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Abstract The redundant target effect (RTE) consists in
the speeding of reaction time with single versus multiple
targets and can be explained either by a neural coactivation
or by a race model. To try to understand the role of the
magnocellular and parvocellular systems in the determi-
nation of the RTE we carried out three experiments using
onset or feature singletons. The former are likely to be
mainly processed by the magnocellular system while the
latter are mainly processed by the parvocellular system. In
experiment 1 we found an RTE both when the target (red
disk) was presented in isolation and when it was
surrounded by equiluminant green distractors. Thus, the
RTE occurred both with onset and feature singletons.
However, with the former, the RTE could be accounted for
by neural coactivation while with the latter it could be
accounted for by a probabilistic explanation. In experi-
ment 2 we tried to ascertain the role of distractors in
yielding a probabilistic RTE: we used either targets in
isolation or surrounded by distractors of lower luminance
and found an RTE that could be explained by neural
coactivation for both kinds of targets. This ruled out an
effect of distractors per se in determining a probabilistic
RTE. Finally, in experiment 3 we used targets of lower
luminance than either the background or the distractors.
We found that the RTE could be accounted for by neural
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coactivation with targets alone while it was probabilistic
with distractors. Overall, these results show that stimuli
presumably processed by the magnocellular system yield
redundancy gains that result from a neural coactivation
mechanism. In contrast, stimuli presumably processed by
the parvocellular system are compatible with a probabil-
istic redundancy gain.
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Introduction

Since the seminal work of Todd (1912) evidence has
accumulated that, when an observer is asked to react as
quickly as possible to visual onsets, reaction time (RT) is
faster when two target stimuli are simultaneously
presented instead of just one (e.g., Cavina-Pratesi et al.
2001; Diederich and Colonius 1991; Giray and Ulrich
1993; Miller 1986; Raab 1962; Schwarz and Ischebeck
1994). This phenomenon is known as the ‘redundant target
effect’ (RTE), and the difference in RT between single-
and double-targets is called the redundancy gain. The RTE
has been accounted for by two different models, namely
the race model (Raab 1962) and the neural co-activation
model (Miller 1982). According to the former, the RTE
occurs because information from each target is conveyed
to a central processor in separate and independent channels
whose speed of processing is a random variable.
Presenting multiple stimuli increases the probability that
on a given channel a stimulus is processed quicker than on
an average channel. By contrast, the co-activation account
assumes the existence of a neural mechanism in which
signals from each channel are summed and, as a result, are
processed more quickly. This mechanism has a threshold
that is reached faster with multiple signals than with single
ones.



142

To qualify the nature of the RTE, Miller (1982) devised
a mathematical method (race inequality test) that enables
one to establish whether the redundancy gain can be
explained by probability summation rather than by neural
coactivation. Miller’s race inequality test uses the cumu-
lative frequency distribution (CFD) of RTs in the single-
versus double-target condition and sets an upper limit for
the CFD when redundant targets are presented. If this limit
is violated, then a probabilistic explanation is no longer
tenable and the RTE can be ascribed to a neural co-
activation mechanism (Miller 1982, 1986). When the
results from normal observers are considered, the evidence
supporting neural or probabilistic explanations of the RTE
is controversial with some studies showing a violation of
Miller’s inequality (e.g., Cavina-Pratesi et al. 2001; Forster
et al. 2002; Iacoboni and Zaidel 2003; Miniussi et al.
1998; Savazzi and Marzi 2002), and others not (e.g.,
Corballis 1998, 2002; Corballis et al. 2002; Murray et al.
2001; Pollmann and Zaidel 1999; Roser and Corballis
2003). Many studies of simple RT do not show
redundancy gain exceeding probability summation in
normal subjects—although there is typically violation of
probability summation (the race model) in the split brain
(Corballis 1998, 2002; Reuter-Lorenz et al. 1995).
Corballis (2002) found little or no violation of the race
model, either under luminance contrast or equiluminance
conditions, in normal subjects. A study by Roser and
Corballis (2003) did find some evidence of neural
coactivation in normal controls using red and green
stimuli, but it was dwarfed by that shown in the split-
brained subjects. There is some evidence that variations in
stimulus location might play a role—although there was
little evidence for violations of the race model in a study in
which the stimuli could appear at four different locations
(Corballis et al. 2002). For a recent discussion of
coactivation versus race model, see Miller and Ulrich
(2003). Undoubtedly, violations of the race model have
been more consistently found when the RTE was assessed
in brain-damaged patients than in normal subjects. Marzi
et al. (1996) found a reliable redundancy gain attributable
to neural coactivation in patients with unilateral left
extinction when the two targets were presented to opposite
visual fields. The RTE occurred even when one stimulus
in a pair was presented to the left hemifield and therefore
was not perceived. Intriguingly, Reuter-Lorenz et al.
(1995), Marzi et al. (1997), and Corballis (1998) have
reported that patients with a complete section of the corpus
callosum show a redundancy gain that is consistent with
neural coactivation. These results have led to the hypoth-
esis that the RTE is mediated by neural summation in the
superior colliculus (SC), a subcortical visual center that
might subserve inter-hemispheric transfer after commisur-
otomy (Corballis 1998; lacoboni et al. 2000; Miniussi et
al. 1998). Further, evidence for a collicular locus for the
RTE comes from the experiment of Tomaiuolo et al.
(1997) who found a reliable RTE in hemispherectomy
patients, even when one stimulus in a pair was presented
to the hemianopic hemifield contralateral to the ablated
hemisphere and was therefore undetected.

