, 1999). This method uses the psychophys-
ical staircase principle (Cornsweet, 1962) and provides a
measure of any immediate perceptual effects. In Bertel-
son and Aschersleben’s study, participants had to make a
left–right discrimination(forced-choice response) regard-
ing the position of sounds, whose locations were chosen
using a psychophysicalstaircase procedure. They selected
the sounds according to two randomly intermingled stair-
cases, each staircase starting at the outermost right or left
position, and moving according to the participant’s re-
sponses (i.e., after a correct response in the left staircase,
the next soundon the same staircase was moved to the right,
and viceversa). This resulted in the two staircases converg-
ing toward a median location.Bertelson and Aschersleben
reported that when a central flashing light was presented
synchronouslywith the sound, response reversals (i.e., re-
sponses inconsistent with the response to the preceding
trial belongingto the same staircase) occurred further from
the center than when either the central flashing light was
asynchronouswith the soundsor else the light did not flash
at all. Bertelson and Aschersleben argued that this result
demonstrates that perception of the sounds was displaced
toward the synchronized flashing light.

This psychophysical staircase procedure therefore re-
veals the genuine perceptual component of any multi-
sensory spatial interaction, free from postperceptual ad-
justments elicited by the task or the experimental display.
In the present study, we adapted Bertelson and Aschers-
leben’s (1998)method to study audiotactileinteractions. Ir-
relevant vibrotactile stimulation was always presented
from directly in front of participants,who were required to
make left– right discriminations regarding the location of
the sounds. Consequently, felt touches could not induce or
prime either of the two potential responses (left or right)

to the target sounds. As in Bertelson and Aschersleben’s
study, after a given point in the staircases the participant
was unaware of the actual spatial discrepancy between the
stimuli, and the nontransparency condition was met (see
Bertelson, 1998; Bertelson & Aschersleben, 1998).

EXPERIMENT 1

In our first experiment, we replicated Bertelson and
Aschersleben’s (1998) procedure except that we provided
vibrations to the (centrally located) fingertips rather than
visual stimuli. Any attraction of the perceived sound loca-
tion toward the position of the tactile stimulation should
manifest itself in the occurrence of incongruent responses
further from the center (and thus earlier in the block) with
synchronizedvibrationspresented to the fingertips relative
to a no-vibration control condition.

Method
Participants. Eight participants (5 female), all right-handed by

self-report, were tested in two sessions of about 20 min each. The
mean age of participants was 23 (SD 5 2) years. All participants re-
ported normal hearing and touch and were naive as to the purpose
of the experiment.

Apparatus and Materials. Participants were seated in a dark
room with their chin in a chinrest, facing a black curtain. Two loud-
speaker cones placed 46 cm apart (center to center) were hidden be-
hind the curtain, at ear level (Figure 1). The loudspeakers were
placed to the right (130º) and left (230º) of central fixation. Partic-
ipants placed their index fingers on two vibrators (miniature linear
actuators, TDITAC 8312 mm; Transdimension Corporation, Irvine,
CA) situated next to each other at the same height as the loud-
speaker cones and directly between them. A cushion placed under
the participants’ elbows ensured a comfortable posture. The vibra-
tors were placed inside a sponge cube into which the participants in-
serted their index fingers in order to attenuate any noise produced
by the operation of the vibrators. A red LED, placed behind the cur-
tain in front of the participant at the same height and distance as the
loudspeakers, remained illuminated throughout the experiment to
provide a central visual fixation point.

Fixation LED

Loudspeaker

Sponge block, containing the vibrators

Chinrest

Black curtain

Figure 1. Schematic view of the participant and apparatus for testing the tactile capture of audition, as seen from a raised position
behind the participant.
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A personal computer running the Expe6 programming language
(Pallier, Dupoux, & Jeannin, 1997) was used to control the presenta-
tion of stimuli and to register the participants’ responses. Auditory
stimuli were presented at different simulated locations ranging be-
tween the positions of the two loudspeakers. Two different types of
stereophonic cues were used to control the perceived azimuthal po-
sition of the sound: interaural time differences (as in Bertelson &
Aschersleben, 1998) and interaural intensity differences. Each type
of stereophonic cue was tested separately. The reason for including
two different auditory manipulations was to determine which cue type
provided the most convincing evidence for the tactile capture of au-
dition.3 All sound files (stereo files with a sample rate of 22050 Hz)
were generated with the CoolEdit 96 sound editor (Syntrillium Soft-
ware Corporation, Scottsdale, AZ). The auditory stimuli consisted
of three 15-msec, 2000-Hz sine-wave audible pulses (with rising
and decaying linear envelopes, 2.5-msec rise-fall times), separated
by 800 msec of silence (the total stimulus presentation lasted for
1,645 msec).

In the time-difference staircase, the temporal offset between the two
channels ranged from 2725 msec to 1725 msec in steps of 45.35 msec
(corresponding to an angle of approximately 2.5º–3º), with the dif-
ference of 0 msec corresponding to the center of the staircase. This
staircase therefore provided 33 possible sound locations; 16 to the left,
16 to the right, and one located centrally. The intensity-difference stair-
case also provided 33 possible locations: 16 to each side plus a cen-
trally located one. The extreme points of the staircases corresponded
to one of the loudspeakers being turned on and the other turned off
completely. At each step, 1/16 of the total sound pressure level (SPL)
would be subtracted from one loudspeaker and added to the other
loudspeaker (thus displacing the location of the sound one step to-
ward the louder loudspeaker). The central point of the intensity stair-
case corresponds to sounds in which the intensity is equal for both
loudspeaker cones. Note that with this procedure, overall amplitude
was equivalent for all stimuli in the intensity staircase (e.g., at the ex-
treme sound locations, the SPL of the dominant loudspeaker was
twice that of either of the two loudspeakers when the sound was pre-
sented centrally). 4

Procedure. Participants made left–right discriminations regarding
the perceived location of sounds using two foot pedals located under
their toes. Participants had to lift their right toes from the right pedal
for right sounds and their left toes from the left pedal for left
sounds. An orange LED placed below the fixation LED was illu-
minated when either pedal was lifted to indicate that a response had
been registered.

