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Abstract

When viewing a three-dimensional Necker cube with one eye, participants can experience illusory reversals even while they feel the ct
with their hands. This surprising property of the visual-haptic Necker cube affords a unique opportunity to investigate temporal constraints
interactions between vision and touch during extended observation of a three-dimensional object. Our observers reported reversals while
viewed the cube and, at the same time, they either held it with two-finger grips, felt it with while their hands remained stationary, or active
explored it by moving one hand. Consistent with a multisensory approach to three-dimensional form perception, touch had a clear effect on both
number and the duration of illusory percepts. Additionally, when observers alternated between stationary and moving periods during explorati
transitions from stationary to moving-hand haptics played a crucial role in inhibiting illusory reversals. A temporal analysis of the praobability
first reversals occurring after different types of motor transition revealed a “vetoing window” initiating approximately 2 s after the trartsition an
lasting at least another 1-2 s. Implications for multisensory processes during exploration are discussed.
© 2006 Published by Elsevier Ltd.

Keywords: Vision; Touch; Haptics; Perceptual exploration; Intersensory conflict; Intersensory merging; Intersensory vetoing

1. Introduction rect decision would be that the two signals are not to be merged
at all. What process makes this kind of decisions in the human
Perceiving the three-dimensional structure of an object ofteperceptual system? 19

involves merging vision and haptics over extended periods of Technically, the problem of handling intersensory discrepe
exploration. An interesting feature of this process is that asncies that arise during bimodal exploration may be solved hy
exploration progresses, new information may require changindifferent strategies (for a recent review, demst & Bulthoff, 2
how the two sensory signals are treated. Suppose you were [00R004). For instance, the system may merge the two signals by
ing at a simple object, say a cup, while you also explore it withperforming a weighted sum of the bimodal signals (bimodak
one hand. If the hand is feeling the front of the cup, eye and hanithtegration). It is generally believed that such integration tends
inform about the same properties (such as local curvature, size occur for signals at similar spatial and temporal positions
and so on). In this case merging the two sensory signals woulfseeStein & Meredith, 199Band that the weights entered inz
be justified, and presumably advantageous. But if, instead, thine computation are based on the relative reliability of the twea
hand touches in the back of the cup, haptics may detect progensory channels (s&enst & Banks, 200R As an alternative, 2
erties that are not available to vision. For instance, a changdifferent bimodal signals may be handled by a more complex
in surface curvature at the junction with the cup’s handle, or aperation whereby complementary aspects of bimodal informa-
differently shaped cup nearby. That the two signals should b&on are coordinated (bimodal combination). For instance, the
merged is now less obvious. In many such cases, in fact, the cgperception of three-dimensional shape may combine informa-
tion about the back of an object, which is typically acquired bys
touch, with information about its front, which is readily avail-ss
* Corresponding author. able to vision Newell, Ernst, Tjan, & Bilthoff, 200]). Finally, s
E-mail address: nick@psico.univ.trieste.it (N. Bruno). discrepant signals may be dealt with using internally represented

0028-3932/$ — see front matter © 2006 Published by Elsevier Ltd.
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Fig. 1. Drawings of the Necker cube and of its two alternative interpretations, with a photograph of a 3D model of a cube that can be held in the hands.

knowledge that one sensory channel is more trustworthy under In this paper, we intend to investigate this issue by study-
certain conditions (i.e. the “modality appropriateness” hypotheing sensory discrepancies in a visual-haptic Necker cube. The
sis ofWelch & Warren, 1986Chapter 25; see aldacobs, 2002  Necker cube is a well-known reversible figuiéeCcker, 1982 ¢
Such a priori bias in favor of one channel may cause the othdress well known is that reversals occur, under monocular view-
channel to be discarded (i.e. the “visual capture” observed bing, also with actual 3D models of the cubdéd. 1) and even =
Rock & Victor, 1964. when such 3D models are explored hapticalBh¢pland &
Itis currently unclear whether the human perceptual systen®regory, 1964 This is striking, when one considers the per+

