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Abstract

The inability of people to detect changes between consecutively presented visual displays, when separated by a blank screen or distract
known as “change blindness”. This phenomenon has recently been reported to occur within the auditory and tactile modalities as well. To d.
however, only distractors presented within the same sensory modality as the change have been demonstrated to produce change blindness.
present experiment, we studied whetherile change blindness might also be elicited by the presentationiof@ mask. Participants made same
versus different judgments regarding two successively presented displays composed of two to three vibrotactile stimuli. While change detec
performance was near-perfect when the two displays were presented one directly after the other, participants failed to detect many of the cha
between the tactile displays when they were separated by an empty temporal interval. Critically, performance deteriorated still further when
presentation of a local (i.e., a mudsplash) or global visual transient coincided with the onset of the second tactile pattern. Analysis of the res
using signal detection theory revealed that this crossmodal effect reflected a genuine perceptual impairment.
© 2006 Published by Elsevier Ireland Ltd.
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Change blindness is the name given to the surprising inabiler three discrete vibrotactile stimuli) presented over the body
ity of people to detect even obvious visual changes betweesurface. Moreover, tactile change blindness has been demean-
consecutively-presented visual scenes. The phenomenon hstsated to be more pronounced when tactile distractors are super-
been reported when irrelevant visual transients are presentémiposed on the display at the moment of chafigg14] ina
between the to-be-compared displays (d10,20,27,30,39] similar fashion to that reported previously using the visual muds
Many different stimuli/events have been shown to elicit visualsplash paradigrf27]. 46
change blindness when presented between the two to-be- Although tactile change blindness occurs for stimulus dis~
compared scenes: These include blank (or black) screens (e.glays consisting of smaller numbers of tactile stimuli than fos
[28]), eye blinks[26], saccades (e.g[19]), movie cuts (e.g., vision, the existence of a number of similarities between the
[21]), and multiple discrete masking elements known as “mudchange blindness phenomena in the two sensory modalitigs
splashes” (e.g[27]; see alsd31,39). suggests the possibility of a common underlying mechanisgn
Change blindness has also been reported within the audfsee[13,14). Previously, we suggested that change blindness
tory modality (e.g.[5,9,40) and more recently within touch in vision as well as in touch might be related to the failure ofs
[12-14] In particular, recent studies conducted in this labora-a stimulus within a multisensory/amodal spatial representatian
tory have demonstrated that participants frequently fail to deteavhere the change took place to reach awareness and/or draw
the presence of positional and identity changes between simp#patial attention to it. 56
consecutively-presented vibrotactile patterns (composed of two Inthe present experiment, we specifically addressed the ques-
tion of whether change blindness in different sensory modalities
may have a common underlying substrate (perhaps related to the
* Corresponding author. Tel.: +44 1865 271380; fax: +44 1865 310447.  crossmodal nature of attention and/or the crossmodal represen-
E-mail address: alberto.gallace@psy.ox.ac.uk (A. Gallace). tation of space; e.g[34]). In particular, we postulated that if the e

0304-3940/$ — see front matter © 2006 Published by Elsevier Ireland Ltd.
doi:10.1016/j.neulet.2006.01.009
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principal cause of change blindness relates to the existence of a Thirteen right-handed participants (seven males and six
multisensory/amodal system used to process and integrate infdemales) took part in this 25 min experiment as paid volunteers
mation, then the detection afcrile changes should be impaired (mean age of 26.8 years, range of 19-33 years). 73
not only when tactile transients are preserjigd], but also when Participants sat on a chair for the duration of the experi=
visual transients are presented at the time of the tactile changenent. The vibrotactile stimuli were presented by means of six
Therefore, participantsin the present study had to detect the pressonant-type tactors (Part No: VBW32, Audiological Engi-e
ence of positional changes between two tactile displays (changegering Corp., Somerville, MA, USA) with 1.6cm2.4cm
occurred on 50% of trials) during the concurrent presentation ofibrating surfaces. The tactors were placed on the participants
a visual mask or of a visual mudsplash (§28]). body on top of any clothing they happened to be wearing by
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Fig. 1. (A) The positions on the body surface where the tactors and LEDs were placed. (1) left wrist; (2) just above the left elbow; (3) midway bethesratite
shoulder on the right arm; (4) on the waistline, to the right of the body midline; (5) just above the left ankle; and (6) midway between the ankle atlekrigito
leg. Schematic illustration of the sequence of events presented in each trial of the experiment: (B) no interval; (C) empty interval; (D) vigig! coasldent
visual mudsplash; (F) non-coincident visual mudsplash. The numerical values shown above each figure indicate the duration (in ms) of the evedt8tarice
discs represent vibrotactile stimuli and light grey discs (with black borders) visual stimuli. (Note that the visual stimuli were seen on gfanpstimily via mirror
reflection.)
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means of Velcro strip belts. Green LEDs were mounted at thearticipant’s response. Participants were instructed to respand
same position as each tactor but on the other side of the belés accurately as possible. Eighty trials were presented in eaeh
(seeFig. 1A, for the position of the tactors and LEDs on the experimental condition. In 50% of the trials, a positional change
body). The vibrators were driven by means of a custom-built 9between the two patterns was presented, and in the remainiag
channel amplifier circuit (Haptic Interface Laboratory, Purduetrials no change occurred. Each participant completed 400 trials
University, Indiana, USA) that drove each tactor independentlyn total. 142
at 290 Hz (close to its resonant frequency). Trials in which participants failed to make a response (<1%