The experiment consisted of two sessions of four blocks each. In
each block, two staircases were completed, one beginning on the
left (the left staircase), and the other on the right (the right staircase).
The staircase (left or right) was chosen at random on each trial to
avoid the possibility that participants might guess the location of the
sound on the basis of their response to the previous trial. Each stair-
case began with the sound at the maximum displacement from the
center. In the left staircase, left responses resulted in a displacement
of the sound toward the right in the next trial belonging to that stair-
case (and vice versa for the right staircase). When a “right” response
was made to the left staircase (or a “left” response to the right stair-
case), the next trial would present a sound one step back in that
staircase (i.e., toward the left in the left staircase or toward the right
in the right staircase); otherwise, no feedback was given after the
trial. Left responses to the right staircase or right responses to the left
staircase will be termed “incongruent responses.” If an incongruent
response was made at the extreme point in one staircase, the next
trial in that staircase remained at the same point (this occurred very
rarely). Note that response congruency is defined in terms of the
staircase to which it has been made, and therefore a response that is
objectively correct can be incongruent (i.e., responding right to the
left staircase when the midpoint has been crossed). The initial step

size in the staircases was two difference units, reducing to one unit
within eight difference units of the center (as in Bertelson & Aschers-
leben’s, 1998, study). Each staircase was stopped after 10 incongru-
ent responses had been recorded, and the block finished when both
staircases had been stopped.

In half of the blocks (corresponding to the bimodal condition),
vibrations were delivered to the fingers in synchrony with the sound
bursts. The vibrators were driven by a 200-Hz sine wave produced
by a sound wave generator and amplified to a suprathreshold level.
In the remainder of the blocks (corresponding to the unimodal condi-
tion), no vibrations were presented (N.B.: posture remained constant
across both block types). Participants were instructed to fixate on
the central LED throughout the experiment and to concentrate on
the auditory task while ignoring the vibrations as much as possible
during the bimodal blocks.

Design. Combining “localization cue” (time vs. intensity differ-
ence) and “modality” (bimodal vs. unimodal) resulted in four possi-
ble block types. During each of the two sessions, participants were
tested once on each block type. The first two blocks were always of
the same localization cue, and the last two blocks were of the other
cue type. The unimodal and bimodal conditions were alternated on a
block-by-block basis. There were four possible orders for the blocks
in any given session. Each participant’s second session began with
the alternative localization cue and the alternative condition from
the initial block of his/her first session.

The locations of the two loudspeaker cones were reversed between
sessions to compensate for any possible acoustic difference between
them. The relative positions of the loudspeakers on the first block
were also counterbalanced across participants. At the beginning of
the first session, a short period of training was given, allowing the
participants to familiarize themselves with the task. The training con-
sisted of two staircases with intensity difference used as the localiza-
tion cue, without concurrent tactile stimuli (i.e., unimodal presenta-
tion). Each staircase was stopped after two incongruent responses in
the training phase.

Results
We assessed the mean difference between the locations

(ranging from the left end to the right end in 33 steps, from
216 to 16) at which incongruentresponses occurred in the
left and right staircases for each condition (Figure 2). This
difference score reflects the range of spatial locations at
which sounds can no longer be judged accurately. When
time difference was used as the localizationcue, there were
significant differences between the unimodal and bimodal
conditions[M 5 1.2 units; SE 5 .7 in the unimodal condi-
tion vs. M 5 3.4 units, SE 5 1.0 in the bimodal condition,
t(7) 5 23.5, p 5 .01, two-tailed]. When intensity differ-
ences were used as the auditory localizationcue, there was
no effect of modality [M 5 21.1 units, SE 5 .1 for the uni-
modal condition vs. M 5 20.8 units, SE 5 .4 for the bi-
modal condition, t(7) 5 20.63, p 5 .55, two-tailed].

In order to analyze further the tactile capture phenom-
enon observed in Experiment 1, we broke down the aver-
age location of incongruent responses by serial position
for each staircase (Figure 3). This revealed several notable
aspects of the serial position data. First, overall perfor-
mance improved over the durationof the block in the time-
difference condition,with the first incongruent responses
in each staircase occurring far from each other and subse-
quent incongruent responses converging toward a central
value (Figure 3a). This practice effect was not observed in
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the intensity-difference staircase (Figure 3b), where per-
formance was very accurate from the start. Second, the dif-
ferences between the bimodal and the unimodal conditions
in the time-difference blocks accumulated during the ini-
tial part of the block, where performance was not at ceil-
ing. Finally, there was a slight tendency for the staircases
to converge somewhat to the left of the theoretical center
(within 1 to 1.5 staircase units), although the grand aver-
age locationof the last three incongruentresponses was not
significantly different from zero with either type of stereo-
phonic cue [M 5 23.4, SD 5 5.8, t(7) 5 1.6, p 5 .140 for
the time-difference blocks, and M 5 22.1, SD 5 3.5,
t(7) 5 21.7, p 5 .131 for the intensity-difference blocks].

Discussion
The main result to emerge from Experiment 1 is that

synchronized tactile stimulationmodulated the perceived
location of sounds whose position was manipulated
using interaural time differences. Incongruent responses
occurred further from the center when synchronized vi-
brations were presented at the fingertips than when no
vibrations were delivered. In line with previous ventril-
oquism studies (e.g., Bertelson, 1998), we interpret these
results to reflect an attraction of the perceived sound
source toward the position of tactile stimulation (i.e., a
tactile capture of audition). Note that with the present
method, irrelevant tactile stimuli are neutral (located cen-

Figure 2. Mean distance between incongruent responses on the right and left staircases for sounds whose ap-
parent location was determined by either time (a) or intensity (b) differences in Experiment 1. The results are pre-
sented separately for the unimodal and bimodal conditions.
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trally) with respect to the two potential responses to the
target modality (left or right). Therefore, biases in the
sound location task as a function of response codes acti-
vated by the vibrations are simply not possible. Instead,
this result is more parsimoniously accounted for by multi-
sensory integration of auditory and tactile information oc-
curring in the bimodal condition,whereby the perceived lo-
cation of the sounds shifted toward the location of tactile
stimulation.