is strong evidence that merging consistent sensory signals iridical shape, which matches the shape felt by the hands. The
often modelled very well by an integration approagétiefs &  other, however, is a truncated pyramid pointing in the opposite
Burr, 2004 Ernst & Banks, 2002van Beers, Sittig, & van der direction relative to that felt by the hands. When experiencing
Gon, 1999. This scheme may be extended to deal with incon-+this second percept, one somehow has the impression that the
sistent signals in several ways. For instance, the system maybe looses its rigidity, or that one’s wrists are bent atimpossible
monitor changes in the quality of sensory signals as conditionangles, consistent with the visually reversed shape instead of the
change during exploration. This could then resultin intersensorpaptically felt one. Odd as they are, these experiences seemito
reweighting Gepshtein & Banks, 2003r recalibration Ernst,  be due some kind of bimodal process. Evidence for this concle-
Banks, & Hilthoff, 2000. These processes would effectively sion is provided by changes in the frequency of reversals as well
give greater importance to the most reliable of the discrepant sigas durations of perceived alternatives. For instance, reversal fee-
nals. Note that reweighting that assigns a near-zero weight to orpiency decreases when seeing and touching the cube, relative
ofthe channels is equivalent to discarding it. Note also, howevetp when one sees it but cannot touchShepland & Gregory, ss
that reweighting or recalibration may just as well be performedl964). The average duration of bimodally consistent percepts is
on the basis of a priori biases. For instance, in many situationgarger than that of inconsistent percegiado & Ashida, 2003 s
the system may be biased to use haptic information as the stan- The above effects suggest that the visual-haptic Necker cube
dard for recalibrating visual inputsAtkins, Fiser, & Jacobs, is an excellent model to investigate bimodal processes duriag
2001). This process is reminiscent of earlier theories in philoso-extended periods of exploration. For instance, although natusal
phy Berkeley, 1709and cognitive psychologyPfaget, 193y,  objects do not ordinarily reverse in depth, spontaneous reversals
Given alternative mechanisms for reweighting and recalibrationin the cube provide an interesting opportunity to assess adaptive
we need further information about bimodal processes duringrocesses that take place when previously consistent bimodal
exploration before we can distinguish between candidates.  signals begin to conflict. As we have argued at the beginning ef

NSY 2225 1-7



96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119
120
121
122
123
124
125
126
127
128

129

130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147

148

149
150

+ Model

N. Bruno et al. / Neuropsychologia xxx (2006) xxx—xxx 3

the paper, such conflict can take place when the hand explorésolving human participants provided by the Universities of Trieste and Livets:
locations that are not immediately visible, such as those in theool. 152
back of objects In addition by tracking reversals as they are Participation in the experiments was preceded by training sessions. Thase

. d under diff t hapti diti Id obt .served the purpose of demonstrating Necker cube reversals, of insuring tkat
éxperienced uncer aiierent haptic conditions, one could o alBarticipants could identify them when they occurred, and of standardizing the

information about bimodal processes occurring when the qualityerpal responses that were recorded. Once the training session was conclueed,
of information provided by separate sensory channels changearticipants began their experimental sessions. In the three intermodal condi-
over time. tions of the first study, these consisted of five 1-min runs for each of the three

To address these questions, we present two coordinated Stlvr@d(perimental conditions described below, in random order. In the two contred

ies. In the first. we varied the qualitv of information for 3D sha eunimodal conditions of the first study, they consisted of four 2-min runs faso
Ies. Irst, we vari quality ot Information for shap each of two of the three main conditions. In the second study, finally, they casr

p_VOVided by haptics by Cha.nging conditions L separate Segsted of four 2-min runs consisting of alternations between hand-stationary asd
sions. The aim was to replicate known haptic effects on Necketiand-moving periods. Participants were allowed rest periods between runsesif
cube reversals and percept duratioAsdo & Ashida, 2003 they requested them. At the endjveaparticipants were debriefed regarding thass
Shopland & Gregory, 19§4nd to confirm that these effects are ams of the study. 165

. . . In the first study, the training session began by showing participants the 38
indeed due to haptlcs (and not to confounded visual changes). l\lr)acker cube. Once participants noticed that they could invert the cube under

the Se(fond study, we varied tactile informatior.] within Se_SSionﬁmnocular viewing, we drew their attention on how the alternating percepts

by asking observers to alternate between periods of active andrresponded to different positions in depth as well as to different 3D shapss.
y

passive touch. This second study was aimed at obtaining infoAfter this, we told them that in the study they were going to hold the cube im

mation about the temporal dynamics of bimodal interactionéhe" hands. To illustrate the specific manners of holding the cube, we showed