The SC is known to play a crucial role in spatial
attention and oculomotor orienting; in a recent fMRI study
in humans, Gitelman et al. (2002) found an activation of
the SC specifically related to an exploratory attentional
contingency. An analysis of effective connectivity dem-
onstrated that the SC was significantly influenced by the
activity in a network of cortical regions including the right
frontal eye fields and bilateral parietal and occipital
cortices. Another important characteristic of the SC is
that its neurons respond to input from different sensory
modalities, thus acting as an important center for multi-
sensory integration (Stein 1998; Stein et al. 1993). The
fact that a redundancy gain has been observed for bimodal
targets delivered in the auditory and visual modality
(Gielen et al. 1983; Nickerson 1973), and in the visual and
tactile modality (Forster et al. 2002), is consistent with the
hypothesis that the SC is one of the possible substrate for
the neural summation underlying the RTE together with
related cortical areas such as extrastriate (Iacoboni et al.
2000) and premotor (Iacoboni and Zaidel 2003) cortex. In
the attempt to identify the information processing stage at
which the RTE takes place (perceptual versus motor),
Miniussi et al. (1998) had their participants react as
quickly as possible to single- vs. double-target presenta-
tion while event-related potentials (ERPs) were recorded
from the scalp. The behavioral results were in favor of a
neural coactivation model, and, most importantly, electro-
physiological results showed the RTE to be associated
with a clear modulation of the P1 component of the ERP,
thought to be generated from extrastriate visual cortex and
to subserve early perceptual processing. Given that the
extrastriate cortex is heavily interconnected with the SC
these data again support a collicular contribution to the
RTE and a coactivation at a visual stage. This possibility
has also been raised in a recent paper by Savazzi and
Marzi (2002) who reported a reliable redundancy gain for
targets pairs in which one of the two stimuli had a
luminance below detection threshold and was not
perceived by the observers. The authors hypothesized
that the redundancy gain could be accounted for by a
possibly lower threshold of activation of the SC neurons as
compared to neurons of the geniculo-striate pathway.
Summation between sub- and suprathreshold stimuli could
thus take place at the level of the SC. Further evidence in
favor of a role of the SC as a site of coactivation comes
from a recent experiment by Savazzi and Marzi (report in
preparation). They found that when using short wave-
length visual stimuli that are known to be invisible to SC
neurons the redundancy gain observed was probabilistic
while it violated the race inequality with white or long-
wavelength stimuli. This result is in keeping with that of
Corballis (1998) who found in split-brain subjects that the
observed neural redundancy gain was greatly diminished
when the stimuli were equiluminant with the background
and therefore undetectable by the SC that is known not to
receive color opponent input. Several hypotheses on the
information-processing stage of neural coactivation have
been put forward and some of them have argued for a pre-
motor or motor locus; for an extended discussion see



