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Participants were presented with (1) a tactile stimulus

alone, (2) aligned double tactile stimuli, (3) misaligned

double tactile stimuli, (4) a visual stimulus alone, (5)
aligned double visual stimuli, (6) misaligned double

visual stimuli, (7) aligned visuo-tactile stimuli and (8)

misaligned visuo-tactile stimuli. This yielded 24 stimuli
configurations (4 tactile alone, 4 visual alone, 2 aligned

double tactile, 2 aligned double visual, 2 misaligned

double tactile, 2 misaligned double visual, 4 aligned vi-
suo-tactile, 4 misaligned visuo-tactile). Aligned conditions

consisted of two stimuli presented in the same hemifield,

whereas misaligned conditions consisted of two stimuli
presented in different hemifields. All the conditions of

stimulation are presented in the schematic view of the

experimental setup (Fig. 1). Whenever double unimodal
or cross-modal stimuli were presented in the same

hemifield, one of the stimulation was presented either to

the index (tactile) or above the index (visual) and the
second stimulation was presented either to the middle

finger or above the middle finger. The same logic was

applied to misaligned stimuli. Hence, all misaligned
stimuli were presented to the left at 7.5! and simulta-

neously to the right at 9.5! and vice versa.

Participants completed six blocks of 260 experimental
trials with each of the 24 stimuli configurations presented

10 times per block. Each block contained 20 catch trials

(8 %) in which no stimulus was presented. They were used
in order to restrain participants from anticipatory respon-

ses. A total of 60 trials per conditions were recorded.

Intertrial interval randomly varied between 1,600 and
3,600 ms (Mean ITI = 2,600 ms). The fixation cross was

displayed throughout the experiment. Each block lasted

approximately 11 min.

Data analysis

Only RTs between 100 and 1,000 ms were considered for

analyses. As a result, less than 1 % of trials per conditions

were discarded. Since there was no main effect of the
responding hands in the RT data, RT obtained with both

hands were averaged. Furthermore, RTs obtained for each

redundant condition (either within-modal or cross-modal)
were averaged separately as aligned (both stimuli presented

in the same hemifield) or misaligned (each stimuli pre-

sented in opposite hemifields) depending on their spatial
locations.

The RG was computed by calculating the decrease (in

percent) in the mean RTs obtained in the redundant con-
ditions as compared with the mean RTs obtained for the

best single condition (Stein and Meredith 1993). For each

condition and each participant separately, the mean RT of a
redundant condition was subtracted from the mean RT of

the fastest stimuli of the pair and then divided by the RT of

the fastest stimulus of the pair, which yield to the per-
centage decrease in RT between the redundant condition of

stimulation and its best constituent [(RT best stimula-

tion - RT redundant)/RT best stimulation]. The RG were
then submitted to repeated measures analysis of variance

(ANOVA). Post hoc analyses using a Bonferroni correction
were used when appropriate.

To further investigate RG differences obtained for

within-modal and cross-modal conditions, the race model
inequality was analyzed using RMITest software, which

implements the algorithm described at length in Ulrich

et al. (2007). This procedure involves several steps. First,
cumulative distribution functions (CDFs) of the RT dis-

tributions are estimated for every participant and every

Fig. 1 Experimental setup. Schematic view of the experimental setup
and stimulation conditions. Tactile stimuli were delivered to the index
and middle fingers of each hand, and visual stimuli were projected on
a surface above the stimulated fingers. All conditions including two

stimuli were presented either in an aligned configuration (both stimuli
in the same hemispace) or misaligned configuration (both stimuli
presented in different hemispaces)
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condition (i.e., visual alone, tactile alone, redundant uni-

modal and cross-modal condition). Second, the bounding
sum of the two CDFs obtained from the two unimodal

conditions (visual and tactile) are computed for each par-

ticipant. This measure provides an estimate of the boundary
at which the race model inequality is violated. Third,

percentile points are determined for every distribution of

RT, including the estimated bound for each participant. In
the present study, the race model inequality was evaluated

at the 5th, 15th, 25th… 95th percentile points of the RT
distributions. Fourth, for each percentile, the mean RTs for

redundant conditions and the bound are compared using a

two-tail one-sample t test using Bonferroni correction to
avoid Type I errors due to multiple comparisons (Ulrich

et al. 2007). If any percentile shows significantly faster RTs

in the redundant condition relative to the bound, it can be
concluded that the race model cannot account for the

facilitation of the redundant signal conditions, supporting

the existence of an integrative process.

Results

On average, participants detected 97.8 % of all tactile

stimuli (range from 94.8 to 99.8 %), 98.4 % of visual
stimuli (range from 97.7 to 99.1 %) and 99.0 % of multi-

sensory pairs (range from 98.8 to 99.4 %). Participants

responded to \1 % of catch trials throughout the experi-
ment. Mean RTs obtained for single, within-modal and

cross-modal conditions can be found in Fig. 2.

