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Recent studies of change detection have revealed that people are surprisingly poor at
detecting changes between two consecutively-presented scenes, when they are separated by
a distractor that masks the transients typically associated with change. This failure, known
as ‘change blindness’, has been reported within vision, audition, and touch. In the three

Keywords: experiments reported here, we investigated people’s ability to detect the change between
Change blindness two patterns of tactile stimuli presented to their fingertips. The two to-be-compared patterns
Touch were presented either consecutively, separated by an empty interval or else by a tactile,
Spatial perception visual, or auditory mask. Participants’ performance was impaired when an empty interval
Attention was inserted between the two consecutively-presented patterns as compared with the
Multisensory consecutive stimulus presentation. Participants’ performance was further impaired not only
when a tactile mask was introduced between the two to-be-compared displays, but also
when a visual mask was used instead. Interestingly, however, the addition of an auditory
mask to an empty interval did not have any effect on participants’ performance. These

results are discussed in relation to the multisensory/amodal nature of spatial attention.
© 2008 Elsevier B.V. All rights reserved.
1. Introduction 2000). Change blindness has also been reported to occur within

the auditory modality, where the phenomenon has been

Studies of change blindness have revealed the strikinginability
of people to detect changes between two consecutively-
presented scenes when they are separated by a distractor
that masks the transients that would normally be associated
with change. Change blindness has been reported to occur
under many different conditions in vision (e.g., Auvray and
O’Regan, 2003; Irwin, 1991; Levin and Simons, 1997; O’'Regan
et al., 2000; Rensink et al., 1997; Simons, 1996; Simons et al.,

named change deafness (e.g., Chan and Spence, submitted
for publication; Eramudugolla et al., 2005; Vitevitch, 2003
although see Demany et al., 2008), as well as within the tactile
modality (Gallace et al., 2006b, 2007).

Much of this now large body of empirical research has
involved the use of a common experimental technique:
namely, impairing people’s awareness of the transient signals
that normally accompany change. The results obtained using
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this kind of change blindness paradigm have been taken by
some researchers to suggest that attention is needed for
successful change detection, with change blindness occurring
whenever the accompanying transient signals fail to draw
attention to the location of the change (Simons and Rensink,
2005). When attention is no longer directed to the location of
the change, observers have to rely on their memory of the
scene in order to infer what may have changed. In this case,
changes will tend to be noticed more rapidly if they occur at
locations which are likely to attract attention because they are
somehow “interesting” to the observer (Rensink et al., 1997). In
addition, the right parietal cortex, known to be involved in
visual awareness, has been shown to be involved in the
detection of visual changes in position in studies involving
patients with parietal lesions in the right hemisphere (Pisella
et al., 2004), studies involving transcranial magnetic stimula-
tion (Beck et al., 2006), and event-related potential (ERP)
studies (Koivisto and Revonsuo, 2006).

The finding that change blindness can be elicited unim-
odally within vision, within audition, and within touch raises
the question of whether similar mechanisms contribute to the
change blindness effect observed within the various different
sensory modalities. Relevant to this issue are the results of a
functional magnetic-resonance imaging (fMRI) study reported
by Downar and his colleagues (Downar et al., 2000). This study
of unimodal auditory, visual, and tactile change detection
revealed the existence of a distributed cortical network
involved in the detection of sensory changes in the environ-
ment, having both modality-specific and multisensory compo-
nents. In particular, brain regions responsive to stimulus
change included putatively-unimodal areas such as the visual,
auditory, and somatosensory cortices (cf. Ghazanfar and
Schroeder, 2006), as well as multimodally-responsive areas,
comprising a right-lateralized network including the temporo-
parietal junction, inferior frontal gyrus, insula, and the
supplementary motor areas. These results suggest that at
least certain of the processes underlying the detection of
change in the environment are multisensory/amodal in nature.