The intensity of each tactor was adjusted individually at theof trials overall) were not analysed. The percentages of correet
beginning of the experiment, so that each vibrotactile stimulusnd erroneous change detection responses were used to caicu-
could be perceived clearly, and all of the tactile stimuli werelate a measure of perceptual sensitivi§) @nd criterion 8), s
perceived to be of similar intensity. The amplification levels forfor each block type using signal detection thef@8]. These 1«
the tactors were kept at their individually-chosen levels throughmeasures were submitted to a repeated measures ANOVA with
out the experiment. White noise was presented over closed-etre factor of Block Type (five levels: no interval, empty intervalss
headphones at 70 dB(A) to mask any sounds made by the openmaen-coincident visual mudsplash, coincident visual mudsplash,
tion of the vibrotactile stimulators. A 65 csn90 cm mirror was — and visual mask). The analysis of the sensitivity data revealed.a
placed 100cm in front of the participant (measured from thesignificant main effect of block type{4,48) = 13.5p <.0001]. 1
upper edge of the mirror to the participant’s eyes). The abilityA Duncan post-hoc test revealed significant differences between
of participants to correctly detect the visual stimuli presentedhe no interval condition and all of the other block types (alk
from each body location was confirmed at the beginning of thep <.05). The differences between the empty interval conditian
experiment for each participant. and each of the block types were also significant £&l.05). 1se

The stimuli consisted of two patterns, equiprobably com-None of the other differences (i.e., between any of the three
posed of two or three vibrotactile stimuli. Both patterns werevisual masking conditions) reached statistical significance. The
presented sequentially, and their duration was set at 1000 nigwestd’ value was observed in the visual mask condition and
(i.e.,we adopted the “one shot” procedure used in previous visudhe highest value (signifying the most accurate performance)in
change blindness experimer&}). The positions of the stimuli  the no interval condition (sdeig. 2A). 161
were chosen randomly between all possible combinations of the The analysis of the response bias data revealed a significant
six body sites stimulated. In the no change trials, the two vibramain effect of Block Type F(4,48)=3.72;p<.05]. A Dun- 1es
tory patterns were identical. In the change condition, one of thean post-hoc test revealed significant differences between the
vibrotactile stimuli composing the second pattern was presenteab interval condition and all of the other experimental condiss
from a different position. The intertrial interval (ITl) was set at tions (allp <.05). None of the other differences were significantss
600 ms.

The experiment was composed of five different blocks, pre-  ,¢_
sented in a randomized order between participants. In one block

of trials, the vibrotactile stimuli were presented sequentially 41
without any gap between them (no interval condition). In the 5|
other four blocks, the two patterns were always separated by ©

a 50-ms empty interstimulus interval (¢fL2,14). In one of 31
these blocks, no visual stimuli were presented (empty interval . |
condition). In the remaining three blocks, a visual transient was

presented for 100 ms at the same time as the onset of the seconc 2

iImm

vibrotactile pattern. In one block, all six LEDs were illuminated I ﬁ:;?xtrix coiﬁ;’;},nt CO\',?SCL',(;TN Visual mask
(visual mask condition). In the remaining two blocks, only one visual  mudsplash

of the LEDs was illuminated (visual mudsplash conditions). The ” BTSEEPRS;;

position of the LED that was illuminated was chosen randomly

from amongst those body positions that weate-coincident 07

with any of the tactile stimuli composing either of the two vibro- ;
tactile patterns (non-coincident visual mudsplash condition) in 0.5

one block, and the body positions that wesécident with the w04
position of the changed location (in the second tactile pattern) 8'2
in the other block (coincident visual mudsplash condition; see 01 m