. . . . rticipants drawings (sdgg. 2(a)) that reproduced the monocular views they.
during the exploration of the cube. In both studies, the peI’CEIVe@Zre required to hold. At this point, we explained participants that they wereite

three-dimensional form was assessed by asking observers to Vefport inversions of the 3D cube during prolonged viewing. We instructed them
bally report reversals as they experienced them. to say the word “inverted” as soon as the cube turned into a truncated trapeaaid
and to say “normal” as soon as the trapezoid turned into a cube. 176
To insure that they had understood the instructions and to familiarize them
with the task, we first asked participants to try holding the cube with two-finges
grips. This constituted the baseline condition, which is illustrated in the tap
2.1. Participants panel ofFig. 2(a). After they reported reversals over a period of about 1 mingo
we requested them to cup their hands over two vertices of the cube as inihe
Atotal of 17 participants were included in the studies. Six (including the firsthand-stationary condition, which is illustrated in the middle panéligf 2(a). 152
two authors) served in the intermodal conditions of the first study as well as in th@fter they experienced reversals in this new condition, we requested them to start
second study. An additional six participants took part in two control unimodalmoving the right hand as shown by the arrows in the bottom parféigof(a), 184
conditions of the first study. Finally, another five participants (including the thirdthat is, to continuously explore the three sides that converged at the top right
and fourth author) served only in the second study. All participants were eitheyertex of the cube. They were requested to remain on these three sides, howeser,
faculty members or graduate students in the Trieste or Liverpool departmentgnd to avoid touching other vertices by bringing their hand to the front or ier
and all gave their informed consent prior to their inclusion in the studies. With thehe back of the cube. This last mode of touching the cube defined the hand-
exception of the authors, all other participants were fulljvedo the purpose  moving condition. Training ended as soon as observers realized that they casdd
of the studies. All were right-handed and either had normal vision or woreexperience reversals even while moving the hand. 190
prescription lenses as was appropriate for them. In the two unimodal control conditions of study 1, training was performeg
exactly as in the three intermodal conditions. However, participants did not hatd
the cube in their hands, but simply looked at the cube and at the hands ofian
actor. The cube and the hands were presented in a video taken from a viewpgint
. . . . . that mimicked what the participants would have seen, if they had been holdiag
The visual and haptic stimulus consisted of a wire-frame cube h be (see, again, the viewsig. 2(a)). Thus, the videos used in this control
(side =12.5 cm) made of thin iron bars (dianmretd mm). The frame was spray- the Cl.J. - agam, . |g.' S ; %
condition reproduced the visual stimuli provided by two of the three intermodal

painted with matte black colour. To minimize brightness differences due toconditions: the baseline condition and the hand-moving condition. 108

directional illumination, a translucent semicircular screen was constructed and In the second study, the training session was the same as for the first stusly,

used as background during experimental sessions. A standard commercial V'dgfﬂs an additional part at the end. This additional part served to familiarize paw-

camera was used to record the participantSiaggids during the session as We”t?cslpants with the task of the second study, which involved alternating between

their vocal productions when reporting reversals (main conditions of study ]hand-statlonary and hand-moving periods. Participants were told that the exper-
and study 2). The scene camera mounted on the helmet of an ASL 5000 eye - . )

: : menter was to give them verbal instructions as to when to start or stop the hasnd
movement recording system was used to record views of the cube and of hands

o : : ) e movement at pseudorandom times. Participants reported reversals, as in thexirst

holding it from the viewpoint of the participant (control conditions of study 1). pS ) P P
) part, over a period of about 1 min. 205

Camera output was fed on a PowerBook G4 Macintosh computer where the
recordings were stored as multimedia files (.mov). Participants wore modified
goggles with an opaque screen occluding the left eye. The goggles were con- . .
structed in order to permit wearing prescription glasses underneath, if neede '.4' Data recording and analysis 200
Finally, the three drawings iRig. 2(a) were used in the main conditions of study ) . . . . o
1 and in study 2 to show participants how they were required to hold the cube in  VideO files were inspected on a frame-by-frame basis using QuickTime zo7

different sessions and to insure that all had approximately the same monocul&f@yer Version 7.0.1 on a PowerBook G4 Macintosh computer. In both studies,
view of the cube. vocal productions reporting Necker cube reversals were identified and thsér

timing within the session was recorded in a spreadsheet for further analysiszibn

the second study, the .mov files were further inspected to identify transitions

2.3. Procedure and experimental conditions from active to passive touch, or from passive to active touch. The timing ab
these transitions was also entered in the spreadsheet. To estimate probabilities,