The experimental studies described thus far have shown
that distractors presented within the same sensory modality
as the change can elicit change blindness. Recent research by
Gallace, Auvray, Tan, and Spence (2006a) has demonstrated
that people’s ability to detect the presence of positional
changes between two patterns of tactile stimuli presented
on the body surface is impaired not only when tactile
distractors are used to mask the change, but also when visual
distractors are used instead. This finding therefore suggests
that the transients used to elicit change blindness do not
necessarily have to occur within the same sensory modality as
the change; presumably because their primary role is to attract
attention away from the transients generated by the change
itself, and cross-modal cues can be just as effective as
intramodal cues in this regard (see Spence et al., 2004).

The experimental studies of tactile change blindness
reported above were performed with the tactile stimuli
presented on the participants’ body surface. The question
therefore arises as to whether change blindness would also
have occurred if the tactile stimuli were presented on the
participants’ fingers. Indeed, given the fact that the proportion
of the somatosensory cortex devoted to the representation of

the hands is larger than that devoted to the representation of
other body parts (e.g., Nakamura et al., 1998; Narici et al., 1991),
one might readily expect differences in the duration and/or
capacity of short term representations of stimuli presented on
the finger versus on the rest of the body surface (see Gallace
and Spence, 2008, submitted for publication; Gallace et al., in
press). These longer lasting representations of stimuli pre-
sented on the fingers, by reducing the cognitive (and/or
attentional) load involved in the task might therefore improve
participants’ performance (see Cartwright-Finch and Lavie,
2007; Lavie, 2006). In other words, an enhanced ability to
process tactile stimuli when presented on the fingers (rather
than on the rest of the body surface) might result in people
being less impaired in detecting changes when a mask or an
empty interval is introduced between the two tactile displays.
The first aim of the present study was therefore to investigate
whether change blindness would be elicited when the two to-
be-compared tactile displays were presented on the partici-
pants’ fingers.

In addition, it has been suggested that the information that
is available to one sensory modality will dominate that
available to another if it carries a lower level of variance for a
specific task (see Ernst and Banks, 2002; Ernst and Bilthoff,
2004). Previous studies have shown that visual masks impair
the detection of changes between tactile stimuli presented
across the body surface. However, the accuracy for tactile
change detection might be higher for tactile stimuli presented
on the hand versus on the rest of the body surface. Thus, it
might be the case that tactile change detection for stimuli
presented on the hands is accurate enough that masks
presented in another sensory modality would not have a
detrimental effect on performance. Thus, the second aim of
the experiments reported here was to compare the influence of
tactile, visual, and auditory masks on the detection of changes
between two tactile displays presented on the fingertips.

It should be noted that although the interactions between
audition and touch have been documented using a variety of
techniques including magnetoencephalography (e.g., Men-
ning et al., 2005; see Kitagawa and Spence, 2006, for a recent
review), these interactions have never been investigated
before using the paradigm of change blindness. Our hypoth-
esis, given the existence of extensive cross-modal links in
spatial attention and in general in spatial processing and
representation (e.g., see Spence et al., 2004, for a review), was
that tactile change blindness should be elicited, not only when
tactile stimuli are used to mask the change, but also when
visual and auditory distractors were introduced between the
two to-be-compared tactile displays.

Therefore, in the three experiments reported here, we
investigated change detection performance for pairs of tactile
patterns presented on the participants’ fingers. The two to-be-
compared displays consisted of 3 tactile stimuli that could be
presented either consecutively, separated by an empty inter-
val of 150 ms, or else separated by a masked interval of the
same duration. The first experiment compared participants’
performance when the tactile patterns were presented con-
secutively, separated by an empty interval, or separated by a
tactile mask. The second experiment compared participants’
performance when the two to-be compared patterns of tactile
stimuli were separated by an empty interval, by a tactile mask,
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by a visual mask, or by an auditory mask. The third and final
experiment further investigated the influence of the spatial
congruency between the tactile pattern and the auditory mask
on change detection performance.