However, no such tactile capture of audition was re-
ported in the blocks where sound positionwas manipulated
via interaural intensitycues. Note that, overall, results indi-
cate that participants found it easier to localize sounds in
the intensity-differenceblocks than in the time-difference
blocks, a finding supported by participants’ subjective re-
ports. The intensity-difference units may have corre-
sponded to larger angles than the time-difference units
(for the values used in this experiment) and therefore al-
lowed participants to perform at ceiling (within less than
one step from the center, corresponding to 2.5º–3º). The
observation that the ventriloquism effect does not occur
when the sounds are easily localized has been reported in
previous studiesof audiovisualventriloquismand is there-
fore not surprising in the present audiotactilecontext (e.g.,
Fisher, 1962;Ghahramani, 1995; Spence & Driver, 2000).
Additionally, the null effect in the intensity-differencecon-
dition provides further evidence that the significant effect
found in the time-difference condition was due to a gen-
uine multisensory interactionbetween audition and touch,
rather than to some artifact produced by our experimen-
tal paradigm.

Inspectionof the time course data (Figure 3) also reveals
a slight (nonsignificant) trend for responses to converge
to the left of the midline, particularly in the bimodal con-
dition.This means that participants tended to perceive the
sounds as centered marginally to the left of the staircase
midpoint (theoretical central position in space). This slight
discrepancy (an offset of about 2.5º–5º) between the theo-
retical midpoint of the staircase and the perceived center
is nevertheless orthogonal to our current considerations,
since it affects every conditionequally. Indeed, one quite
remarkable fact is that an equivalentdeviationbetween the
perceived and theoreticalmidpointwas observed for each
of the stereophonic cues. This deviation might be due to
subtle asymmetries in the experimental display or in the
room itself. The other interesting fact to emerge concerning
the time course data is that the effect of modality condition
(unimodal vs. bimodal) seems to have been due mainly to a
difference in the position of the earlier incongruent re-
sponses. That is, the tactile capture of sound appears have
to been greater earlier in the block.There are several possi-
ble explanations for this result.

First, it may be that audiotactileventriloquismdeclined
with time on the task because participantswere better able
to localize the sound when it was presented repeatedly. As
highlightedearlier, larger ventriloquismeffects occur when
the localizationof the sound is ambiguousor difficult (e.g.,

Fisher, 1962;Ghahramani, 1995;Spence & Driver, 2000).
Given that overall performance improvedduring the course
of a trial (because of practice, because of symmetrical
staircases acting as reference points for one another, or
because of some unknown combination of these factors),
ambiguity of the sound location would decrease. Ventril-
oquism would then diminish during the course of a block
and eventuallydisappear simply because sound localiza-
tion becomes less ambiguous. Using a very similar pro-
cedure, Bertelson and Aschersleben (1998) observed the
same pattern of data in their study of the visual capture of
audition (e.g., see their Figures 1 and 2).

A second possible explanation for why the difference
between bimodal and unimodal conditionsoccurred ear-
lier in the block is related to a possible habituation to the
vibrotactile stimuli. In particular, vibrations might have
lost their relevance or saliency as participants were pre-
sented with them repeatedly. If this was the case, we might
have underestimated the influence of touch on the local-
ization of sounds, since vibrations may cease to attract
the sounds once participants have habituated to them.
We addressed this possibility directly in Experiment 2.

Finally, the present results could also be explained in
terms of the vibrations having a distracting effect on the
auditory localizationtask in the bimodal condition(but not
in the unimodal condition,where no vibrationswere pres-
ent). According to this account, the distracting power of the
vibrationsmay have been less as the trial advanced, since
participantswould become more accustomed to them and
so perhaps be better able to ignore them. This third alter-
native is addressed in Experiment 3.

EXPERIMENT 2

In Experiment 2, we attempted to reduce any potential
habituation to the vibrations by making them unpre-
dictable.Vibrations were now presented randomly on only
half of the trials, without participants having any advance
knowledge of which trials would contain vibrotactile
stimulation. This manipulation should enhance the
saliency of the vibrationswhen they occur, and therefore
make any habituation less likely. In the present experi-
ment, vibrations were also included in the training phase
to rule out an explanationof our results in terms of partic-
ipants being unfamiliar with the vibrotactile stimulation,
leading to a lack of concentration to the location of the
sound on the first trials, where vibrationswere presented.
In addition, we now used only time differences to manip-
ulate perceived sound location, given that the intensity-
difference procedure seemingly rendered sound location
so unambiguousas not to allow for any significant audio-
tactile ventriloquism. We hypothesized that if habituation
accounted for the decline of tactile capture of sounds over
time reported in Experiment 1, then this decline should
be less marked in the present experiment (thus resulting
in a capture effect that was extended in time and/or in
magnitude).
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Method
Participants. Eight paid participants (6 female), all right-handed

except one by self-report, participated in two sessions of about
20 min each. The mean age was 22 (SD 5 9) years. All participants
reported normal hearing and touch and were naive as to the purpose
of the experiment.

Design. The apparatus, materials, and procedure were as in the
time-difference blocks of Experiment 1, with the exception that in-
stead of having the bimodal and unimodal conditions (i.e., with or
without tactile stimulation) blocked, the occurrence of tactile stim-
ulation was now made unpredictable by randomizing the presenta-
tion of trials from the two conditions within each block (thus, four
concurrent staircases were run per block of trials). Two staircases
started from the furthest position on each side (i.e., far left and far
right). For each side, one staircase corresponded to the unimodal
condition (without vibrations) and the other to the bimodal condition
(with vibrations). The staircase presented on each trial was chosen at
random from among the four possible staircases to make the presen-
tation of vibrations on any trial unpredictable.

This experiment consisted of two sessions, each involving two
blocks containing four staircases. As in Experiment 1, the locations
of the loudspeakers were also switched between sessions, and the
starting locations of the loudspeakers were counterbalanced across
participants. The relative positions of the vibrators were also inter-
changed between participants. At the beginning of the first session,
a training phase (two staircases, one starting from the left and one
from the right) was run. Staircases in the training phase included vi-
brations, presented randomly on half of the trials. Each staircase in
the training phase was stopped after two incongruent responses.