The studies were performed in accordance with the ethical standards laill timings were binned by rounding down to the nearest second. The type and
downin the 1964 Declaration of Helsinki, as well with the guidelines for researchtiming of reported reversals, as entered in the spreadsheet, were also analyzgee to

2. Methods

2.2. Materials and stimuli
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Fig. 2. First study, (a) schematic representations of the participant’s right visual field in the experimental conditions: top, baseline coddiéphand-stationary
condition; bottom, hand-moving condition. The drawings were actually used during the experiment to instruct participants on how to hold théuhe mge
percept durations in the three experimental conditions; error bars are 1 S.E.M.

estimate the number of reversals and the duration of periods whereby participants Before parametric analysis, the duration data were subjected
experienced a 3D cube (the “veridical” percept) or its reversed counterpart, g a transformation to correct for a marked asymmetry in the
truncated pyramid (the “illusory” percept). Parametric analyses of these datghape of their distribution (skewness = 3.9). Such asymmetryis
were performed using Data DéSKersion 6.2. . . . . . .
typical of percept durations in reversible figures, which are welk
approximated by gamma distributiorBqrsellino, De Marco, 2

3. Results and discussions Allazetta, Rinesi, & Bartolini, 1972see alsoMamassian & 2
Goutcher, 200p To reduce violations of the normality assumpzss
3.1. First study, intermodal conditions tion and improve the analysis (see, for instandesteller & 2«0

Tukey, 1977 Snedecor & Cochran, 198Chapter 15), we sub- 2a
In the baseline intermodal condition, the reversal rate wagected the durations to a Box—Cox transformation Beg & 2
68.4mim L. This remained almost unchanged in the hand-Cox, 1964 varying the transformation exponent until we founds
stationary condition, where it reduced only to 67 minCon-  the value that minimized the observed skewness. This turned
versely, there was a substantial reduction in the hand-movingut to be equal t6-0.057 (skewness=0.003). Accordingly, 2
condition, where the reversal rate was 51 MiriThe total dura-  we used the transformed durations rather than the original data
tions of the veridical percept, computed over an average 1 mito perfom a 2 (percept type, veridical, or illusory)3 (exper- 2
session, were 34.3, 37.4 and 40.6s for the baseline, han@nental condition, baseline, hand-stationary, or hand-moving
stationary and hand-moving conditions, respectively. The barepeated-measures analysis of variance. 249
charts inFig. 2(b) present average durations for the two alter- The analysis of variance yielded a significant main effeeb
natives (veridical and illusory) and the corresponding standardf percept typeF(1, 5)=7.7,p<0.04. This finding suggestszs:
errors in the three experimental conditions. that, in all conditions, the duration of a veridical percept was
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on average longer (by about 3 s) than the duration of an illusoryable 1
percept. The cause of this “veridical bias” may be traced bac§econd study, total frequencies of veridical to illusory-\) and of illusory to
to several factors. such as the preference for regular 3D Shapggidical (i— v) reversals when the hand was stationary and when it moved

(i.e. acube) over less regular alternatives (a truncated pyramid), Hand
slight differences between the retinal size of the near and the Stationary Moving
far bars, or subtle cues about the true 3D shape of the objeet

that may be provided by sensing the distribution of weight on(;’* i) 186 118

the object, which would be slightly different for a cube and a( ~Y 2 128
truncated pyramid.