2. Results
2.1. Experiment 1

In the first experiment, we investigated the ability of par-
ticipants to detect changes between two patterns of 3 tactile
stimuli presented on their fingers. The two to-be-compared
patterns could be presented consecutively, separated by an
empty interval, or else separated by a tactile mask.

Trials in which the participants failed to make a response
before the trial was terminated (<1% of trials overall) were not
included in the data analyses. The percentages of correct and
erroneous change detection responses were used to calculate a
measure of perceptual sensitivity (d’) and response bias () for
each participant and block type using signal detection theory
(e.g., Macmillan and Creelman, 2004; see Fig. 1). An ANOVA
conducted on the d’ and B data with the factor Block type (no
interval, empty interval, and tactile mask) revealed a significant
main effecton d’ [F(2,22)=79.22, p<.0001] and on p [F(2,22) =5.30,
p<.05]. A Duncan post-hoc test on the d’ data revealed sig-
nificant differences in performance between all 3 block types
(all ps<.01). The sensitivity of participants’ perceptual judg-
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Fig. 1 - Participants’ mean performance (d’ and ) for the 3
conditions tested in Experiment 1: no interval, empty
interval, and tactile mask. The error bars represent the
standard error of the means.

ments was higher in the no interval block (mean: 3.2+0.14 S.E.),
followed by the empty interval block (mean: 1.9+0.15), and then
the tactile mask block (mean: 1.1+0.13).

A Duncan post-hoc test on the Block type factor revealed a
marginal difference between the empty interval and the tactile
mask blocks (p=.06). In order to determine the direction of the
bias, an ANOVA was conducted on the raw error data with 2
factors: Block type (no interval, empty interval, and tactile
mask) and Presence versus absence of change between the 2
patterns of stimuli composing the displays. The analysis
revealed a significant main effect of the Presence versus
absence of change [F(1,11)=19,52, p<.01], a significant effect of
Block type [F(2,22)=79,47,p<.0001], and a significant interaction
between these two factors [F(2,22)=5,61, p<.05]. A Duncan post-
hoc test revealed that the participants made significantly more
errors when there was a change than when there was no
change in the empty interval and tactile mask conditions (both
ps<.001) but not in the no interval condition. This result is
similar to the results obtained in previous studies of change
blindness (e.g., Auvray et al., 2007; Gallace et al., 2006b) where
participants’ errors reflected their failure to perceive that a
change had occurred, rather than a tendency to report changes
that had not, in fact, occurred. Furthermore, participants’
performance was very high in the no interval condition for
both the change and no change conditions (7.3% and 3.5% of
errors, respectively). Thus, the lack of effect of the presence
versus absence of a change in the no interval condition can be
explained by this ceiling effect on performance.

The results of Experiment 1 revealed that participants’
performance in detecting changes in position was impaired by
the introduction of both an empty interval and a tactile mask
between the two consecutively-presented tactile displays. We
thus showed, for the first time, that a change blindness effect
can be elicited when the two to-be-compared stimulus
patterns are displayed on participants’ fingertips. It should be
noted that the differences in the experimental designs make it
difficult to directly compare our results to those obtained by
Gallace et al. (2006b) in which the stimuli were presented
across the participants’ body surface instead. Furthermore, in
their experiments, the tactile patterns were presented for
200 ms and the empty and masked intervals lasted 110 ms
while in our experiment the tactile patterns were presented for
600 ms and the empty and masked intervals lasted 150 ms.
With this difference in mind, it should be noted that the
participants’ perceptual sensitivity in the study of Gallace et al.
(2006b) for the 3 conditions of stimulus presentations was 4,
3.5, and 1.4; whereas in the experiment reported here the
perceptual sensitivity was 3.2, 1.9, and 1.1 (for the no interval,
empty interval, and tactile mask conditions, respectively).
What can be inferred from these results is that a change
blindness effect can be obtained no matter what locations on
the body the stimuli are presented from (i.e., on the fingers vs.
on the rest of the body).