RGs (in percents; Fig. 3) were submitted to a 3

[Modality: visual, tactile and visuo-tactile] 9 2 [Align-

ment: aligned or misaligned] repeated measures ANOVA.
The results showed a main effect of ‘‘Modality’’

[F(2,30) = 72.53, p B 0.001] demonstrating that cross-

modal visuo-tactile stimuli produced greater RT facilitation
compared to both double tactile (p B 0.001) and double

visual stimuli (p B 0.001). However, the RGs of double

tactile and double visual stimuli did not differ significantly
(p = 1). There was also a main effect of ‘‘Alignment’’

[F(1,15) = 47.72, p B 0.001] demonstrating that RGs

were greater for the misaligned conditions than for the
aligned conditions. There was a significant interaction

effect between ‘‘Modality’’ and ‘‘Alignment’’ [F(2,30) =

5.92, p B 0.007]. Follow-up comparisons showed that the
RGs of the misaligned conditions were larger than the RGs

of the aligned conditions for double visual stimuli

(p B 0.001) and double tactile stimuli (p B 0.041). How-
ever, there was no spatial alignment difference in RGs for

the cross-modal conditions (p = 0.47). As assessed with

separate one-sample Student’s t test, the RG for cross-
modal combinations was significantly different from zero

for aligned [t(15) = 13.71, p B 0.001] and misaligned
configurations [t(15) = 12.65, p B 0.001], whereas only

the misaligned configuration yielded RG that were signif-

icantly different from zero for within-modal pairs of visual

Fig. 2 Reaction times. Mean reaction time (in milliseconds) and
standard errors of the mean (SEM) for pooled single, within-modal
and cross-modal conditions. Capital letters refer to the modality
(V visual, T tactile) and spatial configuration (A aligned, M misa-
ligned) for each combination. The error bars represent the SEM for
within-subject designs, following Loftus and Masson (1994)

Fig. 3 Redundancy gain. Mean RGs for within-modal and cross-
modal pairs obtained under aligned and misaligned spatial configu-
rations. RGs were calculated as the decrease (in percent) in the mean
RT obtained in redundant conditions compared with the mean RT
obtained for its best constituent stimulus. The X axis refers to sensory
combinations (V visual, T tactile) and spatial alignment (‘‘A’’ for
aligned and ‘‘M’’ for misaligned). Asterisks indicate that the RGs
were significantly (p \ 0.05) different from zero as assessed by one-
sample Student’s t test. Cross-modal stimuli produced greater
enhancement than within-modal stimuli combinations, supporting
the advantage of combining multiple sensory cues for behavioral
performance. Moreover, a RG was observed for within-modal pairs of
both modalities only when the stimuli were presented in a misaligned
configuration. The error bars represent the SEM for within-subject
designs, following Loftus and Masson (1994)
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[t(15) = 4.84, p B 0.001] and tactile stimuli [t(15) = 4.38,

p B 0.001].
To further test the advantage of cross-modal over

within-modal integration, we investigated whether the RTs

obtained in the redundant conditions exceeded the statis-
tical facilitation predicted by Raab’s race model inequality

(Miller 1982). For cross-modal stimuli, the race model

inequality was significantly violated up to the 40th per-
centiles of the RT distribution in the aligned (all

p B 0.001) and in the misaligned (all p B 0.004) condi-
tions. No significant violation of the race model inequality

was found for any redundant visual or tactile condition,

suggesting that the faster RTs in these conditions could be
explained by simple probability summation (Fig. 4).

Control experiment

In the main experiment, intrahemispheric (aligned) stimuli
were always presented closer to each other in an Euclidian

(external) space when compared to stimuli presented in-

terhemispherically (misaligned). In order to test if the
greater RG observed for within-modal misaligned condi-

tions depends on interhemispheric stimulation or on the

external spatial separation between stimuli, we conducted a
control experiment in which the spatial separation between

stimuli was held constant in external space for redundant

intrahemispheric and interhemispheric conditions.

Methods

Participants

Thirteen right-handed (Oldfield 1971) participants (6 males;

mean age of 25 years, SD = 2.3 years; range from 20 to
29 years) were recruited to take part in the control experi-

ment. None of the participants reported a history of neuro-

logical or psychiatric problems. They all reported normal
tactile sensitivity and normal or corrected to normal vision.

Procedures and stimuli were the same as the main

experiment. However, intrahemispheric and interhemi-
spheric within-modal conditions were presented with a

constant Euclidean distance between both stimuli. For the

tactile experiment, participant’s hands were positioned at a
distance of approximately 56 cm from their head and their

fingertips were positioned parallel to the horizontal

meridian to form an imaginary rectangle (Fig. 5). Both
index fingers were placed at 1 visual degree below the

fixation cross and middle fingers placed at 1 visual degree

above the fixation cross. Left and right fingertips were
positioned as close as possible to the vertical midline in

order to maintain an equal distance between stimuli for

intrahemispheric and interhemispheric conditions.
For the visual experiment, all visual stimuli were presented

at 2.5! of visual angle to the right and left of a central fixation

cross. This ensured that visual stimuli were presented outside
the naso-temporal retinal overlap region and that their initial