Cavina-Pratesi et al. 2001. For example, Diederich and
Colonius (1987) argued that the redundancy gain may
occur at the motor level with a faster programming or
execution of response elicited by double as opposed to
single stimuli. They used a bimanual response and
bimodal stimuli, and found that intermanual differences
in RT and redundancy gain depended to a similar extent on
the interstimulus interval between the redundant stimuli.
Given that intermanual differences are likely to be related
to response execution, their results were consistent with a
motoric stage for the RTE. In contrast to a motoric stage,
however, Mordkoff et al. (1996), using response force and
the lateralized readiness potential (LRP) as dependent
variables in a RTE paradigm, could not find a redundancy
gain in these measures. Finally, more recently, Miller et al.
(2001), by reanalyzing the data from a single-cell study of
Lamarre et al. (1983) in a monkey performing a RTE with
bimodal stimuli, obtained evidence that the neural
correlate of the redundancy gain did not concern the
motoric stage of the response. These results point to a
perceptual or pre-motor rather than motoric stage for the
RTE.

A main motivation for the present study was the
consideration that the RTE has been often studied with one
versus two onset singleton targets appearing over a blank
background. In this regard, it is well established that an
onset singleton can be a very salient event in the visual
field, usually grabbing attention automatically (Jonides
and Yantis 1988; Yantis and Jonides 1990). However, a
singleton can also be defined on the basis of its static
properties (Folk et al. 1992), such as for example in the
case of a red element amidst green elements, or a vertical
line amidst horizontal lines. If the difference between the
physical properties defining the singleton and the non-
singleton elements (usually called ‘distractors’ in the
visual search literature, e.g., Wolfe 1998) is large enough,
the singleton element is said to stand out from the display
(Treisman and Gelade 1980), i.e., it is immediately visible
to the observer (Duncan and Humphreys 1989; Nothdurft
2000). The distinction between onset and feature single-
tons is of particular relevance when the anatomical and
functional organization of the human visual system are
considered. It has long been known that visual information
is sent to cortical visual areas along two separate
pathways, the magnocellular (M) pathway and the
parvocellular (P) pathway (Livingstone and Hubel 1987).
The M-pathway, which is virtually color blind, is mainly
concerned with detection of luminance changes and
motion-signal processing, and is specialized for object
localization. By contrast, the P-pathway, which is mainly
devoted to the analysis of fine details and isoluminant
color-defined targets, is thought to be concerned with
object recognition. The M- and P-pathways have partially
different cortical target areas, since the former mainly
projects to the dorsal stream in the parietal cortex whereas
the latter has its main projections to the ventral stream in
the inferior temporal cortex (Ungerleider and Mishkin
1982). Exceptions to this rule have been found; see, for
example, recent evidence that the two pathways partially
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converge already at the level of the primary visual cortex
(Vidyasagar et al. 2002). Because of this functional
distinction, it seems reasonable to hypothesize that onset
singleton detection is fundamentally associated with
magnocellular system activity whereas feature (color)
singleton detection is related to the parvocellular system.

On the grounds of the different neural mechanisms
presumably involved in the detection of onset as compared
to feature singletons, and because the RTE has been most
often studied by presenting onset singletons, the present
experiments were aimed at addressing whether the RTE
can also be observed when the target is a feature singleton,
and what its summation mechanism might be. To this end,
participants were tested in an RTE task in which the same
target was displayed either in isolation or among
distractors. As mentioned above, when onset singletons
were used as target in previous studies, the SC, which
receives mainly M input, has been repeatedly implicated
as the locus of neural summation in the redundancy gain
(e.g., Savazzi and Marzi 2002). Given that SC neurons do
not have opponent properties (Marrocco and Li 1977,
Schiller and Malpeli 1977), by presenting the target as a
color singleton among distractors we should prevent target
detection to be subserved by the SC. This would allow us
to ascertain whether the RTE possibly found under this
condition is still consistent with neural summation. The
presentation of a feature color singleton amidst equilumi-
nant distractors should largely restrict neural activity for
target identification to the P-system. Thus, while we have
abundant evidence that the RTE with onset singletons is
related to neural coactivation, RTE with feature singletons
might in principle have a different mechanism.

The present study consists of three experiments aimed at
comparing the effect of onset and feature singletons on the
RTE. The basic task consisted of responding as quickly as
possible to one or two targets presented either with or
without distractors. When the target was presented in
isolation the paradigm replicated the classic experimental
condition used in previous RTE studies; instead, when the
target was presented among homogeneous distractors the
paradigm became a simple visual search task in which the
target stood out from the display (Treisman and Gelade
1980; Wolfe 1998).