Fig. 1B—F for a schematic illustration of the experimental con- 0
ditiOﬂS). No interval ‘Emptyl ‘No_r;- ; Coincidn‘em Visual mask
- i .
The participants pressed one of two keys on a computer key- mens CO\',?SCL;n muvd'zl;]aash
board depending upon whether or not the second vibrotactile mudsplash
pattern was the same as the first. The trial was terminated if &) Block Type

no response was made within 4s of the offset of the seconglg. 2. performance in each experimental block: (A) mé¢aralues; (B) mean
pattern. No feedback was given regarding the correctness of @values. Error bars represent the standard errors of the means.
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The highes value was observed in the non-coincident visualmakes any direct comparison between the two experimerts
mudsplash condition and the lowest value in the no intervadifficult. 207
condition (seeFig. 2B). The significant effect reported fg# The mostimportant finding to emerge from the present expes
appears to be related to the near-perfect performance observimglentis the significant difference between all of the conditions in
in the no interval block of trials (witl8 close to zero indicating which a visual stimulus was presented at the time of the change
little response bias). Therefore, the differences in performanc@he mudsplash and mask conditions) and the condition in whigh
reported between the various different blocks of trials appear tan empty interval separated the presentation of the two tactile
be determined by a change in participant’s sensitivity rather thapatterns. Given that in both conditions the duration of the tems
by a change in response bibs. poral gap between the two patterns was the same (50 ms), ihe
The results showed a significant difference in people’s sendecrease in performance observed in the visual mask and nmud-
sitivity between the condition in which the two tactile displays slpash conditions can only be attributed to the presence of the
were temporally separated and the condition where they wenrgisual transients interfering with tactile discrimination perforaz
presented without interruption on the body surface. This resultnance. This result clearly shows that tactile change blindness
confirms the existence of tactile change blindness when peoptannot only be elicited by masking within the same sensosy
have to detect the presence of a positional change between twaodality as the chandgé?2], but also by “masking” presented inzzo
sequentially-presented vibrotactile pattefh%,12] More sur-  adifferent sensory modality. Such a crossmodal effect on change
prisingly, our results also demonstrate that the phenomenon caletection performance cannot, however, simply be attributed:to
be elicited when aransient (or change) occurs simultaneously some form of low-level sensory masking (E£7,33)), and must 2
in adifferent sensory modality (here vision). Participants’ sen-instead reflect some form of higher-order central masking (e.gs,
sitivity to detect the occurrence of a change between the twl,4]; cf. [18]). Furthermore, it is also worth noting that thess
vibrotactile displays decreased (as compared to the empty inteirfluence of the visual distractors on tactile change detectiesn
val condition) when a “visual” mask or distractor (mudsplash)performance in the present study does not reflect response bias

coincided temporally with the tactile change. (i.e., as measured by thevalue), but would instead appear to2s
No significant performance differences were reportechighlight a genuine perceptual effect (as indexed by the redus-
between the spatially-coincident and spatially non-coincidention in perceptual sensitivity, as measuredd)y 230

visual mudsplash conditions. At first glance, this result would We previously proposed that change blindness in vision as
appear to conflict with the results of a unimodal visual studywell as in touch might be related to people’s lack of awareness
of change blindness obtained by O’'Regan ef{2f] using a  of, and/orinability to direct attention to (or to be captured by), thes

mudsplash paradigm. They reported that when a single blaclspatial position where a change was represented (or occurred)
and-white textured rectangle (instead of multiple mudsplashesyithin a multisensory/amodal representafiv®,14] This might  2ss
briefly covered the location of the change at the moment obe the result of competition between the representation of diffes
change in the display, participants were able to detect thent concurrently stimulated positiof], and/or of the limited 2s»
presence of the change fairly accurately. However, the fact thafivailability of human information processing resour¢48]. 2
(a) the change in O’Regan et al.'s study was not a positionalright et al. reported that visual change detection performanse
change but an onset or offset change (i.e., an object either being influenced by the number of stimuli presented in a display
added to or removed from the display); (b) O'Regan et al. usedi.e., the higher the number of stimuli, the worse the perfosa
a very different “unimodal” visual set-up; and (c) the visual mance). Interestingly, recent results from numerosity judgment

and tactile stimuli were never actually spatially-coincident instudies obtained using multisensory stimulus presentation have
the present study, but were instead seen via mirror reflectioshown that the system responsible for processing informatien
regarding spatial location is limited multisensorially in termss

of the number of stimuli that can access consciousness, deaw

1 We performed a second experimeNt(12 participants) in order to deter- attention to themselves, or else elicit a response, regardless.of
mine whether a visual mudsplash or mask would also impair tactile changeéheir sensory modality of presentatifi8,14] Consequently, it 2