Results
As in Experiment 1, the average differences across par-

ticipantsbetween the locationsof incongruentresponses for
each staircase were assessed for both conditions(Figure 4).
Again, the difference between unimodal and bimodal con-
ditionswas significant [M 5 0.1 units, SE 5 .7 in the uni-
modal conditionvs. M 5 2.1 units, SE 5 .9 in the bimodal
condition, t(7) 5 25.0, p 5 .002, two-tailed].

In order to test for the effects of the predictability of
touch, we conducted a two-way analysis of variance
(ANOVA) including the data from the time-difference
blocks of Experiment 1. Predictability was included as a

between-participants factor (the time difference blocks of
Experiment 1 containing predictable vibrations vs. Ex-
periment 2 containing vibrations randomly presented on
50% of the trials) and modality condition (unimodal vs.
bimodal) as a within-participants variable. A significant
effect of modality conditionwas found [F(1,14) 5 32.21,
p , .001], but there was no effect of the predictability of
touch nor interaction between predictability and modal-
ity. The main effect of modality was still significant when
we included just the data from the first two blocks of Ex-
periment 1 alone [i.e., ensuring same number of measures
per participant across experiments; F(1,14) 5 22.85,
p , .001].

We assessed the average location of incongruent re-
sponses at each serial position (from the 1st to the 10th)
across participants and blocks (Figure 5). As Figure 5
clearly shows, the capture effect (the difference between
unimodal and bimodal conditions)was still concentrated
in the initial part of the block and did not extend over a
longer period than in Experiment 1.

Discussion
The results of Experiment 2 replicate the main finding

of Experiment 1, showing once again that sound localiza-
tion can be affected by the presence of synchronized vi-
brations to the fingertips. In addition, the results of Exper-
iment 2 indicate that making the vibrations unpredictable
did not affect the magnitudeof this tactile capture of touch.
Therefore, it does not appear that simple habituation to the
vibrations can explain the decrease in the capture effect as

Figure 4. Mean distances between incongruent responses on
the right and left staircases, separated by condition (i.e., uni-
modal vs. bimodal), in Experiment 2.
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Figure 5. Mean locations of successive incongruent responses,
by staircase (left or right) and condition (unimodal vs. bimodal),
in Experiment 2. Positive values ( y-axis) refer to sounds coming
from the right.
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the blocks advanced. It seems more likely that, given that
our participants’ ability to localize auditory targets im-
proved during the block with repeated presentation of the
stimuli, the ambiguity of sound location, and hence ven-
triloquism, declined. This suggestion fits with the hypoth-
esis that tactile capture of audition occurs when the local-
ization of the auditory targets is difficult or ambiguousbut
not when it is unambiguous, just as shown previously for
audiovisualventriloquismeffects (e.g., Fisher, 1962;Ghah-
ramani, 1995; Spence & Driver, 2000).

According to the results of Experiments1 and 2, it seems
likely that the present results reflect the fact that sounds are
mislocalized in the bimodal condition because of the spa-
tial integration of auditory and tactile events. However, as
pointedout in the discussionof Experiment1, there is an al-
ternative account for these results, which is that they may
merely reflect a generalized impairment in the performance
of the sound localization task caused by the distracting ef-
fect of the tactile stimulationon the bimodal trials. The fact
that Experiment 2 showed no influence of the predictabil-
ity of vibrations on the magnitude of the tactile capture ef-
fect argues against this alternative, given that since Experi-
ment 2 induced less habituation, the distraction effect
should have been bigger rather than equal to that in Exper-
iment 1. Nevertheless, one could argue that the test in Ex-
periment 2 was not strong enoughbecause, for instance, vi-
brations could have been made even more infrequent (i.e.,
by appearing on far fewer than half of the trials).

Therefore, it is still possible that according to the dis-
traction hypothesis,participantsmay have found it harder
to concentrate on the auditory task when vibrations were
presented, thus leading to earlier incorrect responses in the
bimodal staircases.5 More specifically,we thought it pos-
sible that the tactile stimuli did not ventriloquize sounds
toward the center, but instead simply initiated an exoge-
nous shift of attention away from audition and toward the
tactile modality. Any such shift of attention away from au-
dition would also have been expected to reduce the accu-
racy of auditory discrimination responses (see Spence &
Driver, 1997; Spence, Nicholls, & Driver, 2001). This al-
ternative explanation is addressed in Experiment 3.

EXPERIMENT 3

The aim of Experiment 3 was to investigatewhether the
effects observed in the previous two experiments really re-
flect audiotactilespatial integrationor instead reflect a dis-
traction effect producedby vibrationsoccurring during the
trial. To this end, we compared performance in the uni-
modal condition (no vibrations) with performance in two
types of bimodal conditions—one in which vibrations oc-
curred synchronouslywith every sound (as in Experiments
1 and 2) and another in which the sounds and vibrationsoc-
curred asynchronously.

There is now evidence that synchronization in the pre-
sentationof the stimuli is critical for ventriloquismto occur
(e.g., Radeau & Bertelson, 1987; Slutsky & Recanzone,

2001). For example, Radeau and Bertelson (1987) showed
that synchronization of inputs modulated the magnitude
of audiovisual bias. In Radeau and Bertelson’s study, the
target and competing signals (one visual and the other au-
ditory) were presented in any one of three different tem-
poral configurations:continuouslyon, flickering at a slow
tempo, or flickering at a fast tempo. The visual bias of au-
dition and auditory bias of vision were obtained in all nine
possible temporal combinations of inputs, with larger bi-
ases occurring when the two signals were presented syn-
chronously than when theywere presented asynchronously.
Therefore, if the tactile capture effects observed in Ex-
periments 1 and 2 are ventriloquism-like,desynchronizing
the auditory and tactile inputs should reduce or suppress
our effect. On the other hand, if the results of Experiments1
and 2 reflect attentionaldistraction instead, the spatial bias
shouldpersist regardless of the desynchronizationof the au-
ditory and tactile inputs, becausevibrationsare still present
while the sound localization task is being performed.