Experiment 1

The aim of this experiment was to study the RTE when the
target was defined either by luminance change or by
feature contrast. There is evidence in the literature that the
RTE can be observed also when the target does not consist
of a sudden onset. For example, Schwarz and Ischebeck
(1994) found an RTE with lines of different orientation. In
the study of Pollmann and Zaidel (1999), the target was
defined either as an inverted T among upright Ts
(experiment 1), or a as tilted T among upright Ts
(experiment 2). In this regard, the visual search literature
has consistently demonstrated that in the latter case the
target stands out whereas in the former it does not (Wolfe
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1994). In both the experiments of Pollmann and Zaidel
(1999), the results were consistent with a probabilistic
explanation, that is, there was no violation of Miller’s
inequality test. However, in both cases the target was
always presented among distractors, and therefore any
possible difference in redundancy gain between an onset
singleton target and a feature singleton target could not be
addressed.

To circumvent this problem we presented the target (a
red disk) either in isolation or among a fixed number of
equiluminant distractors (green disks).

Method
Participants

Twelve right-handed students (five males) from the University of
Verona participated in the study after having given their informed

Fig. 1 Example of the stimulus ~EXperiment 1

displays used in the three ex-
periments of the present study.
In Experiment 1 one or two red
targets were presented either
among green distractors (leff
panels) or in isolation (right
panels). In Experiment 2 one or
two light-gray targets were pre-
sented either among dark-gray
distractors (/eff) or in isolation
(right). In Experiment 3 one or
two dark-gray (upper panels) or
light-gray (lower panels) targets
were presented among green
distractors (lefi panels) or in

With distractors

(a) single stimulus

Experiment 2
With distractors

isolation (right panels)
+ ~ + @ + @ + @
® [

(b) double stimulus

(a) single stimulus

Experiment 3

With distractors

(b) double stimulus

consent. The experiment was performed in accordance with the
ethical standards laid down in the 1964 Declaration of Helsinki. All
participants had normal or corrected-to-normal vision and were not
aware of the purpose of the experiment.

Apparatus

Stimulus displays were presented on a Sony Trinitron Multiscan
E530 color monitor driven by a personal computer equipped with a
graphics board (640x480, 60 Hz). The monitor was placed at eye
level on a table in front of the participant. The participants sat with
the head positioned on a headrest, so that the distance between the
eyes and the screen was approximately 57 cm.

Stimuli

In this and the following experiments the target and the distractors
consisted of disks subtending 1.5° of visual angle. The disks were
equally spaced around a fixation point on an imaginary circle of 15°

Without distractors

(a) single stimulus (b) double stimulus

Without distractors

(a) single stimulus (b) double stimulus

Without distractors

(a) single stimuli

(b) double stimuli

(a) single stimuli (b) double stimuli



of diameter (see Fig. 1). In the no-distractor condition, the display
consisted of one or two target disks, whereas in the distractor
condition the display consisted of eight disks (either one target and
seven distractors, or two targets and six distractors). When two
targets were present they always occupied diametrically opposite
positions in the two hemifields. All stimulus combinations were
equiprobable. The target was red whereas the distractors were green,
with both colors set at equiluminance (4.4 cd/m®) by means of a
Minolta chromameter CL-200. The background of the screen was
black and had a luminance of 0.001 cd/m?; testing took place in a
dimly lit room (about 1 cd/m?). Stimulus duration was 150 ms.

Design

Two within-participant factors, Target (two levels: single vs. double)
and Distractor (two levels: absent vs. present) were analyzed for RT
as the variable. Each participant performed a total of 384 trials
divided into three separate blocks. To avoid automatization of the
response upon stimulus presentation, 72 catch trials, consisting of
the presentation of eight distractors without targets, were presented
randomly among regular trials. Each testing session began with the
presentation of a single block of practice trials (28).

Procedure

Participants were instructed to respond as quickly as possible by
pressing the spacebar of the computer keyboard with their dominant
hand (right in all cases) when they detected the target, and to refrain
from responding on catch trials. In this and in the other two
experiments, RTs shorter than 140 ms or longer than 650 ms were
considered as anticipations and retards, respectively, and were
excluded from statistical analyses. They represented a minuscule
proportion (about 1%) in all three experiments.