The analysis of variance also yielded a significant main effechccordingly, an analysis of variance on transformed duratian
of experimental conditiorf(2, 10) = 3.4p < 0.05. Posthoc pair-  data (see description of transformation in the previous sectiar)
wise comparisons using Tukey's LSD measure demonstrategid not reveal statistically significant effects, although the bias
that the average duration of the alternative percepts was longéf favor of the veridical percept came close to significam@, su

in the hand-moving condition (about 10 s) than in the other twa) =4.5,» < 0.087. 312
conditions (about 6 s), bothis <0.001, whereas percept dura-
tions in the hand-stationary and the baseline condition were Ngt 3. Second study a1

statistically distinguishablg;=0.65. Inspectind-ig. 2(b) sug-
gests that this effect was due to an increase of the duration of the |n the second study, we first computed the total number of
veridical percept, relative to its duration in the baseline and handeach type of reversal, that is, reversals from the veridical to the
stationary conditions, while the durations of the illusory percepillusory percept (v— i) or from the illusory to the veridical per- s
remained essentially unchanged across conditions. Although thgpt (i— v) and separated those occurring when the hand was
two-way interaction between percepttype and experimental corstationary from those occurring when the hand moved. Note that
dition technically failed to reach significanc(2, 8)=2.75, in the case of this second study, it makes little sense to compuite
p=0.06, post hoc contrasts of the interaction simple effects sugercept durations as any given percept could be experieneed
ported this interpretation. The veridical percept lasted longer, opartly during hand-stationary and partly during hand-moving
average, in the hand-moving than in the other two conditionsperiods. Summing across all eleven participants, we observed
p<0.001 or smaller. Conversely, the illusory percept did notabout 600 reversals. Specifically, there were 304(i) rever- =2
differ statistically across the three conditiops;0.12 or bigger.  sals, 186 occurring when the hand was stationary and 118 when
it moved, and 280 (@ v) reversals, 142 occurring during sta-=s
3.2. First study, unimodal control conditions tionary periods and 138 during moving periods (¥able 9. To sz
test the association between reversal type and haptic condition
Given that participants could see their hands touching thén these data, we assumed reversal independence (as suppastec
cube, effects observed in the three intermodal conditions of thgy Zhou et al., 200%and computeg? (1) =6.49,» <0.02. a2
first study may be due to changes in the visual stimulus. We Next, we computed first reversals occurring after transitions
considered this possibility unlikely becausado and Ashida  thatincreased or decreased the quality of haptic information, that
(2003)reported similar effects while using a virtual reality sys- s, transitions from hand-stationary to hand-movingxn), or sz
tem that prevented their participants from seeing their handsrom moving to stationary (> s). There were about 300 such:s
However, to completely rule out this possibility, we run two reversals, indicating that other reversals could take place afterthe
unimodal control conditions using another six observers. Thesgrst, and before a new motor transition occurred. Specifically
control conditions closely corresponded to the baseline and th@ere were 171 (v i) first reversals, 67 occurring after{s m) s
hand-moving intermodal conditions. However, participants didransitions and 104 after (s s) transitions, and 118 {>Vv) s
not hold a cube but watched videos of an actor holding the cubgeversals, 72 after (s m) transitions and 46 after (/@ s) tran-  ss
or moving the hand on it. Given that these videos were takegitions (seeTable 9. To test the association between reversab
from the viewpoint of someone holding the cube, they faithfully type and touch transition in this data, we compyté¢il) = 13.3, o
reproduced the visual stimulus one would have seen when holg-< 0.0003. ™.
ing the cube, but of course they provided no haptic information  Finally, to test how changes in haptic quality affected the:

whatsoever. probability of a given reversal over time, we plotted the cumuss
The pattern of results in these two unimodal controls was

markedly different from that of the corresponding intermodaltapie 2
conditions. First, the frequency of reversals was almost exactlgecond study, frequencies of veridical to illusory-§i) and of illusory to
the same: 63.6 and 63.4‘H’I, in the baseline and the hand- Vveridical (i— v) reversals occurring first after transitions from stationary to
moving conditions, respectively. Second, the total duration§'°Vind (s> m)and from moving to stationary ( s)

of the veridical percept per average 1 min session were also Transition

the same: 36.9 and 36.6s, in the same order. Third, and most

. . ! (s—m) (m—s)
important, the difference between the average durations of the—
alternative percepts did not change between the baseline (6.7 % 122