detection performance when the visual stimuli were not presented on the pafﬁight be plausible that if change blindness reflects the failure
ticipant's body. The methods were the same as in our main experiment with

the following exceptions: (1) the visual stimuli were presented on a wall 2 mOf a stimulus (presentEd In-agiven spatlal position _Where tbe
in front of the participant (the positions of the visual stimuli were the sameChange took place) to reach awareness and/or spatial attertion

as those adopted in the main experiment but linearly projected onto the walto itself within a multisensory/amodal spatial representation;
while maintaining similar visual angles between the stimuli); (2) in the mud-visual distractors should be expected to be effective in eliciting
splash condition only non-coincident mudsplashes were used. The results of ctile Change blindness (as demonstrated for tactile distrage-

ANOVA performed on the ‘tdata showed a significant effect of the experimental . 2 . . .
condition [F(3,33) = 3.82jp <.05]. A Duncan post-hoc test revealed significant tors; [13'14])' These are prECISely the results obtained in the

differences between the visual mask and no-interval conditions, and between the

mudsplash and the no-interval conditions gatl.05), but not between the others

conditions. A borderline significant difference was found between the empty- 2 A further experiment was also conducted in order to investigate whether

interval and mudsplash conditiopn%.058). As for the experiment reported in  visual change blindness would be elicited by the presentation of tactile distrac-
the main text, no significant differences were found on the analysis of the bettors. The methods were the same as our main experiment with the only difference
values F(3,33) <1; n.s.]. These results therefore show that visual stimuli nobeing that the patterns to-be-compared were visual while the distractors were
matter or they are presented on the participant’s body (i.e., in the same positidactile. However, performance in this visual change blindness experiment was
as the vibrotactile stimuli), can impair tactile change detection performance. nearly errorless in all of the experimental conditions (i.e., when tactile distrac-
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present study. Indeed, when concurrent transients are presentBdcited references 302
from different spatial positions, they compete for access to con-
sciousness and/or to capture attention ([§3psee alsq24]; [3,8,15,16,22,29,37,38] 303
cf. Lamme, 2003). Therefore, it would appear that in situa-
tions where unimodal transients are suppressed, and the numb®tknowledgements 304

of positions stimulated (regardless of the sensory modality of

that stimulation) exceeds a certain limit, change blindness may A.G.was supported by a grant from the Universita’ di Milanes
well be observed. Alternatively however, the possibility thatBicocca, Italy. 306
change blindness may be elicited by the competition to elicit H.Z.T. and C.S. were supported by a Network Grant froew
awareness/draw attention between the representations of stitfte Oxford McDonnell-Pew Centre for Cognitive Neurosciences
uli irrespective of their spatial location cannot be ruled out onCorrespondence regarding this article should be addresseebsto
the basis of the present results. This important matter should b&lberto Gallace, Room B121, Department of Experimental Psye

further addressed in future research. chology, University of Oxford, Oxford, UK, OX1 3UD. E-mail: a1
Interestingly, our results show that it is not only visual tran-alberto.gallace @psy.ox.ac.uk a12