Method
Participants. Sixteen paid participants took part in two experi-

mental sessions of about 20 min, each separated by a short break. All
reported normal hearing and touch, and were naive as to the purpose
of the experiment. The participants were separated into two groups.
One group (Experiment 3a) was composed of 8 female students, 5
right-handed and 3 left-handed according to self-report, with a mean
age of 19 (SD 5 2) years. The other group (Experiment 3b) was
composed of 8 students (7 females), all right-handed according to
self-report and with a mean age of 19 (SD 5 0.5) years.

Design. This experiment used the same procedure as Experi-
ment 2, except that in the bimodal condition of Experiment 3b tac-
tile stimulation was no longer synchronized with the sounds. A con-
stant 61-dB (A) SPL white noise was presented from a loudspeaker
cone located centrally just below the vibrators to mask any residual
noise produced by their functioning. In Experiment 3a, vibrations
were synchronized with the sounds as in Experiment 2. Therefore,
Experiment 3a was the same as Experiment 2 but with the addition
of constant white noise. In Experiment 3b, a 15-msec vibration was
presented at a stimulus onset asynchrony (SOA) of 2300, 2200,
1200, or 1300 msec with respect to each of the sound bursts. The
SOAs for each of the three sound –touch pairs in a trial were cho-
sen randomly (among the four possible SOA values) and were in-
dependent of each other, thus making the vibrations asynchronous
with the sounds in an unpredictable pattern.

The design was the same as in Experiment 2, with two sessions
composed of two blocks of four staircases. In Experiments 3a and 3b,
a training phase similar to that used in Experiment 2 was presented
at the start of the first session; for participants in Experiment 3b, the
vibrations were not synchronized with the sound bursts. In both
cases, the training session was run with white noise (as in the exper-
imental session).

Results
The average distance between incongruent responses

on the left and right staircases was assessed for each con-
dition (Figure 6). In Experiment 3a, the distance between
staircases in the bimodal conditionwas significantlylarger
than in the unimodal condition [M 5 7.9 units, SE 5 2.6
in the unimodal conditionvs. M 5 10.3 units, SE 5 2.9 in
the bimodal condition, t(7) 5 23.4, p 5 .01, two-tailed],
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thus replicating the pattern of results reported in Exper-
iments 1 and 2. No significant differences were observed
between the bimodal and unimodal conditions in Experi-
ment 3b, although a numerical trend in the reverse direc-
tion approached significance [M 5 10.9 units, SE 5 3.2
in the unimodal condition and M 5 9.1 units, SE 5 3.0 in
the bimodal condition, t(7) 5 2.2, p 5 .06, two-tailed].

An ANOVA on the mean distances between incongru-
ent responses on the left and right staircases was con-
ducted, including modality (unimodal vs. bimodal) as a
within-participants factor and synchrony (Experiment 3a
[synchronous] vs. Experiment 3b [asynchronous]) as a
between-participantsfactor. In support of the multisensory
integrationaccount of our results, a significant interaction

between modality and synchrony was found [F(1,14) 5
15.18, p 5 .002]. This confirms that concurrent synchro-
nized vibrotactile stimuli affected auditory localization
more than did desynchronizedvibrotactilestimulation.No
other effects reached significance in this analysis.

In view of the data regarding the average location of in-
congruentresponses at each serial position (Figure 7), some
differences with respect to the previousexperimentsshould
be noted: (1) Overall accuracy was worse in Experiment 3
than in Experiments 1 and 2; (2) the improvement in audi-
tory localizationperformance over time was modest and oc-
curred only in the initial part of the block in Experiment 3,
as compared with Experiments 1 and 2, where the im-
provement occurred throughout the block and the final in-

Figure 6. Mean distances between incongruent responses on the right and left staircases, by condition
(unimodal vs. bimodal), in Experiments 3a (a) and 3b (b).
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congruentresponses for the left and right staircase occurred
very close to each other, and (3) the magnitude of the tac-
tile capture stayed fairly constant throughout the block.

Discussion
The most important result to emerge from Experiment 3

is that only synchronizedvibrations impaired sound local-
ization performance as compared with the performance in
the unimodal condition.Desynchronizedvibrationshad no
significant effect on performance. These results support
the perceptual interpretation of the tactile capture of audi-
tion given that the potential distraction from the vibrations
should have been the same in both the synchronous and
asynchronous conditions. This result allows us to rule out
the alternative distraction account of the results from the
bimodal conditions in Experiments 1 and 2.

There was a nonsignificanttrend for performance in the
bimodal condition to be higher than in the unimodal con-
dition in the asynchronous staircases of Experiment 3b.
This result could be explained if the asynchronousvibra-
tions, contrary to attracting the perceived location of the
sounds, provided a cue (i.e., a spatial reference point)with
which to localize the center of the experimental setup. For
example, Dufour, Després, Pebayle, and Brochard (2000;
see also Platt & Warren, 1972) recently reported that au-
ditory localizationcan be facilitated by the presentation of
a central visual or auditory reference point. However, the
argument that the asynchronousvibrationsmay have acted
as a tactile reference point in our study seems unlikely
given that participants already had a visual fixation point,
which should have provided a more accurate (and contin-
uously presented) reference point to indicate the center of
the display. Moreover, Platt and Warren reported that pro-
prioceptive information—provided by positioning the
forefinger at the reference point—had no beneficial effect
on performance in their study of auditory localization.

Alternatively, the marginal improvement in performance
seen in the asynchronous audiotactileconditionof Exper-
iment 3 may have been caused by the vibrotactile stimuli
acting as generalized warning, or alerting, signals. Many
previous studies have shown that responses to an event in
one modality are affected by the presentation of an irrel-
evant stimulus in another modality (e.g., Posner, 1978).
For example, Posner, Nissen, and Klein (1976) have shown
that discrimination responses to visual targets can be facil-
itated by the presentation of an auditory event at approxi-
mately the same time. Such nonspatialwarning effects have
been attributed to a generalized alerting effect caused by
the accessory stimulus (the auditory event in Posner
et al.’s study), which may serve to prepare the participant
to respond to the imperative stimulus. It is possible that
the desynchronized vibrotactile distractors presented in
our experiments may also have acted as alerting stimuli,
hence improving our participants’ ability to respond to
the auditory targets relative to performance in the uni-
modal condition.