versus 5.4 s) and the hand-moving condition (6.8 s versus 5.7 s(*_) v)
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specific shape of the curves in these graphs was not expected,
and only came to our attention after the analysis. a79
Finally, we can exclude that these effects are due to a noen-
specific, task-irrelevant motor activity. If the reversals wera
inhibited by simply moving the hand, independent of haptie
shape information, then after a transition from stationary to maoss
ing we should have observed vetoing of{vi) reversals, as we s
did, but also of (i> v) reversals, which we did not. In fact, thesss
cumulative probability curve for this latter case was identicak
to the curves involving transitions from moving to stationarys
Thus, these results suggest that changes that increased haptic
0o 20 a0 o0 ao 100 120 quality prevented participants from experiencing illusory revess
time from motor transition (s) sals, but only within a specific “vetoing wmdov_v’_’ that occurs iR
our data after about 2 s from the motor transition and lasts fer
Fig. 3. Second study, cumulative probabilities of experiencing a reversal fromyn additional 1-2's. A natural interpretation for this pattern is
veridical to illusory (v i) or from illusory to veridical (i~ v), after atransi- - 4t the delay before the onset of the inhibitory period reflects
tion from hand-stationary to hand-moving-{sm) or from moving to stationary . . I . .
(m—s). Continuous lines, curves for v)/(s— m), (i—v)/(m—s) and  the time required for haptic information to build up and entes
(v— i)(m—s). These curves were well fit by almost identical cumulative the intersensory merging process, as one would expect if the
gamma functions. Dashed line, curve for-vi)/(s— m). This curve was fit ~ discrepancy was handled by a process that registers the increase

more poorly by a markedly different gamma function. Note that after about 2§ quality of the haptic signal, and acts accordingly. 307
from the onset of hand movement, during a “vetoing window” of at least another

2 s it was essentially impossible to experience veridical to illusory reversals. .
4. Conclusions 308

cumulative probability

3
T 3

lative probability of each type of reversal given each type of When participants explored the visual-haptic Necker cube
transition, as a function of the temporal delay from the motoremployed in the present studies, they obtained information that
transition itself (sed-ig. 3). Consider, for instance, the proba- could be either consistent or inconsistent across the two modal-
bility of (v — i)/(s— m) within 1 s from the transition. This is ities. Specifically, when the visual signal supported a truncated
estimated by the frequency of £+ i)/(s— m) divided by the  pyramid (the illusory percept), the tactile signal conflicted withs
total of (v— i)/(s— m) events. At each 1s interval, the cumu- this interpretation in supporting a cube. Conversely, when the
lative probability is then given by the sum of probabilities up visual signal also supported a cube, the two signals agreed.in
to that interval, divided by the total. As can be seen from thesupporting the same three-dimensional interpretation. In addi-
figure, this plot revealed that the probability of all reversalstion to changing visual information, during exploration ousy
tended to decrease with time following a smooth negativelyobservers also received haptic information that varied in quality
accelerated curve, except for the—vi) reversals following Forinstance, when astationary period was followed by the initias
a (s— m) transition. In this case, the cumulative probabil-tion of hand movement, our participants experienced an increase
ity curve had a markedly different shape. More precisely, than the quality of the haptic information about three-dimensional
plot demonstrated that after having reached a values@#4  form. When motion ceased, they experienced a decrease in hap-
at the 2 s bin (following a trend comparable to the other thredic quality. a3
curves), the cumulative probability curve for-{vi)/(s— m) Our results suggest that the system was sensitive to these
stopped growing, and remained fixed at approximately 0.4 fochanges when handling discrepant information during explas
another 2 s. To evaluate the differences between this latter curvation. Haptic information obtained by moving the hand on the
and the other two, we fitted cumulative gamma functions tccube tended to make veridical percepts more durable (as already
the observed cumulative probabilities. As expected, three obbserved byAndo & Ashida, 2003and consequently reversalsus
the four curves showed excellent fits, 0.0022 < RMSE < 0.0136somewhat less frequent (as already observe®lbgpland & s
except for the (v i)/(s— m), RMSE =0.0638. To insure that Gregory, 1963 These effects appear to depend on intersen-
this difference applied equally to theima observers and to sory vetoing of the illusory interpretation, occurring about 25
the four authors, we also replotted the data separately for thafter increases in haptic quality due to the onset of hand motiea.
two groups. These plots were very similar, with the curve forln addition, such intersensory vetoing was not ever-lasting, het
(v— i)/(s— m) similarly halting at the 2 s bin. Additional anal- appeared to completely prevent normal to illusory reversals only
yses confirmed that gamma functions fitted the data equally welfpr about 1-2 s. Thus, our findings suggest that, at least in the
in the case of the first three curves, or equally badly, for thapresent conditions, intersensory discrepancies were dealt with
of the (v— i)/(s— m) curve, in both groups. Specifically, we by monitoring fluctuations in sensory signal quality over specifie
found that for the first three curves 0.0096 < RMSE < 0.028Qemporal windows, and by accordingly adjusting their relatives
and 0.0059 <RMSE <0.0272, whereas for the{¥)/(s— m)  importance in the merging process. 429
curve RMSE =0.0794 and 0.0592 in the author aridexgroups, A number of papers have proposed temporal integratien
respectively. The similar performance profiles of the four authorsvindows in processes of multisensory integratidmgstasio, 4
and the seven iige participants is not surprising, given that the Patton, & Belkacem-Boussaid, 2Q0Colonius & Diederich, s
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20049, possibly involving cortical modulation of multisensory Borsellino, A., De Marco, A., Allazetta, A., Rinesi, S., & Bartolini, B. (1972).483
responses in the superior culliculdsang & Stein, 2008 These Reversal time distribution in the perception of ambiguous stinkilber- 484