sients presented on the body itself but also visual stimuli pre-

sented at some distance from the participants (2 m) that can elidkeferences 313

tactile change blindnegsThis result suggests that the multisen-
sory/amodal representation in which the stimuli compete for[1] E.A. Alluisi, B.B. Morgan Jr., G.R. Hawkes, Masking of cutaneousis
access consciousness and/or draw attention to themselves (Cf. sensations in multiple stimulus presentations, Percept. Motor Skills 26
; . . " (1965) 39-45. a1
[7]) is nota bOdy_baS_ed reprefsentatlon’ but may instead CO.nStI[_Z] J. Atkinson, F.W. Campbell, M.R. Francis, The magic numbetQt a 317
tute a more allocentric or environmental spatial representation. * new look at visual numerosity judgements, Perception 5 (1976) 327334,
Responsesto atargetinagiven sensory modality (for examplgs] P. Bertelson, B. de Gelder, The psychology of multimodal perception, ie
touch) are faster and more accurate when spatially-non predic- €. Spence, J. Driver (Eds.), Crossmodal Space and Crossmodal Atten-
tive cues (in either the same or different sensory modality) are__ tion. Oxford University Press, Oxford, 2004, pp. 151-177. st
d relativelv close in space and time to the target (ar[|4] J. Brehau‘t, J.T. I_Enns, V. Di Lollo, Visual masking plays two roles in2.
presente _re y p 9 ; the attentional blink, Percept. Psychophys. 61 (1999) 1436-1448. 323
effect that is often referred to as “crossmodal exogenous spatigk) j.s. chan, C. Spence, Change deafness: an auditory analogue of visual
attentional cuing”; e.g., s485], for a recent review). Although change blindness? Acta Psychologica, submitted for publication. 32
the contribution of multisensory integration versus covert spa-[6] G.G. Cole, R.W. Kentridge, A.R.H. Gellatly, C.A. Heywood, Detectabilsz
tial attention to the behavioural effects that have been observed Y f onsets versus offsets in the change detection paradigm, J. Visian
. X T y 3 (2003) 22-31. a8
in such cuing studies is still a matter (_)f Som_e debate_ (Bal” [7] R. Desimone, J. Duncan, Neural mechanisms of selective visual attem-
see Spence et gi35,36], for recent discussion of this issue), tion, Annu. Rev. Neurosci. 18 (1995) 193-222. 330
it appears clear that stimuli presented in one sensory modalg] J. Driver, C. Spence, Attention and the crossmodal construction of spags,
ity interact with the spatial processing of stimuli presented in  Trends Cognitive Sci. 2 (1998) 254-262. . 332
another sensory modality, regardless of their task-relevance. Th&! R- Eramudugolla, D.R.F. Ivine, K.I. McAnally, R.L. Martin, J.B. Mat- 3

. . . . tingley, Directed attention eliminates ‘change deafness’ in complex audis
results of the experiment reported here are consistent with this tory scenes, Curr. Biol. 21 (2005) 1108-1113. sas

observation but here using a completely different experimengio] r.s. French, The discrimination of dot patterns as a function of numbes
tal paradigm (i.e., one involving pattern perception and change and average separation of dots, J. Exp. Psychol. 46 (1953) 1-9. a7
detection), thereby strengthening the claim that a multisensory1] A. Gallace, H.Z. Tan, C. Spence, Failure to detect tactile change:sa
representation might be responsible for spatial processing and tactile equiyalent to the change blindness phenomenon. Psychonomic
L . . Bull. Rev., in press. 340

the awareness of spatlal mformatlo_n (6[34], see alsc[41_]). . [12] A. Gallace, H.Z. Tan, C. Spence, Numerosity judgments for tactile stins:
The results of the present experiment show for the first time ;i gistributed over the body surface, Perception, in press. 342
that tactile change blindness can be elicited by the present@s] A. Gallace, H.Z. Tan, C. Spence, Multisensory numerosity judgmentas
tion of visual transients, therefore strengthening the claim that Percept. Psychophys., submitted for publication. ' 344
change blindness may in fact be a multisensory phenomend#! A- Gallace, H.Z. Tan, C. Spence, Tactile change blindness fors

o . . onset/offset events following tactile mask and mudsplashes. Percept.
related to the competition between transients in terms of captur- Psychophys., submitted for publication. wr

ing attention and/or eliciting awareness. [15] F.A. Geldard, C.E. Sherrick Jr., Multiple cutaneous stimulation: thes
discrimination of vibratory patterns, J. Acoust. Soc. Am. 37 (1965
797-801. 350
[ [16] A.R.H. Gellatly, G.G. Cole, Accuracy of target detection in new-objec:
tors were presented, when an empty interval was presented between the displays and old-object displays, J. Exp. Psychol.: Hum. Percept. Perform. 26

and when the two visual patterns were presented without any interval between (2000) 889—-899. 353
them). This null effect is probably related to the small number of visual stimuli[17] G.A. Gescheider, R.K. Niblette, Cross-modality masking for touch arshs
used in the display (2 or 3, i.e., the same number used in the main tactile change hearing, J. Exp. Psychol. 74 (1967) 313-320. 355
detection experiment). Note that this number of stimuli falls below the visual[18] B. Giesbrecht, W.F. Bischof, A. Kingstone, Visual masking during thess
“subitizing” limit (i.e., the limit on people’s ability to report errorlessly the num- attentional blink: tests of the object substitution hypothesis, J. Exp. Psyr
ber of items presented in a visual display when this number does not exceed the chol.: Hum. Percept. Perform. 29 (2003) 238-258. 358

limit of 4-5 units), as demonstrated by studies of visual numerosity judgmentgl9] J. Grimes, On the failure to detect changes in scenes across saccades,
(e.g.,[2]). By contrast, people appear unable to subitize tactile stimuli presented  in: K. Atkins (Ed.), Percept.: Vancouver Studies in Cognitive Sciencego
on their body[12]. vol. 5, 1996, pp. 89-109. 361
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