Results

The main effect of Target was significant, F; ;1,=47.9,
P<0.0001, with RTs to single targets slower (at 375.3 ms)
than those to double targets (351.8 ms), whereas both the
main effect of Distractor, F(; ;;)=2.308, P>0.15, and the
first-order interaction of Target-by-Distractor,
F1,11)=0.343, P>0.5, were not. This means that the RT
difference between the single- and double-target condition
produced a reliable redundancy gain both when the target
appeared among distractors (22.7 ms) and when it
appeared in isolation (24.2 ms).

Test of the race model

In order to assess whether the redundancy gain observed
was related to neural coactivation or to probability
summation, we applied Miller’s race inequality test.
Since we expected different mechanisms to elicit the
RTE when the target was presented with or without
distractors, the analysis was performed separately for the
distractor present and absent conditions. As shown in
Fig. 2, race inequality (Miller 1982) was violated when the
target appeared in isolation, whereas no violation occurred
when the target appeared among distractors.
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Fig. 2 Violation of the race inequality test for the two distractors
conditions (absent vs. present) in experiment 1. Gray rectangle
indicates the area in which the distributions are significantly
different from zero, as assessed by one-sample #-tests. Violation of
the race inequality test is evident only when the targets were
presented without distractors

Discussion

The results showed a reliable RTE when the target was
presented among distractors, confirming the findings of
Pollmann and Zaidel (1999). However, the novel aspect of
the present results is that the mechanism underlying the
RTE varied depending upon whether the target was
presented alone or with distractors. When the target was
presented in isolation, the redundancy gain violated race
inequality and therefore was consistent with the neural
coactivation model (Miller 1982). In contrast, with
distractors the redundancy gain was consistent with the
probabilistic model (Raab 1962). Why should the mech-
anism of summation vary between an onset and a feature
singleton target? We believe that a possible explanation
might be found when the mechanisms used by the visual
system for extracting the salient element in a display are
considered. When a singleton color target is presented
amidst homogeneous equiluminant distractors, its saliency
is determined on the basis of feature differences among the
display elements. When target and distractors have the
same luminance, the SC cannot separate the signal of the
target from those of the distractors, and redundancy gain is
subserved presumably by cortical areas receiving P-
pathway input and belonging to the ventral stream, such
as the extrastriate cortex, which has been shown to be
crucially involved in visual search with equiluminant
stimuli (De Weerd et al. 2003). Under these conditions we
found a probabilistic redundancy gain. In contrast, when
the target is presented in isolation, its saliency is mainly
determined by activity within the M-pathway, presumably
at such an early stage as the SC or later on in processing at
cortical areas pertaining to the dorsal stream, such as
posterior parietal cortex (PPC) (Gottlieb et al. 1998), and
this is compatible with a neural coactivation mechanism of
redundancy gain. An important question is obviously why
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the two presumed sites of redundancy gain yield a
different mechanism of summation.

Experiment 2

The results from experiment 1 suggest that neural
coactivation is subserved by the SC only when the target
is defined on the basis of visual transients. Yet, it should
be noted that in this experiment onset singletons differed
from feature singletons not only because in the former
condition there was a visual transient but also because the
target was the only element present in the display.
Therefore, it might be that the main difference between
the two conditions was the presence of distractors, which
per se could have yielded a probability summation
independent of the type of stimuli. To address this issue
we modified the experimental conditions of experiment 1
by presenting the target either in isolation or among
distractors of lower luminance. If our hypothesis about the
role of visual transients in neural coactivation is correct, in
experiment 2 the redundancy gain should violate the
Miller’s inequality test both when the target is presented in
isolation and when is presented among distractors with a
lower luminance.

Method
Participants

Twelve right-handed students (six males) from the University of
Verona served as participants, after having given informed consent.
The experiment was performed in accordance with the ethical
standards laid down in the 1964 Declaration of Helsinki. All
participants had normal or corrected-to normal vision and were not
aware of the purpose of the experiment. None of them participated
in the previous experiment.

Apparatus, design and procedure

The apparatus, experimental design and procedures were as in
experiment 1.

Stimuli

The stimuli were the same as in experiment 1 except for the
following differences. In order to maximize the difference in visual
transients between the target and the distractors, the former was light
gray (3.8 cd/m®) and the latter were dark gray (0.6 cd/m?). The
stimuli were presented over a dark-gray background (1.8 cd/m?).
Figure 1, middle row, presents an example of the stimulus display.