2.2. Experiment 2

In our second experiment, we investigated tactile change
detection performance when the two to-be-compared pat-
terns of stimulation were separated by an empty interval, by a
tactile mask, by a visual mask, or by an auditory mask.
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Trials in which the participants failed to make a response
before the trial was terminated (<1% of trials overall) were not
included in the data analyses. An ANOVA conducted on the d’
and p data with the factor Block type (empty interval, tactile
mask, visual mask, and auditory mask) revealed a significant
main effect on d’ [F(3,33)=29.44, p<.0001] and on p [F(3,33)=8.4,
p<.05]. A Duncan post-hoc test on the d’ data revealed a
significant difference in sensitivity between all block types (all
ps<.01) except between the empty interval and the auditory
mask blocks. The sensitivity of participants’ perceptual judg-
ments was higher in the empty interval block (mean: 2.3 =
0.18 S.E.) and the auditory mask block (mean: 2.2+0.18),
followed by the visual mask block (mean: 1.9+0.20), and lowest
in the tactile mask block (mean: 1.4+0.20) (see Fig. 2).

ADuncan post-hoc test on p revealed a significant difference
between the empty interval and the tactile mask blocks (p<.05)
and between the tactile mask and the auditory mask blocks
(p<.01). An ANOVA was conducted on the raw error data with 2
factors: Block type (empty interval, auditory mask, visual mask,
and tactile mask) and Presence versus absence of change
between the 2 patterns of stimuli composing the displays. The
analysis revealed a significant main effect of the Presence
versus absence of change [F(1,11)=53,32, p<.01], a significant
effect of Block type [F(3,33)=31,19, p<.0001], and a marginally-
significant interaction between these two factors [F(3,33)=2,79,
p=.056]. A Duncan post-hoc test revealed that the participants
made significantly more errors when there was a change than
when there was no change in all the conditions of stimulus
presentation (all ps<.001).
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Fig. 2 - Participants’ mean performance (d’ and B) for the 4
conditions tested in Experiment 2: empty interval, auditory
mask, visual mask, and tactile mask. The error bars
represent the standard error of the means.

An additional analysis was performed in order to assess the
influence of the spatial congruency between the side of the
participant’s body from where the mask was presented and
the side where the change occurred. The change in position
between the two to-be-compared patterns could occur on the
participant’s left or right (note that changes in position always
occur within the same hand). Similarly, the tactile and visual
masks could be displayed on the participants’ left or right
hand and the auditory mask could be presented on the left or
right side. An ANOVA was conducted on the raw error data for
those trials in which there was a change in position between
the two to-be-compared displays with 2 factors: Block type
(tactile mask, visual mask, and auditory mask) and Con-
gruency between the side of the change (i.e., right hand vs. left
hand) and the side of the mask (congruent vs. incongruent).
The analysis did not reveal any main effect of Congruency [F
(1,11)<1, ns], nor any interaction between Congruency and
Block type [F(2,22)<1, ns].

The results of our second experiment therefore revealed
that participants’ performance in detecting changes in posi-
tion between two tactile displays was impaired when a mask,
either tactile or visual, was introduced between the two to-be-
compared displays as compared with the empty interval con-
dition. Interestingly, however, the presentation of an auditory
mask did not have a deleterious effect on participants’
performance above and beyond that of the empty interval. It
might be argued that the absence of any effect of the auditory
mask can be accounted for by the fact that it was not presented
from the same spatial locations as the tactile stimuli (see Ho
et al., submitted for publication, on this point). Indeed, in our
experiments, both the tactile stimuli and the visual and tactile
masks were presented on the participant’s fingers whereas the
auditory stimuli were presented from in front of the partici-
pants (at a distance of 25 cm from the participant’s body
midline), via loudspeaker cones. One could therefore argue
that a mask might impair the detection of positional changes
between two stimulus displays presented in another sensory
modality only when there is a spatial congruency between
the position of the masks and that of the tactile stimuli. It is
worth noting that the results of the additional data analyses do
not point toward that hypothesis: That is, the congruency
between the sides where the tactile change and the mask were
presented (no matter whether the mask was auditory, visual,
or tactile) was not found to affect the performance of our
participants.