There are several additionalobservationsworthy of com-
ment in Experiment 3. First, overall accuracy was lower

in the present experiment than in Experiments 1 and 2,
presumably due to the inclusion of white noise during the
experimental sessions of the present experiment (e.g.,
Zwislocki, 1978). Second, little improvement over time
was observed in this experiment (unlike in Experiments 1
and 2), which may again reflect the increased difficulty of
sound localization caused by the presentation of back-
ground noise (perhaps rendering any practice effects less
prominent). Third, the capture effects observed in Exper-
iment 3a varied very little over time compared with the re-
markable reduction in capture observed in the time course
of Experiments 1 and 2. This fact, when taken together
with the reduced effects of practice in this experiment,
again supports the idea that only when sound localization
is difficult or ambiguous are capture effects observed. In
the present experiment, sound location remained am-
biguous throughout the whole block, and accordingly the
ventriloquism illusion persisted throughout.

Experiment 4 was designed to characterize further the
phenomenonof capture reported here and to examinemore
precisely whether or not the magnitude of capture effects
would be modulatedby the voluntarydivisionof attention
between the two modalities compared with the situation in
which solely the auditory modality is attended to (i.e., fo-
cused attention), as in the previous experiments.

EXPERIMENT 4

In order to assess whether the direction of voluntary at-
tention modulates the tactile capture of audition,we intro-
duced two different task conditions in Experiment 4. In
one condition,participantswere required to respond to the
locationof the sounds on every trial (i.e., participantswere
instructed to focus their attention solely on audition, as in
the previous experiments). In the other condition, partic-
ipants were required to respond to the sound location but
also to detect occasional tactile targets (i.e., participants
were required to divide their attention between audition
and touch; see Lloyd, Merat, McGlone, & Spence, 2000).
If the tactile capture of audition is modulated by volun-
tary (or endogenous)attention, then it would be predicted
that the mislocalization of sounds toward the vibrations
should become more prominent as attention is partially
directed toward touch (and away from audition).

Method
Participants. Eleven volunteer or paid participants (8 female),

by self-report all right-handed except 1, participated in this 1-h ex-
periment. The mean age was 26 (SD 5 3) years. All participants re-
ported normal hearing and touch, and were naive as to the purpose
of the experiment.

Procedure and Design. The apparatus and basic procedures were
as in Experiment 2: Unimodal and bimodal trials were randomly in-
termingled, which was again achieved by the concurrent running of
four staircases, and the experiment was conducted without back-
ground white noise. In order to shorten the experiment, each of the
four staircases was stopped after 5 incongruent responses (instead
of 10 as in the previous experiments). Two types of block were pre-
sented. One was exactly as reported in Experiment 2; attention was
directed solely to the auditory modality by the instructions given
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(focused attention block). In the other block type (divided-attention
block), the two bimodal staircases contained an additional 10% of
randomly distributed odd trials containing three sound bursts but
only two vibrations. The remaining 90% of trials were composed of
three sound bursts and three synchronous vibrations. Participants
were instructed to localize the sound in the “standard” trials (with
either three vibrations or no vibrations) and to respond to the “odd”
trials by lifting both pedals at the same time. Therefore, in this group,
participants had to attend to the vibrations as well as to the sounds
in order to comply with the instructions (note that Bertelson &
Aschersleben, 1998, always used catch trials in the visual modality
in their study). In the divided-attention block, the odd trials were not
taken into account in assessing the location of the sound on the next
trial in that staircase. Participants were tested three times on each
of the two block types. Attention conditions (focused auditory at-
tention vs. divided attention) were alternated on a block-by-block
basis, and the order of presentation was counterbalanced across par-
ticipants.

Two short training phases were given at the beginning of the ex-
periment. Both involved two staircases of randomly intermingled uni-
modal and bimodal trials, stopped after two incongruent responses.
The first training block was always of the auditory-attention-alone
condition type and the second of the divided-attention type (for the
training, the proportion of “odd” trials was increased to 30% of the
bimodal trials). The relative position of the loudspeakers and vibra-
tors was counterbalanced across participants. A first set of 8 par-
ticipants was run, and data from participants who failed to report more
than 20% of the odd trials in the divided-attention condition were
discarded. Three participants did not reach this response accuracy
criterion and were replaced by 3 additional participants who all
reached the criterion.

Results
The average distancebetween incongruentresponses on

the left and right staircases were assessed for each condi-
tion (Figure 8). The results were analyzed in a two-way
ANOVA with modality (unimodal vs. bimodal) and atten-
tion (focused vs. divided attention) as within-participants
factors. As in our previous experiments, there was a sig-
nificant main effect of modality [F(1,7) 5 14.23, p 5
.007]. Critically, neither the effect of attention (F , 1) nor
the interaction between modality and attention [F(1,7) 5
1.55, p 5 .25] approached significance.

The mean position of the incongruent responses across
participants and blocks was also assessed for both atten-
tion conditions in this experiment (Figure 9). As in Exper-
iments 1 and 2, in which no white noise was used, the se-
rial position data reveals that there was a practiceeffect and
that the capture effect correlated negativelywith this tem-
poral improvement. Note, however, that unlike the results
of Experiments 1 and 2, the present results indicated that
the convergence of the staircases was not complete. This
is a natural consequence of the shortening in the number
of incongruent responses allowed in this experiment, by
which the overall number of trials was decreased, and
hence the chances of reaching the midpoint of the stair-
case within the course of one block were also reduced.

Discussion
The results of Experiment 4 showed an alteration of

sound localizationperformance when synchronousvibra-
tionswere presented at the centrally placed fingertips, thus
replicating the effect reported previously in Experiments
1, 2, and 3a. Importantly, this capture effect was unaffected
by whether participants attended solely to audition or di-
vided their attentionbetween auditionand touch.The find-
ing that the allocationof attentionbetween modalitieshas
little effect on the tactile capture of audition is inconsis-
tent with certain older studies of the effects of attentionon
ventriloquism(e.g., Canon, 1970, 1971; Radeau & Bertel-
son, 1976), but our findings coincidemore closely with re-
cent data showing that immediateaudiovisual intersensory
biases are independentof the direction of either voluntary
(Bertelson, Vroomen, de Gelder, & Driver, 2000) or re-
flexive (Vroomen, Bertelson, & de Gelder, 2001) visual
attention.