proposals are often contrasted to approaches based on comput-%¢/ 10, 139-144. _ , o
ing the statistics of population of neuror@aneve. Latham. & Box, G. E., & Cox, D. R. (1964). An analysis of transformatidburnal of 486
Ing ISt populat u d Ve, ! the Royal Statistical Society B, 26, 211-243. 487

Pouget, 1999Pouget, Dayan, & Zemel, 20p3which would  cojonius, H., & Diederich, A. (2004). Multisensory interaction in saccadies
afford faster estimates of signal reliabilities for intersensory reaction time: A time-window-of-integration modeburnal of Cognitive  4so
reweighting Ernst & Banks, 200R However, computing relia- Neuroscience, 16, 1000-1009. _ _ 490
bilities in such a fashion is not trivial, and may be problematicPeeve: S., Latham, P. E., & Pouget, A. (1999). Reading population codes:
. . . e . . A neural implementation of ideal observemSature Neuroscience, 2, 492
if haptic changes involve large modifications in the neuronal

. X . i 740-745. 493
populations involved. For instance, a PET study by Fink et algmst, M. 0., & Banks, M. S. (2002). Humans integrate visual and haptie:

(1999) suggests that intersensory conflicts involving compar- information in a statistically optimal fashionature, 415, 429-432. 495
isons between motor intentions and sensory information may bemst, M. O., Banks, M. S., & Bithoff, H. H. (2000). Touch can change s
handled by different cortical structures than those consisting of Visual slant perceptioVarure Neuroscience, 3, 69-73. 407

flicts betw . | inf ti Wh Ernst, M. O., & Hilthoff, H. H. (2004). Merging the senses into a robustgs
mere conflicts between simple sensory information. en suc percept.Trends in Cognitive Sciences, 8, 162—169. 499

differences are big, resorting to measurements of fluctuationgepshtein, s., & Banks, M. S. (2003). Viewing geometry determines haw
within temporal windows may be an adaptive, even if slower, vision and haptics combine in size perceptiafurrent Biology, 13, so
strategy. 483-488. 502

A last, interesting feature of our results is that the observediilis: J- M., Emst, M. O, Banks, M. S., & Landy, M. S. (2002). Combiningse
vetoing window was fairly narrow completely preventing illu- sensory information: Mandatory fusion within, but not between, senses

. X Science, 298(5598), 1627-1630. 505
sory percepts only for about 1-2s. It is possible that the systencobs, R. A. (2002). What determines visual cue reliabilligds in Cog-  sos
is not continuously measuring the quality of the sensory signal, nitive Sciences, 6, 345-348. 507
but is instead sensitive to changes in this quality. Once thes#ang, W., & Stein, B. E. (2003). Cortex controls multisensory depression s
changes are registered, adaptation occurs that effectively elim- Superior colliculus Journal of Neurophysiology, 90, 2123-2135. 509

