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information is the repetition of the searched-for stimulus; a form of target redundancy.

Keywords:

In the present study, the electrophysiological correlates of such target redundancy were

Visual attention

investigated in a visual discrimination task. Observers were asked to look for targets in

Redundancy gain

displays that always contained two salient singletons (tilted lines; targets and/or non-

Event-related potential

targets) against a background of vertical distractor lines. Displays contained either two

N2a

redundant targets, two nontargets, or a single target and nontarget, at opposite sides of the
visual ﬁeld. Search was most efﬁcient when two targets were shown, and effects of target

P3

redundancy were observed on the event-related potential as well. Target redundancy
modulated the anterior N2, and the P3 in both an early and a late window. The results are
compatible with models of visual attention that support a relatively late (i.e., central or
decisional) locus of redundancy processing.
& 2013 Elsevier B.V. All rights reserved.

1.

Introduction

When an observer scans the visual environment in search of a
particular object, the success of this task is not only determined
by what the target object is, but also by the properties of said
environment. Several of such properties have been well
described. For instance, the similarity between (features of)
the target object and other items in the visual ﬁeld greatly
affects search efﬁciency; higher similarity makes the search
more difﬁcult because it is harder to discern targets from
distractors (Treisman and Gelade, 1980; Wolfe, 1994). Likewise,