Moreover, it should also be noted that previous studies
using similar non-coincident conditions of stimulus presenta-
tion (e.g., tactile stimuli presented on the participants’ hands,
and auditory stimuli presented via headphones) have shown
the existence of audio-tactile interactions in previous research
(e.g., Guest et al., 2002; Jousmaki and Hari, 1998). In addition,
some other studies have suggested that the effect of the spatial
co-location between auditory and tactile stimuli on the nature
and magnitude of audio-tactile interactions might be weak or
non-existent (e.g., Lloyd et al., 2003; Murray et al.,, 2005;
Zampini et al., 2007). For example, Lloyd et al. (2003) reported
that the effect of auditory distractors on a task involving the
discrimination of the elevation of vibrotactile target stimuli
presented on their hands was larger when the auditory
distractors were presented from the same side as the
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vibrotactile targets than when they were presented from the
opposite side. However, the effect of the auditory distractors
was not modulated by the relative position of the hands with
respect to the loudspeakers presenting the auditory distrac-
tors. The results of these studies therefore suggest the
existence of cross-modal links between audition and touch
that can be independent of any spatial coincidence. However,
we attempted to more effectively rule out the possibility that
the distance from which the auditory mask was presented was
the reason why the auditory mask did not give rise to tactile
change detection performance in Experiment 2. To do so, a
final experiment was conducted in which the auditory mask
was presented from a loudspeaker cone that was now placed
directly below the participants’ fingers.

2.3. Experiment 3

In the third experiment, we investigated the influence of the
spatial congruency between the tactile pattern and the auditory
mask on change detection performance. The two to-be-
compared patterns of 3 tactile stimuli were separated by an
auditory mask that was displayed from either of two loudspea-
kers above which the participants rested their hands.

Trials in which the participants failed to make a response
before the trial was terminated (17% of trials overall) were not
included in the data analyses. An ANOVA conducted on the d’
and p data with the factor Mask (mask under the hand which
received 2 stimuli vs. under the hand that received just 1
stimulus) did not reveal any significant effect on d’ [F(1,13)=
2.66, p=.13] or p [F(1,13)<1, ns].

An additional ANOVA was performed on the raw error data
on the trials in which there was a change in position between
the two to-be-compared displays with 2 factors: Number
(change on the hand that received one stimulus vs. change on
the hand that received 2 stimuli) and Spatial congruency (the
auditory mask was displayed under the hand where the
change occurred vs. under the other hand). The analysis did
not reveal any effect of Number [F(1,13)<1, ns], nor any effect
of Spatial congruency [F(1, 13)<1, ns], nor any interaction
between these two factors [F(1,13)=3.17, p=.10].

The results of Experiment 3 revealed that when the tactile
pattern and the auditory mask were presented from the same
locations (on and under the participants’ fingers, respectively),
the influence of the auditory mask on participants’ perfor-
mance was the same no matter whether or not it was
presented from the same side as the change or from the
opposite side. This result suggests that, in the case of change
detection, the spatial congruency between the sides from
which the tactile change and the mask were presented do not
affect the magnitude of audio-tactile interactions.

3. Discussion

The three experiments in the study reported here were
designed to investigate participants’ ability to detect changes
in position taking place between two tactile patterns presented
on their fingers. Experiment 1 compared the ability of
participants to detect the presence of positional changes
between the two tactile patterns when these two patterns

were presented consecutively, separated by an empty interval,
or by a tactile mask of similar duration. Experiment 2 compared
participants’ performance when the two to-be-compared
tactile patterns were separated by an empty interval, or by a
tactile, visual, or auditory mask. Experiment 3 further investi-
gated the influence of the spatial congruency between the
auditory mask and changes in the tactile display under
conditions in which both were presented from close to the
participants’ hands.