Results

RTs were entered into a repeated-measures analysis of
variance (ANOVA) in which the factors were Target
(single vs. double) and Distractor (absent vs. present). We
found significant main effects of Target, F(;;,=156.4,

P<0.0001, with RTs to single targets (325.8 ms) slower
than those to double targets (301.6 ms), and of Distractor,
F,11y=7.1, P<0.021, with RTs to targets in isolation faster
(310.5 ms) than those to targets among distractors
(316.9 ms), whereas the Target-by-Distractor interaction
was not significant, /7, ;1,=0.01, P>0.9. It is important to
point out that the redundancy gain was significant both
when targets appeared among distractors (24.0 ms) and
when they appeared in isolation (24.3 ms).

Analysis of the race model

As in experiment 1, testing of the race inequality was
performed separately for the distractors present and absent
conditions. In accordance with our prediction, the race
inequality test (Miller 1982) was violated in both
conditions (Fig. 3).

Discussion

The results of experiment 2 clearly indicated that it was
not the presence of distractors per se that is crucial for
obtaining a redundancy gain based on neural coactivation.
Instead, the key factor is the strength of the visual transient
elicited by the target relative to those elicited by the
distractors. In other words, the probability of observing an
RTE consistent with a neural coactivation model seems to
depend on whether the target is detectable on the basis of
the strength of the visual transient elicited upon presen-
tation. In keeping with that, violation of the race model
was observed not only when the target appeared in
isolation, but also when it appeared with distractors of
lower luminance than the target.

In experiment 1, the target and the distractors had
different colors but the same luminance. Importantly,
electrophysiological studies have reported that there are no

Violation of the Race Inequality

White targets

No distractors Black distractors

0.1
0 /—-\
-0.11
-0.2-
-0.34
-0.41

Magnitude of Violation

0 0.5 1 0
Percentiles

0.5 1

Fig. 3 Violation of the race inequality test for the two distractors
conditions (absent vs. present) in experiment 2. Gray rectangles
indicate the areas in which the distributions are significantly
different from zero. Violation of the race inequality test is evident
both when the targets were presented without distractors and among
black distractors



projections to the SC from color-opponent cells in the
retina (Marrocco and Li 1977; Schiller and Malpeli 1977).
Hence, the red target and the green distractors were
indistinguishable on the basis of their visual transients at
the SC level. Therefore, neural summation was the same
whether the display consisted of one red target and seven
green distractors, or two red targets and six green
distractors. By contrast, it is well established that
luminance increments, such as abrupt onsets, are able to
elicit differential responses in the neurons of the SC
(Munoz and Wurtz 1995), which is typically involved in
automatic orienting of attention and saccadic eye move-
ments to visual transients such as a peripheral flash of
lights (Kustov and Robinson 1996). In experiment 2, not
only the target was defined as an onset transient (with
distractors as offset transients), but it also had a greater
luminance contrast with respect to the background than the
distractors and this is in keeping with having found a
coactivation mechanism for the observed redundancy gain.

Experiment 3

A further important question is whether evidence for
neural coactivation could also be found when the target
had a lower luminance than the distractors. To this aim, for
a fixed luminance level of distractors, we directly
compared targets with higher or lower luminance.

Method
Participants

Twelve right-handed students (four males) from the University of
Verona served as participants after having given informed consent.
The experiment was performed in accordance with the ethical
standards laid down in the 1964 Declaration of Helsinki. All
participants had normal or corrected-to-normal vision and were not
aware of the purpose of the experiment. None of them participated
in the previous experiments.

Apparatus, design and procedure

The apparatus, experimental design and procedures were as in
experiment 1.

Stimuli

The stimuli were the same as in experiment 1 but with the followmg
exceptions. The target could be either light-gray (3.8 cd/m?) or dark-
gray (0.6 cd/m?), whereas the distractors were green (1.1 cd/m?).
The redundancy conditions consisted of two light-gray targets or
two dark-gray targets. Target and distractors were presented over a
gray background (1.8 cd/m?). Examples of stimulus displays are
shown in Fig. 1 (bottom two rows).
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Results

RTs were entered into a repeated-measures ANOVA in
which the main factors were Target number (single vs.
double), Target color (light vs. dark), and Distractor
(absent vs. present). The following main effects were
significant: Target number, F; ;1,=160.3, P<0.0001, with
RTs to single targets (372.5 ms) slower than those to
double targets (345.7 ms); Target color, F(y ;1)=7.8,
P<0.017, with RTs to light-gray targets (353.7 ms) faster
than those to dark-gray targets (364.4 ms); and Distractor,
F1,11)=8.5, P<0.014, with RTs to targets in isolation faster
(352.8 ms) than those to targets among distractors
(365.4 ms). The only significant interaction was Target
color x Distractor, F;1=27.9, P<0.0001, with RTs for
dark-gray targets in isolation similar (365.1 ms) to those
with distractors (363.8 ms); RTs for light-gray targets in
isolation were faster (340.4 ms) than for targets with
distractors (367.1 ms).

