

http://www.unitn.it/en/drcimec/10127/david-pascucci
http://www.unitn.it/en/drcimec/10127/david-pascucci
mailto:david.pascucci-1@unitn.it?subject=http://www.journalofvision.org/content/11/6/7
mailto:david.pascucci-1@unitn.it?subject=http://www.journalofvision.org/content/11/6/7
mailto:nicolamegna@gmail.com?subject=http://www.journalofvision.org/content/11/6/7
mailto:nicolamegna@gmail.com?subject=http://www.journalofvision.org/content/11/6/7
http://www.pisavisionlab.org
http://www.pisavisionlab.org
mailto:michelapanichi@gmail.com?subject=http://www.journalofvision.org/content/11/6/7
mailto:michelapanichi@gmail.com?subject=http://www.journalofvision.org/content/11/6/7
http://www.percezione.org
http://www.percezione.org
mailto:stefano.baldassi@unifi.it?subject=http://www.journalofvision.org/content/11/6/7
mailto:stefano.baldassi@unifi.it?subject=http://www.journalofvision.org/content/11/6/7
http://www.journalofvision.org/content/11/6/7










Journal of Vision (2011) 11(6):7, 1-11

and, importantly, the entire psychometric function is
shifted to the left in the presence of a sound. This
confirms that the reported sound-induced facilitation
(Lippert et al., 2007) occurs not only within the spatio-
temporal dynamic noise paradigm used in our experiment,
but also while using a stimulus that effectively must be
detected against a pedestal (the noise).

Classification image analysis: First order
kernels

By applying the formula Equation 1 to the noise
matrices stored according to the response classes reported
in the Methods section, we calculated the first order
kernels for the detection task and reported the results as
linearly interpolated, Gaussian-filtered (o = 0.2 noise
pixels) data in Figure 3. The matrices reported to the left
side of the figure represent the 1st order “information”
(the distribution of luminance in the spatio-temporal
matrix) leading to a “yes” response in the detection task.
Each line of plots reports the data of individual observers,
with the Super Subject at the bottom (see Methods). The
two columns of graphs reported to the right-hand side of
Figure 3 show a bi-dimensional representation of the
kernel activation in space (left), obtained averaging across
time, and in time (right), obtained considering only the
central position of space rather than by averaging as it is
the location providing most information about the tempo-
ral pattern of the kernels. In all cases the Unimodal and
the Bimodal condition do not differ significantly from
each other, showing a peak of activation in correspond-
ence of the actual spatio-temporal location of the signal
(i.e. the center of the matrices on the left of Figure 3 and
the middle of the 2d graphs on its right). The temporal
dimension reveals a positive activation preceding and
following the physical appearance of the signal, revealing
a form of temporal blur around the target, which is
coherent with the well known impulse response function
properties of neuron involved in detection tasks (e.g.,
Watson & Nachmias, 1977). The spatial dimension show
a well localized peak of positive activation at the location
of the stimulus and two lobes of negative activation (i.e.
activation in anti-correlation) at its flanks, confirming
what found by Neri and Heeger (2002).These results
suggest that the improvement observed adding a sound as
a temporal cue cannot be explained by modifications of
the 1st order template: the patterns of noise leading to a
yes response in the Unimodal and in the Bimodal
condition share the same spatial and temporal features.

Classification image analysis: Second order
kernels

By applying the formula Equation 2 to the noise
matrices classified according to the observers’ responses
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we calculated the 2nd order, or variance, kernels and
reported the results in Figure 4. The structure of the figure
matches that of Figure 3. These matrices (one for each
observer and condition) represent the 2nd order “informa-
tion” leading to an increase of probability of signal
present responses in the detection task. According to Neri
and Heeger (2002) the information carried by the 2nd
order kernel represents the luminance variability of the
noise bars against the mean luminance of the screen,
which can be considered the contrast energy of the noise.
In other words, the variance kernel informs us on the
structure of the variability of noise associated to the
detection of the target.

As explained in Methods section, the data plotted in
Figure 4 report only the significant activation as calculated
by a s-test to the bootstrapped data (see Methods). The
variance kernels plotted in the color graphs on the left are
relatively less structured in space and time than the mean
kernels, but separating the spatial and the temporal
dimension reveal interesting differences between the two
experimental conditions, especially in the temporal
dimension.

More specifically, the kernels for the Unimodal con-
dition share the major positive peak of activation being
placed very close to the spatiotemporal position of the
target in spite of a slight anticipation. Data show a trend
for negative activation at locations adjacent to the target,
that is also visible from the 2d plot reporting the activation
in space (third column of plots from left). The profile of
the 2nd order negative activity is much noisier and less
spatially localized than in the 1st order kernel and,
because variance is by definition positive, it implies
higher variance associated to ‘Signal Absent’ than to
‘Signal Present’ responses in the bluish locations rather
than simple anti-correlation of the relevant pixels’
luminance polarity. However, as with the 1st order kernel
analysis, the spatial profile of the 2nd order kernels does
not reveal any substantial difference between the Unim-
odal and the Bimodal condition.