The main result to emerge from the analysis of the results
of Experiment 1 was that change blindness was elicited when
an empty interval was inserted between the two to-be-
compared patterns (as compared to the condition in which
the stimuli were presented continuously on the participants’
skin). In addition, participants’ performance was further
impaired when a tactile mask was introduced between the
two to-be-compared displays. It should be noted that the
change blindness effect obtained in the empty interval and
tactile mask conditions might be seen as the tactile analog of
the visual change blindness effect obtained via the insertion of
a blank screen (e.g., Rensink et al., 1997) and via the insertion
of visual “mudsplashes” (e.g., O'Regan et al., 1999) between
two to-be-compared visual displays, respectively. We were
thus able to replicate the results recently reported by Gallace
and his colleagues (Gallace et al., 2006b, in press) where tactile
change blindness was demonstrated when the stimulus
displays were presented on participants’ body.

The main result to emerge from the analysis of the results
of Experiment 2 was that participants’ performance was
impaired by both the introduction of tactile and visual
masks as compared with the empty interval condition. This
result further highlights the similarities between the change
blindness phenomenon reported previously within vision,
audition, and touch. The possibility of eliciting tactile change
blindness by means of the presentation of visual distractors
provides behavioral support for the view that certain of the
processes underlying the detection of changes are multi-
sensory/amodal in nature (Downar et al., 2000). These results
might also be taken to support the view that spatial attention
is controlled cross-modally (e.g., Spence and Driver, 2004)
which is consistent with claims that human attentional
resources are not used to process information in an entirely
separate, or modality-specific, manner, but rather, processing
resources are considered to be shared among vision, touch,
and audition. In particular, the sudden presentation of a
stimulus in one sensory modality (e.g., touch) appears capable
of exogenously capturing a person’s attention in such a way
that the processing of stimuli presented in other sensory
modalities (e.g., vision or audition) at the same location is
facilitated (see Spence et al., 2004, for a review).

In the study reported here, the presentation of a tactile
mask between the two to-be-compared tactile displays had a
more detrimental effect on participants’ performance than
when a visual mask was used. This result might suggest that
distractors presented within the same sensory modality as the
change are more effective in drawing spatial attention to
themselves than are distractors presented in another sensory
modality. It should be noted that the results of Experiment 2
might also be taken to suggest that certain of the processes
underlying change detection in humans are modality-specific
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(accounting for the fact that participants’ performance was
more deleteriously affected by the presentation of a tactile
mask than by the presentation of a visual mask) whereas
others are multisensory (accounting for the influence of a
visual mask on tactile change detection).

In Experiment 2, the auditory mask (presented by means of
loudspeakers located in front of the participants) did not
impair participants’ performance as compared with the empty
interval condition. Experiment 3 was therefore conducted in
order to investigate whether the influence of the auditory
mask on tactile change detection performance might be
unaffected by the degree of spatial congruency between the
auditory mask and changes in the tactile displays. The results
revealed that the auditory mask (displayed by means of
loudspeaker cones located below the participants’ fingers)
had the same effect on participants’ performance no matter
whether or not it was presented from the same side as the
change. This result suggests that, in the case of tactile change
detection, performance might be independent of any spatial
congruency between the tactile target and the auditory mask.
In line with this hypothesis, it should be mentioned that
previous studies have shown that tactile change detection
performance is impaired by visual masks and this occurs both
when the participants viewed the visual distractors by directly
looking at their body and via a mirror reflection (Gallace et al.,
2006a).

The existence of dominance among sensory modalities
might explain the lack of effect of the auditory mask on tactile
change detection. It has been suggested that, for a specific
task, the information from one sensory modality will be
dominant over the information from another if it has a lower
level of variance (see Ernst and Banks, 2002; see also Bresciani
and Ernst, 2007, for similar claims regarding sensory dom-
inance as a function of the reliability of the tactile and auditory
signals). With regard to change detection, the results of the
present study show that visual distractors can impair tactile
change detection. By contrast, previous research by Auvray et
al. (2007) has shown that tactile distractors fail to affect visual
change detection. Similarly, it could be the case that, with
regard to the detection of positional changes, touch dominates
audition with, as a result, auditory distractors failing to impair
tactile change detection.