Analysis of the race model

As shown in Fig. 4, the race inequality test (Miller 1982)
was violated in all conditions except for dark gray targets
with distractors.

Discussion

Experiment 3 had the purpose of ascertaining whether an
RTE could be found even when the target had a lower
luminance than the distractors. When the target was
presented without distractors, and was defined as a
luminance decrement of some regions of the background,
the results showed an RTE that violated the race inequality
test, thus supporting the neural coactivation model (Miller
1982). Because the target had a lower luminance than the
background, this suggests that neural summation can occur
even when visual transients are elicited by OFF signals,
thus extending the role of visual transients for the neural
summation process to luminance decrements. Overall, the
results from experiments 1 and 2 have indicated that when
distractors are present evidence for neural co-activation
could be found only when the target had a greater
luminance than the distractors. In experiment 3, a violation
of the race model was found only when the target was
light-gray among green distractors, but not when it was
dark-gray among green distractors. In the latter condition
the target had a lower luminance than the distractors, and
therefore it should have produced a stronger OFF signal
than the green elements. However, in spite of that, neural
summation did not take place.

Altogether the results indicate that neural summation
occurs for visual transients elicited by luminance decre-
ments when the only visual transient present in the display
is that elicited by the target. One possibility to explain the
lack of evidence for the neural summation when both the
target and the distractors are defined as luminance
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Fig. 4 Violation of the race inequality test for the two target
conditions (white vs. black) as a function of the two distractors
conditions (absent vs. present) in experiment 3. Gray rectangles
indicate the areas in which the distributions are significantly
different from zero. When the targets had a greater luminance
than the distractors (White targets), violation of the race inequality
test is evident regardless of whether the distractors were presented or
not. By contrast, when the targets had a lower luminance than the
distractors (Black targets), violation of the race inequality test is
evident only when the distractors were absent

decrements might rely on the fact that the difference in the
strength of visual transients was too small to allow the
target signal to be distinguished from the distractors
signals.

General discussion

In this study we investigated the RTE by presenting the
target either in isolation or among a fixed number of
distractors. The target was clearly distinguishable from the
distractors on the basis of a simple feature like color
(experiment 1) or luminance (experiments 2 and 3), and
this made the target stand out from the display (Treisman
and Gelade 1980). The presence of distractors was
manipulated in order to have the target appearing either
as an isolated visual transient (an onset/offset singleton) or
as a static feature singleton (a red item among green
items). This distinction is important, since the presence of
a salient feature singleton is mainly associated with
activity in cortical areas such as the extrastriate visual

cortex (De Weerd et al. 2003) belonging to the ventral
stream and receiving mainly P-pathway input whereas a
salient onset (or offset) singleton can probably be detected
early-on in visual processing by a subcortical structure
such as the SC receiving M-pathway input.

Experiment 1 showed that the RTE was consistent with
a neural coactivation model when the red target appeared
in isolation, whereas it was consistent with a probabilistic
model when the red target appeared among equiluminant
green distractors. In experiment 2 a light-gray target was
presented either in isolation or among dark-gray distrac-
tors; in both cases, the RTE could be explained by neural
coactivation. Finally, experiment 3 showed that a target
with a lower luminance than the background yielded an
RTE consistent with the neural model when without
distractors but consistent with the race model when
presented among distractors of a higher luminance.

Overall, the present results suggest that, when the target
can be detected on the basis of the activity within the M-
system and the dorsal stream, the RTE is mediated by
neural summation, likely to be at the SC level. By contrast,
when the RTE is presumably mediated by cortical areas
involved in saliency computation based on static feature
detection, such as extrastriate visual areas belonging to the
P-system and the ventral stream, then its mechanism is
probabilistic. Why should the mechanism of redundancy
gain be different when subserved by one or the other
visual stream? Below, we will try to discuss some
possibilities.