The temporal profile shows instead consistent differ-
ences of activation between conditions. The rightmost
column of plots of Figure 4 plots a family of curves
resulting from the linear interpolation of the spatial slice
containing the target for the Unimodal (black) and the
Bimodal (red) condition. These data reveal a specific,
consistent trend that resists to the inter-observer varia-
bility visible in the data and is confirmed by the Super
Subject analysis. First, detection without a sound is
characterized by a more sustained pattern of activation
of the variance kernel at and around the time of
appearance of the target (gray vertical band), with weaker
and more scattered peaks of activation under bimodal
stimulation. In the Unimodal condition in fact, the 2nd
order activation ramps to form a relatively broad pole of
positive activation that peaks for all observers just before
the target frame and fades out at the time of the target for
all observers except DP (for whom there is still a decay,
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Figure 3. First order kernels analysis for the four observers and the Super Subject, shown in the bottom line of plots. The two columns of
graphs to the left-hand side map the pattern of activation-inhibition of the 1st order, mean kernel. The leftmost panels report the kernels of
the Unimodal condition, whereas the column to their right are the kernels for the Bimodal condition. The colors are linearly interpolated Z
scores of the calculated templates. Positive and negative activations are highlighted by the red and blue side of the colormap scale
reported in the legend, respectively. The two columns of graphs to the right-hand side summarize the spatial and temporal activation of
the kernels. The plots to the left reports the spatial profiles of the templates, obtained averaging across time the 1st order kernels for the
Unimodal (black line) and the Bimodal (red line) conditions; the central, vertical band represents the spatial position of the target. The
rightmost plots of the figure represents the 1st order kernel as a function of time in the central spatial position, with the different traces
representing different linearly interpolated points of space. The kernels show a well localized spatial profile of activation with two lobes of
inhibition at its sides, featuring the typical shape of the early filters for detecting lines. The temporal profile is slightly different for each
observer, but they all show a clear peak of activation at the time of the target.

but weaker). In the Bimodal condition the overall 2nd clear return to high variance after the stimulus frame. In
order activity is lower and follows a different temporal other words, the Bimodal stimulation introduces a
pattern that is mainly characterized by a strong depression depression of the noise variance leading to positive
of activation before and during the presentation of the responses and changes the overall temporal pattern of
target. This is true for all observers except for DP, who the 2nd order activation, with high variance at the
shows anyway a statistically significant reduction of the beginning and at the end of the temporal array of noise
Bimodal kernel activation at the target time. Another in our stimulus.

significant difference between the two conditions is the In order to provide a more meaningful representation of
burst of activity shown by all subjects at the beginning of the effect of an uninformative sound on the temporal
the stimulus (or slightly delayed for observer DO) and a activation of the 2nd order kernel, which seems to explain
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Figure 5. Difference activation (Bimodal-Unimodal) for the 2nd order kernels in the temporal dimension. The top, large graph reports the
data of the Super Subject, while the four panels on the bottom of the figure are for individual observers. The family of interpolated curves
(continuous straight and dashed lines) is plotted in dark blue, whereas the non-interpolated functions (stairsteps lines), are overlapped in
light blue. The frame containing the target is marked by the gray vertical band in the middle of each graph, while non-significant
differences (p > 0.01) are marked by the small black rectangles at the top of the panels (only in DP and GC). The difference highlights in
all cases an initial burst of bimodal activity at the first 1-2 frames, a sound-induced suppression of the noise variance in the frame of the
target and the preceding 1-2 frames (~50 ms), and a larger, irregular activity in the frames that follow the target.

physical reverse correlation paradigm requiring detection
of a visual target embedded in dynamic visual noise
(Unimodal condition) and in the presence of a sound
played synchronously with the visual target (Bimodal
condition). First, we found a reduction of contrast
detection thresholds during cross-modal stimulation, con-
firming that the effect is solid and occurs even in the
presence of spatio-temporally modulated noise. Then we
observed that the presence of the auditory signal changes
the pattern of activation of the 2nd order kernels while
leaving unaffected that of the 1st order kernels, revealing
an effect on the non-linear processes involved in detection
of a luminance increment in noise.

The analysis of contrast energy obtained computing the
noise variance revealed an interesting difference between
Unimodal and Bimodal condition: the typically found
strong variability of noise that may facilitate target
identification in the 100 ms window preceding the target

narrows significantly in conditions of cross-modal stim-
ulation. This is the main finding of the present study that
led us to interpret the cross-modal interaction in terms of
increased gain of the visual signal when it is accompanied
by a sound, reducing the intrinsic uncertainty about the
channel detecting a signal across the temporal dimension.
In particular, we found an interaction between auditory
signal and the dynamics of the visual mechanisms that is
coherent with an effect at the level of energy extraction
and not explainable with the high-level, cognitive inter-
pretations of cross-modal perception (Lippert et al., 2007;
Mishra et al., 2007; Shams et al., 2002). The sound did not
modify the visual activity related to the identification
stage (1st order kernel) that has been suggested to reflect
the behavior of mechanisms involved in simple identi-
fication, i.e. the simple cells (Neri & Heeger, 2002). This
can be explained taking into account the temporal
uncertainty characterizing our task: even if a sound is
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