In addition, the asymmetries between the auditory, tactile,
and visual stimuli in terms of spatial interactions can provide
an explanation for the pattern of results reported in the
present study: Numerous studies on the interactions between
vision, touch, and proprioception have revealed the existence
of multisensory/amodal spatial representations that code
external events with respect to observers’ bodies (see Spence
and Driver, 2004, for a review). On the other hand, spatial
modulations do not always affect audio-tactile interactions
(see Kitagawa and Spence, 2006, for a review). One of the
reasons put forward by Kitagawa and Spence (2006) for this
absence of audio-tactile spatial interactions is that most of the
studies were performed with the auditory stimuli presented in
front of the observers. However, recent research has shown
that audio-tactile interactions are more prevalent for stimuli
that are presented in close proximity of the observers’ heads
than for stimuli presented in front of them, such as near the
hands (e.g., Zampini et al., 2005; see also Tajadura-Jiménez

etal., submitted for publication). Thus, the absence of an effect
of the auditory distractors on tactile change detection
observed in our study can perhaps be accounted for by the
fact that the tactile and auditory stimuli were presented from
the region of space around the participants’ hands. In order to
further highlight the interactions between audition, vision,
and touch, it would be interesting in future research to
investigate the influence of visual and tactile distractors on
the detection of changes between two auditory displays (cf.
Chan and Spence, submitted for publication).

In summary, the three experiments reported here further
highlight the similarities and differences between the change
blindness effects reported previously within vision, audition,
and touch. The larger effect of the tactile mask (versus visual
mask) on tactile change detection performance and the
absence of any effect of the auditory mask suggest that certain
of the processes underlying change blindness are modality-
specificin nature. In addition, the possibility of eliciting tactile
change blindness with visual distractors suggests that some
similar mechanisms may contribute to the change blindness
effects observed within the visual, tactile and auditory
modalities (see Downar et al., 2000).

4, Experimental procedure
4.1. Participants

Twelve participants (7 females and 5 males) took part in
Experiment 1 (mean age of 21 years, range of 19-26 years).
Twelve new participants (8 females and 4 males) took part in
Experiment 2 (mean age of 20 years, range of 18-24 years), and
a further 14 new participants (6 females and 8 males) took part
in Experiment 3 (mean age of 25 years, range of 20-28 years).
All of the participants had normal or corrected to normal
vision and reported normal tactile and auditory perception.
They received a five pound (UK Sterling) gift voucher in return
for their participation. The experiment took approximately
45 min to complete and was performed in accordance with
the ethical standards laid down in the 1991 Declaration of
Helsinki.

4.2. Apparatus and materials

The participants were presented with tactile stimulus pat-
terns delivered by means of eight resonant-type tactors (Part
No: VBW32, Audiological Engineering Corp., Somerville, MA,
USA) with 1.6x2.4 cm vibrating surfaces. The vibrators were
driven by means of a custom-built 9-channel amplifier circuit
(Haptic Interface Research Laboratory, Purdue University,
Indiana, USA) that drove each tactor independently at 290 Hz
(close to its resonant frequency). One tactor was placed on
each finger of both of the participants’ hands (see Fig. 3).

The intensity of each tactor was adjusted individually at the
beginning of each experimental session in order that each
vibrotactile stimulus could be perceived clearly, and that all of
the vibrotactile stimuli were perceived to be of a similar
intensity. The amplification levels of the tactors were kept at
their individually-chosen levels throughout the experiment.
Stimulus presentation was controlled through the serial port of
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Time First tactile pattern (600 ms)

Empty interval (150 ms)

No change

Second tactile pattern (600 ms)

Fig. 3 — Schematic figure highlighting the change and no change conditions during the empty interval block of Experiments 1
and 2. The black circles represent the activated tactors and the grey circles represent the non-activated tactors.

a laptop computer running custom software written in Matlab
6.0. White noise was presented over closed-ear headphones at
70 dB(A) to mask any sound made by the activation of the
tactors.