Let us start with the case of the target being a red
element amidst green elements. Under this condition the
target can be detected on the basis of activity within the
‘saliency map’, a biased representation of the visual field
in which the more prominent location is signaled by the
highest peak of activation within the map (Wolfe 1994). If
a unique salient element is present in the display,
mechanisms of saliency computation working either by
local inhibition (Koch and Ullman 1985) or by feature
contrast detection (Julesz 1986) can detect the feature
singleton very quickly and efficiently, as demonstrated by
the fact that RT does not vary as a function of the number
of distractors in the display (Treisman and Gelade 1980;
Wolfe 1998). However, activation at each location within
the saliency map presents a certain degree of variability
that reflects the fact that signals in the nervous system are
probabilistic in nature. Hence, if RTs for target detection
are based on the output of neural mechanisms involved in
the processes of saliency computation, having two targets
increases the probability that one of the two correspondent
peaks of activation reaches the threshold necessary to
initiate the manual response faster than with a single
target. The probabilistic model is therefore entirely
consistent with the neural mechanisms for saliency
computation of a feature singleton target.

We now turn to consider the case of the target being a
singleton in the luminance domain, that is, when a target
appears either in isolation (as an ON or an OFF signal) or
when it has a greater luminance than the distractors.
Because of the M-pathway projections to the SC, we



propose that the SC can mediate the RTE by producing a
neural summation whenever the target is distinguishable
on the basis of the transient channels activity. On the
grounds of the neuroanatomical and functional connec-
tions of the SC with motor-related areas, it seems plausible
to hypothesize that the SC can modulate the speed of the
manual response for target detection. While the SC
superficial layers have neurons that have exclusively
visual functions, the deep layers have neurons that receive
afferents from visual and sensori-motor cortical regions
(e.g., frontal eye fields, PPC), and are involved in the
translation of sensory signals into motor commands for the
eyes (Schall 1995) as well as for the hands (Lunenberger
et al. 2001). Thus, one possibility is that the contribution
of the SC to the redundancy gain is to subserve neural
coactivation at a premotor level. However, the possibility
of a perceptual locus cannot be excluded since a recent
study by Cavina-Pratesi et al. (2002) has shown that the
requirement of a motor response is not necessary for the
RTE to take place since these authors found a redundancy
gain in a stop-signal paradigm by comparing the efficacy
of single and double visual signals in inhibiting the motor
response. In addition, the above-mentioned ERP results of
Miniussi et al. (1998) have provided substantial neural
evidence for a perceptual locus of the RTE

In conclusion, the present study has been concerned
with the conditions in which the RTE could be explained
by a probabilistic hypothesis and conditions in which it
was consistent with a neural coactivation hypothesis.
Overall the results support the possibility that the RTE is
related to neural coactivation when the target is detectable
on the basis of activity of transient channels within the M-
pathway, particularly at the SC level. Presumably, the SC
is endowed with the neural basis for summation at the
level of its neuronal pools. By contrast, when the target is
a feature singleton, the RTE is better accounted for by
probabilistic models, in agreement with the fact that the
results of the neural mechanisms involved in saliency
computation are noisy and vary stochastically over time
(Wolfe 1994). Presumably, the cortical areas involved in
static feature detection, in contrast to the SC, are not
endowed with the neuronal machinery suitable for the kind
of neural coactivation underlying the redundancy gain.
Interestingly, Corballis (2002) reached a broadly similar
conclusion about redundancy effects in the magnocellular
and parvocellular systems, although based on correlations
rather than on presence or absence of race-model
violations (see final paragraph of that study).

Finally, a note of caution is in order as far as the
distinction between neural and probabilistic summation is
concerned. Violation of the inequality is evidence for
neural coactivation (given that an additional assumption of
context independence is satisfied; see Colonius 1990);
non-violation, however, would still be compatible with
some moderate amount of neural coactivation that does
not exceed the upper bound given by the inequality. Thus,
the present data do not unambiguously suggest that two
entirely different mechanisms are at work for dynamic and
for static discontinuities. What is clear, however, is the fact
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that the former, in contrast to the latter, triggers a response
mechanism that cannot exclusively be based on probabil-
ity summation. Of course, this consideration does not
invalidate the interpretation in terms of the P- and M-
systems.
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