. . . . Mamassian, P., & Goutcher, R. (2005). Temporal dynamics B
inates the vetoing effect. Note that in a less constrained haptic bistable perceptionJournal of Vision, 5, 361-375, doi:10.1167/5.4.7 su

task, one would presumably assume more varied hand_ POSItioNS hitp:/jjournalofvision.org/5/4/7/. 51
and perform larger range motions, such that the quality of th&losteller, F., & Tukey, J. (1977)Data analysis and regression. Reading, s13
information would vary in a more continuous fashion. Contin-  MA: Addison-Wesley. 514

uous change would prevent adaptation and therefore produé@cker, L. A. (1982). Observations on some remarkable phenomena seesdin

longer lasting vetoing effects. As an alternative. if the vi land Switzerland; and an optical phenomenon which occurs on viewing ofss
onger lasting vetoing efrects. As an afternative, f Viguaal crystal or geometric solidPhilosophy Magazine, 3, 329-337. 517

tactile signals are processed fully and kept separéiies, Ernst,  newell, F. N., Ernst, M. O., Tjan, B., & Bithoff, H. H. (2001). View- s
Banks, & Landy, 200% it is possible that participants stopped point dependence in visual and haptic object recognitiychological — sio
attending to the haptic signal some time after the transition, Science, 12, 37-42. ‘ A 520
and switched to a “vision-only” attentional mode. Monitoring Piaget, J (1937).a construction du réel chez I’enfant. Neuclatel: Delachoux s21
the pattern of eye fixations within and after the vetoing win-, 5t NeSte: o

p . y . . - g Pouget, A., Dayan, P., & Zemel, R. (2003). Computation and inference wit
dow may prow_de information _abogt S_UCh atte_ntlonal switches. population codesAnnual Reviews of Neuroscience, 1, 381-410. 524
Experiments aimed at measuring fixations during manual exploRock, 1., & Victor, J. (1964). Vision and touch: An experimentally createebs
ration of the visual-haptic Necker cube are currently under way conflict between the two sensefience, 143, 594-596. 526

in our laboratories and will be the subject of future reports. ~ Shopland, J. C., & Gregory, R. L. (1964). The effect of touch on a visually:
three-dimensional figur&uarterly Journal of Experimental Psychology, s28

16, 66-70. 529
References Snedecor, G. W., & Cochran, W. G. (198®Yatistical methods (7th ed.). s30
Ames, |A: The lowa State University Press. 531
Alais, D., & Burr, D. (2004). The ventriloquist effect results from near- Stein, B. E., & Meredith, M. A. (1993)The merging of the senses. Boston, ss2
optimal bimodal integrationCurrent Biology, 14, 257-262. MA: MIT Press. 533
Anastasio, T. J., Patton, P. J., & Belkacem-Boussaid, K. (2000). Using Bayes/an Beers, R. J., Sittig, A. C., & van der Gon, D. (1999). Integration of prass
rule ot model multisensory enhancement in the superior cullicMeis:al prioceptive and visual position-information: An experimentally supporteds
Computation, 12(11), 65-1187. model. Journal of Neurophysiology, 81, 1355-1364. 536
Ando, H., & Ashida, H. (2003). Touch can influence visual depth reversalWelch, R. B., & Warren, D. H. (1986). Intersensory interactions. In K. Rz
of the Necker cubePerception, 32, 97. Boff, L. Kaufman, & J. P. Thomas (Eds.{andbook of perception and  s3s
Atkins, J. E., Fiser, J., & Jacobs, R. A. (2001). Experience-dependent visual human performance. New York: Wiley. 539
cue integration based on consistencies between visual and haptic percepfhou, Y. H., et al. (2004). Perceptual dominance time distributions in muko
Vision Research, 41, 449-461. tistable visual perceptiorBiological Cybernetics, 90, 256—263. 541
Berkeley, G. (1709)An essay towards a new theory of vision. London: J.M.
Dent.

NSY 2225 1-7



	A visual-haptic Necker cube reveals temporal constraints on intersensory merging during perceptual exploration
	Introduction
	Methods
	Participants
	Materials and stimuli
	Procedure and experimental conditions
	Data recording and analysis

	Results and discussions
	First study, intermodal conditions
	First study, unimodal control conditions
	Second study

	Conclusions
	References