It should be noted, however, that one could argue that
the tactile task in the present experiment might have been
too easy and consequently demanded too few attentional
resources to produce a significant effect of attention.Two
lines of evidence argue against this possibility. First, the
fact that 3 out of 11 participants performed poorly on the

Figure 8. Mean distances between incongruent responses on the left and right staircases, in the focused
attention blocks (a) and in the divided-attention blocks (b), presented by condition (unimodal vs. bimodal),
in Experiment 4.
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tactile task (i.e., missed more than 20% of the trials with
only two vibrations)suggests that the tactile task could not
be performed easily. Second, the fact that all participants
included in the analyses performed at over 80% correct
on the tactile task indicates that they were not simply ig-
noring the tactile modality. However, the conclusion that
attentiondoes not affect audiotactile integration must re-
main tentative at this stage. Ideally, future studies should
provide an independent measure of the distribution of at-
tention across the different sensory modalities to ensure
that instructions to differentially distribute attention be-
tween the various sensory modalities, and/or the introduc-
tion of a secondary task, result in a demonstrable redistri-
bution of the participants’attentionbetween the modalities
(see Spence, Shore, & Klein, 2001, on this point).

GENERAL DISCUSSION

Experiments 1–4 demonstrate that the perceived loca-
tion of a sound can be affected by the simultaneous pre-
sentation of tactile stimulation. In these experiments, in-
congruent responses (e.g., answering “left” to a sound
belongingto the right staircase)occurred further away from
the midpoint when vibrations were presented at the cen-
trally located fingertips than with desynchronized or no
vibrations.These data indicate that there is a spatial inter-
action between auditory and tactile localizationsuch that
concurrent tactile stimulation biases the perceived loca-
tion of sound toward that of touch. Experiment 3 allowed
us to rule out the hypothesis that this performance impair-
ment might be due to a simple distracting effect of the vi-

brations, because desynchronizingthe auditory and tactile
stimuli abolished the capture effect. Experiment 4 provides
preliminary evidence that tactile capture of auditioncannot
simply be modulatedby dividingattentionbetween the two
modalities as opposed to being focused just on the audi-
tory modality, suggesting no involvementof endogenous
(or voluntary) attention on multisensory integration—at
least for the relatively sparse stimulus arrays used in the
present study. Note also that in Experiments 1 and 3 the
staircases tended to converge toward the left of the theo-
retical midline (where the two sounds are in phase). This
cannot be due to the differential strength of the two vibra-
tors because they were switched across participants(in Ex-
periments 2–4). The source of these marginal biases is un-
clear, but it is worth pointing out that the crossmodal
capture effects were observed independentlyof their pres-
ence.

We have attributed the behavioral capture effects in the
present experiments to the multisensory integrationof spa-
tially discrepant tactile and auditory stimuli, which in turn
leads to the mislocalization of auditory stimuli. An alter-
native explanationfor our results is that the presentationof
the tactile distractor might simply lead to an exogenous
shift of attention toward the tactile modality (i.e., a non-
spatial orienting effect), and that this might explain why
auditory localization judgmentswere impaired by the pre-
sentationof the central tactile stimulus (e.g., Harvey, 1980;
Spence, Nicholls, & Driver, 2001; Turatto, Benson, Gal-
fano, Gamberini, & Umiltà, in press). Our finding that the
effect of touch on auditory localization judgments oc-
curs only when the stimuli are presented synchronously,
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but not when they are presented asynchronously (although
still overlapping in time) with the auditory stimuli, ar-
gues against this alternative account.

It should be noted, however, that the presentationof the
tactile stimulus may also have led to an exogenous (or re-
flexive) shift of spatial attention toward the cued location
(see Spence & Driver, 1997; Spence et al., 1998), which
in turn may have contributed to the mislocalizationof the
sound toward the location of the tactile event (i.e., toward
the focus of spatial attention, rather than toward the tac-
tile event per se). Although the empirical research on
crossmodal links in exogenous spatial attention and on
multisensory integration describe these two phenomena
independently,6 distinguishingbetween the two is not triv-
ial (see Macaluso, Frith, & Driver, 2000, 2001; McDon-
ald, Teder-Sälejärvi, & Ward, 2001). Nevertheless, it is
clear from the present study that touch can modulate the
subjective localization of a sound in a manner that is sim-
ilar to what is seen when vision pulls auditory localization
in the ventriloquism effect.

The psychophysicalstaircase paradigm used in the pres-
ent study provides a reliable demonstrationof crossmodal
interactions in spatial localization between audition and
touch, just as reported previously by Bertelson and Asch-
ersleben (1998) for the audiovisual situation. Visual in-
spection of Bertelson and Aschersleben’s results suggests
that vision biases audition more than touch does, at least
in the case of flashing lights or brief tactile stimulation
synchronized with sounds bursts. However, the bigger
effect on auditory localization obtained with a flashing
light in their study, as compared with brief tactile stimu-
lation in the present study, could be accounted for by
slight differences between the two studies that make any
direct comparison impossible. For example, Bertelson
and Aschersleben used the location of response reversals
as an indicator of performance, whereas we used the lo-
cation of incongruent responses. Perhaps more impor-
tantly, there are also possible differences in the relative
intensity of the stimuli used; that is, the visual attractor
may have been more intense than the tactile stimulus
used here, or the sound bursts of a lower amplitude than
those used here (see Radeau, 1985, for a discussion of
the effect of relative stimulus intensity on ventrilo-
quism). Therefore, although initially it might appear that
the visual capture of audition is larger than tactile cap-
ture of audition, the evidence is at present inconclusive
on this point.