representations were lateralized (Sereno et al. 1995). Briefly,

for intrahemispheric conditions, one stimulus was presented at
2.9 visual degree above, and a second stimulus was presented

at 2.9 visual degree below the vertical coordinate of the fixa-

tion cross. For interhemispheric conditions, one stimulus was
presented to the left at 1.5 visual degree above the fixation

cross, while the second stimulus was presented to the right at

1.5 degree below the fixation cross and vice versa. Hence, there
was a constant 5.83 visual degree separation between redun-

dant stimuli for both intrahemispheric and interhemispheric

conditions (Fig. 5). There were 8 single visual conditions and 4
redundant visual conditions. Participant completed 4 blocks in

the visual condition and 4 blocks in the tactile condition for a

total of 60 trials per conditions. First block modality and
responding hand were counterbalanced between participants.

Results

On average, participants detected 99.0 % of all tactile
stimuli (range from 96.6 to 100 %) and 99.5 % of visual

Fig. 4 Race model inequality. Test for violation of the race model
inequality (Miller 1982; Ulrich et al. 2007). The graph represents the
difference in milliseconds (on the Y axis) between the model
prediction computed from the RTs of each unisensory counterpart
(the model bound) and the RTs obtained in the redundant conditions.
Positive values on the graph refer to RTs that were faster than the race
model prediction. RTs that were significantly faster than the race
model prediction are marked with an asterisk, which indicates race
model inequality violation. Negative values on the graph refer to RTs
that were slower than the race model prediction. The difference
between the bound and the RTs of the redundant condition are
computed for each percentile of the RT distribution (on the X axis).
Cross-modal stimuli significantly violated the race model inequality
irrespective of their alignment whereas both double visual and double
tactile stimuli were consistent with simple probability summation
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consider a population of neurons sensitive to some object
property, say its orientation. Each neuron has a different
preferred orientation to which it is maximally tuned and
responds less strongly to all other orientations. When
stimulated with some orientation, the population activity
will have a clearly defined peak marking that orientation
and also some variance. For each relevant sensory signal
there might be such a population of neurons, and
multiplying two such population activities for two signals
will result in an overall response that has the character-
istics of theMLE integration model [29]. There are several
recent developments trying to build realistic neural
models for integrating information using population
codes (e.g. [29,34–38]).

Beyond sensory integration
The benefit of integrating sources of sensory information is
a reduction in the variance of estimates and hence a more
reliable percept. However, there must be limits for
optimality and conditions underwhich sensory integration
is not the best strategy. In the following we review a few
such limits and conditions.

Estimates with correlated noise distributions
One assumption often made when investigating sensory
integration is that the noise distributions of the sensory
estimates are independent. However, this assumption

might not hold in many cases. Landy and Kojima [20], for
example, investigated integration of two textural features
for the localization of texture-defined edges. Many aspects
of their data can be well described by the integration
model. However, whether they actually observed optimal
performance was somewhat ambiguous. When testing for
optimality, Landy and Kojima assumed that the two edge
estimates derived from the textural features could be
treated as variables with uncorrelated noises. However,
this is unlikely to be true because the sensory signals are
probably largely processed by the same set of neurons, so
that the neuronal noise should be at least partially the
same for the two estimates [16]. Other noise sources might
also have contributed to the correlation. It seems clear,
however, that the potential for correlated noise is higher
for the integration of signals within the same modality in
comparison with crossmodal integration.

Oruç et al. [16] recently investigated the effect that
correlated noise distributions have on sensory integration.
For themost part, correlated noisewill reduce the reliability
of integrated estimates and will somewhat alter the
weights. However, even with correlated noise, there is
generally still a benefit from integrating information.

Discrepant signals and the correspondence problem
It is not always reasonable to integrate sensory signals.
For the signals to be integrated the brain has to know

Figure 3. Visual–haptic size-discrimination performance determined with a 2-interval forced-choice task [29]. The relative reliabilities of the individual signals feeding into
the combined percept were manipulated by adding noise to the visual display. With these different relative reliabilities four discrimination curves were measured. As the
relative visual reliability decreased, the perceived size as indicated by the point of subjective equality (PSE) was increasingly determined by the haptic size estimate (haptic
standard, SH) and less by the visual size estimate (visual standard, SV). This demonstrates the weighting behaviour the brain adopts and the smooth change from visual
dominance (red circles) to haptic dominance (orange triangles). As shown, the PSEs predicted from the individual visual and haptic discrimination performance (larger
symbols with black outline) correspond closely to the empirically determined PSEs in the combined visual–haptic discrimination task. (JND ¼ just noticeable difference.)
Reproduced from [29], with permission of Nature Publishing Group.
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Convergence of visual and tactile object recognition

Amedi et al., Nat. Neuroscience (2002)

>



Is the lateral occipito-temporal cortex encoding supramodal shape 

or 

Semantic representation of objects 

or 

Visual imagery 
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Neural Dissimilarity Matrix
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