4.3. Procedure of experiment 1

The participants completed three experimental conditions in
three separate sessions, respectively. In one condition, the two
to-be-compared tactile patterns were presented consecutively
for 600 ms each. In the second condition, the two patterns
were separated by a 150 ms empty interstimulus interval. In
the third condition, the two patterns were separated by a
50 ms empty interstimulus interval, followed by a 50 ms mask,
and then a second 50 ms empty interstimulus interval. The
mask consisted of the activation of one of the tactors. The
order of presentation of these three experimental conditions
was randomly varied across participants.

In each block of trials, the stimulus patterns consisted of
the activation of 3 tactile stimuli. In half of the trials, 2 stimuli
were presented on the left hand and one stimulus on the right
hand, and the reverse in the other half of the trials. In
addition, in half of the trials, the two patterns of stimuli were
presented from the same locations (“no change condition”)
and in the other half of the trials, one of the stimuli com-
posing the first pattern moved to a different position within
the same hand when the second pattern was presented
(“change condition”) (see Fig. 3). Finally, in the tactile mask
block, the mask was displayed on the participant’s right hand
in half of the trials and on the participant’s left hand in the
other half of the trials. Within a given hand, the positions of
the tactors constituting the display and the mask were
randomized across the trials.

The participants sat on a chair, in an experimental
chamber, for the duration of the experiment. Their hands
rested on a table in front of them and theirright foot was placed

on two footpedals. The participants were instructed to raise
their heel as soon as they detected that a change in position
had occurred between the two sequentially-presented stimu-
lus patterns and to raise their toes if there was no change in the
displays (half of the participants performed the experiment
with the reversed footpedal arrangement: raising their toes if
they decided that a change had occurred and their heel
otherwise).

Before completing the experimental conditions, the parti-
cipants were given 10 practice trials in each of the 3 different
conditions. Next, they completed 128 test trials per experi-
mental condition with each participant completing 384 trials
in total. The participants were able to make their unspeeded
discrimination response at any time up to 4000 ms after the
onset of the second pattern (at which point the trial was
terminated). No feedback was given regarding the correctness
of the participants’ responses.

4.4. Procedure of experiment 2

The materials and procedure were the same as those reported
for Experiment 1 with the following exceptions: green LEDs
were now mounted at the same position as the tactors. The
participants were able to see the LEDs by looking directly at
their fingertips. Two loudspeakers were placed on the table
upon which the participants rested their hands, 25 cm to the
left and to the right of their body midline. The participants
completed four separate blocks of 128 trials with each
participant completing 512 trials in total. The order of
presentation of the four blocks was randomly varied across
the participants. In one experimental condition, the two to-be-
compared tactile patterns were separated by a 150 ms empty
interstimulus interval. In the other three conditions, the two
patterns of tactile stimulation were separated by a 50 ms
empty interstimulus interval, followed by a 50 ms mask, and
then by a second 50 ms empty interstimulus interval. In one of
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these 3 conditions the mask consisted of the activation of one
of the tactors, in the second condition the mask consisted of
the activation of one of the LEDs, and in the third condition the
mask consisted of the presentation of a 100 dB(A) white noise
sound from one of the two loudspeaker cones. In this
experiment, the participants did not wear headphones in
order not to impair their ability to hear the auditory mask.

4.5. Procedure of experiment 3

The materials and procedure were the same as those reported
for Experiment 2 with the following exceptions: The partici-
pants rested each hand over a loudspeaker cone, one placed
25 cm to the left and to the right of their body midline on the
table in front of the participant. The participants completed
128 trials in which the two to-be-compared displays consisted
of the sequential presentation of three tactile stimuli. The two
displays were presented for 600 ms each separated by an
“auditory mask” consisting of a 50 ms empty interstimulus
interval, followed by a white noise burst presented at 100 dB(A)
for 50 ms and then by a second 50 ms empty interstimulus
interval.
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