The behavioral audiotactile interactions reported in
the present study reveal that exposure to a spatial conflict
between the two inputs is resolved by means of an inter-
sensory bias in perceived stimulus location that is simi-
lar to that observed for other modality pairings. This bias
seems to be strongly dependenton the synchronizationof
the inputs,which again resembles other modality pairings
(for the audiovisual case, see Bertelson & Aschersleben,
1998; Radeau & Bertelson, 1987; Slutsky & Recanzone,

2001). The biasing of auditory location by concurrent
tactile inputs also seems to occur more readily when the
sounds are difficult to localize (see Ghahramani, 1995;
Spence & Driver, 2000). We believe that this relationship
between ambiguity in sound localization and ventrilo-
quism explains the correlation between the increasing
precision of auditory localization during the course of
the block (probably as a consequenceof practice with the
localization task) and the amount of capture. This corre-
lation was observed clearly in Experiments 1, 2, and 4.
The fact that the magnitude of ventriloquism changed
little over the course of blocks where only a very small
improvement in the localization task occurred (Experi-
ment 3a) adds support to the proposed relationship be-
tween sound localization accuracy and ventriloquism.

The question arises as to the levelof processing at which
the audiotactile integration demonstrated in the present
study takes place. The paradigm used here was designed to
reveal the genuine perceptual component of any audio-
tactile interaction, and so an early level of processing is
likely. This interpretation is consistent with the results
of a recent event-related potential (ERP) study in humans
(Foxe, Morocz, Murray, Higgins, Javitt, & Schroeder,
2000) showing that audiotactile integration can occur as
early as at the level of the somatosensory and auditory
cortices. It is tempting to conclude that this audiotactile
interaction occurs in a region of the brain (either cortical
or subcortical) where a corepresentation of auditory and
somatosensory space exists. Indeed, neurophysiological
studies have identified multisensory audiotactile neurons
in a variety of animals, both at the cortical and subcortical
levels (see Foxe et al., 2000;Schroeder, Lindsley, Specht,
Marcovici, Smiley, & Javitt, 2001; Stein & Meredith,
1993). However, as discussed earlier, visual maps seem
to be dominant over other sensory modalities, and there-
fore an intermediate involvement of vision remains pos-
sible. One potential interpretation is that either secondary
auditory cortical areas or parietal associative areas ad-
just spatial inputs from the primary auditory cortex to
coincide with visual spatial inputs. Recanzone (1998) ar-
gued that frequency-selective regions of the cortex (such
as the primary auditory cortex) contribute to audiovisual
interactions, since ventriloquismaftereffects are not trans-
ferable across frequencies. This provides support for a
cortical substrate of crossmodal spatial interactions such
as ventriloquism and our tactile capture of audition that
involve early representations of perceptual space.

To summarize, the main finding of the present study is
that concurrent tactile stimulationmodulates the perceived
location of sounds. This novel result has been replicated
in four experiments and has been shown to be eliminated
using the same experimental paradigm simply by desyn-
chronizing the vibrations. It has been argued that the most
likely account for the present data is an interaction at a
perceptual level between tactile and auditory spatial infor-
mation. Additionally, our results suggest that this inter-
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action may be independent of the allocation of voluntary
attention between different sensory modalities.
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NOTES

1. The term capture is used here to denote the fact that, in a crossmodal
conflict situation, information in one modality prevails over (or substan-
tially modulates) the perception of information in the other modality. This

use of the term to describe such intersensory bias effects (as well as in
other research in the intersensory bias literature; see Bertelson, 1998, for
a review) has a long history in experimental psychology (e.g., Posner,
Nissen, & Klein, 1976;Rock & Harris, 1967)and should not be confused
with the more recent—and qualitatively different—use of this term in the
attentional control settings literature to describe the contingentcapture of
attention by salient visual cues (see, e.g., Folk, Remington, & Johnston,
1992; Yantis, 1996, 2000).

2. One would not expect the results of either Freedman and Wilson’s
(1967) or Pick et al.’s (1969) study to be modulated by whether or not the
auditory and tactile stimuli were simultaneous, a manipulation used by
many researchers to demonstrate that their effects reflect the consequences
of multisensory integration and not some other factor (see, e.g., the pres-
ent Experiment 3).

3. Stereophoniccues were used in the present study to replicate the con-
ditions used in Bertelson and Aschersleben’s (1998) previous study as
closely as possible. Although the quality of the sound location induced
with stereophonic cues is not as high as that generated by an actual array
of loudspeaker cones, it nevertheless suffices for the present purposes.
First, stereophonic cues produce reliable and consistent localization per-
formance from participants according to the results of all experiments in
the present study (see Blauert, 1983;Gilkey & Anderson, 1997, for further
details on induced sound localization). Second, several previous audio-
visual studies have reported that the degree of ventriloquism of auditory
events toward simultaneously presented visual events increases as the rel-
ative localizability of the soundsdecrease (e.g., Fisher, 1962;Ghahramani,
1995; Spence & Driver, 2000). Therefore, the use of stereophony in the
present study was designed to provide a better opportunity for demon-
strating auditory capture than if a more localizable sound source had been
used. Finally, the use of stereophony also allowed us to eliminate any idio-
syncratic differences between particular loudspeaker cones as the under-
lying cause of any behavioral effects reported.

4. There is no known relationship between time differences and inten-
sity differences in the free field.

5. It should be noted that the absence of any effect of the vibrationswith
the intensity-difference paradigm in Experiment 1 argues against the dis-
traction hypothesis. It seems unlikely that vibrationscould have distracted
participantswhen asked to localize a soundwith a time difference between
the two loudspeakers, but notwhen localizing soundswith an intensitydif-
ference. Nevertheless it remains possible that localization judgments could
be easy enough in the intensity-difference case to be unaffected by the dis-
traction induced by the vibrations.

6. Neurophysiologists typically describe interactions between stimuli
presented in different sensory modalities at approximately the same time in
terms of multisensory integration (e.g., Stein & Meredith, 1993), whereas
cognitivepsychologists typically describe similar results in terms of cross-
modal, or multisensory, links in exogenousspatial attention (e.g., Driver &
Spence, 2000; McDonald, Teder-Sälejärvi, & Hillyard, 2000; Spence &
Driver, 1997; Ward, 1994).
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