the similarity between distractor objects affects search. When
distractors are much alike, they can be treated as a single group,
and rejected as such, increasing search efﬁciency (Duncan and
Humphreys, 1989). It has also long been known that in the
composition of the visual environment, a special role is
reserved for redundant signals, that is, stimuli or stimulus
properties that repeat or are no more than an additional
signal next to another that carries the same information for
the purpose of the observer's task (e.g., Todd, 1912).
One demonstration of the typical redundancy effect due to
the repetition of a target stimulus was given in a classic study
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by Eriksen (1966), in which letter recognition accuracy
improved on trials in which two identical target letters were
presented at different locations, compared to trials with only
a single target letter. Reaction times to redundant targets
have also been observed to decrease, both when compared to
single target displays and when compared to displays containing a target as well as a (salient) nontarget (Mordkoff
et al., 1990; Pashler, 1987; see also Eriksen and Eriksen, 1979;
Van der Heijden et al., 1983). These so-called redundancy
gains are even found when the second, redundant target goes
unnoticed, such as may happen in the extinguished hemiﬁeld
of patients suffering from visual extinction (Marzi et al., 1996).
Despite a substantial amount of research on redundancy
gain over the years, its origin and locus in the perceptual
processing pathways of the human brain remained a matter
of debate. Some, perhaps most, models of redundancy gains
attribute these gains to early stages of visual processing.
In probabilistic race models, such as originally proposed by
Raab (1962) (for a more recent race model see Mordkoff and
Yantis, 1991), redundancy gain has been attributed to stimulus detection. The model assumes that a response is generated as soon as the neural activity elicited by one stimulus
wins the race to the detection threshold. Due to the inherent
variability of (neural) response times, on average, the detection time needed for the fastest stimulus in a redundant pair
will be shorter than the time needed for any given single
stimulus, which thus constitutes a redundancy gain solely
due to the speed of detection processes.
Next to race models, so-called coactivation models have also
been proposed to account for redundancy gains (Miller, 1982).
These models do not assume that stimuli are independently
processed, but rather that their properties jointly activate the
perceptual system and ﬁnally culminate in a response. Although
coactivation models have been described as being perceptual in
nature (Miller et al., 2009), it would nonetheless seem that the
locus of the redundancy effect in these models might also reside
in later processing stages, without fundamentally altering their
structure (Miller and Reynolds, 2003). Possible late loci include
decisional, response selection, and (pre-) motor stages of processing (Schulte et al., 2006).
Several studies have been published that have investigated
the possible locus of redundancy gain directly, but the evidence
to date is still mixed. In lieu of an exhaustive overview of this
literature, a few representative studies will be brieﬂy discussed
below to illustrate the current status quo. Like the present
study, the studies that will be discussed all focused on stimulus
redundancy, rather than feature redundancy (in which one or
more properties of a single stimulus may be used for search; e.
g., Krummenacher et al., 2001; Mordkoff and Yantis, 1993); an
exploration of possible links between stimulus and feature
redundancy will be given in Section 3.
The ﬁrst of these studies on stimulus redundancy that will
be discussed here found evidence in favor of a postperceptual locus of redundancy gain. Corballis (2002) manipulated the contrast between stimulus and background, but
found that it did not modulate redundancy gain. If the gain
effects were related to the earliest perceptual processing
stages, then stimuli that are equiluminant with their background, which take more time to detect than stimuli that are
more luminant, should have shown a different degree of
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redundancy gain. Instead, Corballis observed that redundancy gain was independent of luminance.
Results by Miller et al. (2004) also argue in favor of a postperceptual locus. These authors used a task in which they
asked their participants to make temporal order judgments
about single and redundant stimuli, but found that these
judgments did not differ between these conditions. Under the
assumption that temporal order judgments are likely to
reﬂect perceptual latency, the fact that these judgments were
found not to differ between single and redundant stimuli
suggests that their perceptual latency was experienced as
being the same. The locus of redundancy gain would thereby
appear to be beyond this ﬁrst perceptual phase of processing.
Yet, there is also some support for an earlier source of
redundancy gain. Savazzi and Marzi (2004) observed equal,
probabilistic redundancy gain between patients whose superior colliculus (SC) was non-functional and healthy controls,
for monochromatic purple stimuli that were invisible to the
SC. By contrast, stimuli with other hues produced clear
differences between these groups of observers. These results
would suggest that probabilistic summation can contribute to
redundancy gain at a perceptual processing stage prior to the
SC, even if it is clearly not the only source of the effect.
Further support for this idea was provided by Schwarz (2006),
who showed that redundancy gain was modulated by the
retinal eccentricity of the stimuli.
Some very illuminating evidence for an early locus of
redundancy gain was obtained in an event-related potential
(ERP) study by Miniussi et al. (1998). Measuring the ERP is an
electrophysiological method that is ideally suited to determine
the time-course of functional processes due to its excellent
temporal resolution. Using a visual detection task, Miniussi
et al. showed that redundancy gain can be traced to early
visual components such as the P1 and N1, whose latency was
decreased by target repetition. These results thus suggested
that early perceptual processing was being accelerated.
Importantly, however, the study of Miniussi et al. (1998)
used a design that is also commonly used in behavioral
studies of the redundant targets effect, in which displays
containing (only) two redundant targets are being compared
to displays with a single target. Thus, the modulations
observed by Miniussi et al. involved comparisons across
stimulus displays that were physically unequal, which runs
the risk that the differences between them are (partially)
a consequence of these physical differences between the
stimulus displays. Speciﬁcally, the presentation of two stimuli that together have more stimulus energy, rather than
the presentation of a single stimulus, may already be sufﬁcient to accelerate perceptual processes, regardless of redundancy. Particularly in the earlier phase of the ERP, this may
produce modulations of its components. Miniussi et al. (1998)
were obviously aware of this issue and took some precautions to minimize its effects; they abstained from analyzing
component amplitude (which is commonly regarded as the
more robust method of ERP analysis), averaged the single
target trials across the visual hemiﬁelds, and provided a
measure of volume conduction effects that might have
occurred due to the bilateral redundant targets. Nevertheless,
with this type of design, it is impossible to fully isolate
potential physical stimulus effects.
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The physically unequal comparison between redundant
and single targets is perhaps less of a concern for behavioral
measures, as they reﬂect only the eventual outcome of perceptual processing in the form of an overt response. Even so,
that response is still realized by the processes that preceded it,
including those early ones that are affected by physical aspects
of the stimuli. It might thus be argued that the interpretation of
behavior is ultimately also vulnerable to the possible misattribution of redundancy gains to the presentation of two
targets, while they might also, in part or wholly, be due to that
of any two (salient) stimuli. For this reason it has been argued
that redundancy gains should perhaps not be measured
between redundant and single targets in behavioral paradigms
either (Fournier and Eriksen, 1990; Grice et al., 1984; Mordkoff
et al., 1996). One might alternatively argue that physical
differences can also be understood as a valid contribution to
redundancy gain. It has indeed been proposed that redundancy
gain might have both an earlier, perceptual locus, and a later
(pre-motor) locus as well (Schulte et al., 2006), which would ﬁt
well with the idea that effects of physical differences as well as
‘actual’ target repetition effects can act together, at different
points in the processing pathway. However, this is mere
speculation in the absence of data that isolate either of these
contributions.
The present study sought to do so, and examine solely the
target repetition effect, by minimizing the physical differences in the comparison between redundant and single
targets. To this end, the effects of redundancy on the ERP in
a visual discrimination task were examined. Crucially, the
design was such that the ERP to a pair of redundant target
stimuli could be compared to displays that also contained
two stimuli of similar appearance and salience, consisting
either of a target and nontarget pair, or a pair of nontargets.
The target and nontarget stimuli in the present study consisted of line segments tilted 451 to either the left or right in
an array of vertical distractor lines. This design effectively
minimizes effects related to physical discrepancy between
the conditions that might have driven early effects previously
found, as has been demonstrated by Schubö and Müller
(2009), who observed no differences prior to the P3 in the
ERP between left- and rightward tilted lines. The current
design thereby also allows for the analysis of component
amplitude (cf. Miniussi et al., 1998). The resulting paradigm is
illustrated in Fig. 1.
On the basis of the existing literature reviewed above, it
was predicted that redundant targets should beneﬁt from
privileged processing, (even) when compared to physically
similar nontarget and target–nontarget stimulus pairs.
Depending on whether redundancy gain affects perceptual
or post-perceptual processes (or both) in the present task,
different modulations of the ERP might be expected. A broad
range of ERP components was examined to this end.
If redundancy gain has an early, perceptual locus, the ERP
to redundant targets should start to differ from that to the
other stimuli at the P1 or N1 components, as Miniussi et al.
(1998) previously found. The P1 and N1 components are
involved in the earliest deployment of spatial attention
(for a review, see Hillyard and Anllo-Vento, 1998). Other
relatively early components may also be implicated, in
particular the P2 and the posterior N2, which have been
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Fig. 1 – The experimental procedure. The search array
consisted of 21 line segments arranged in a circular fashion.
Two of these lines were tilted, which appeared at any
position in the array under the condition that only one
appeared in each visual hemiﬁeld. The experimental
conditions are illustrated in the bottom panel. Rightward
tilted lines are shown to represent targets here, and leftward
tilted lines represent nontargets, but the actual orientation
was counterbalanced between blocks. The conditions are
labeled as follows: two targets (“T–T”), target and nontarget
(“T–NT”), and two nontargets (“NT–NT”).

linked to feature-based selection (Luck and Hillyard, 1994a)
and to the ﬁltering of task-irrelevant stimuli or locations (e.g.,
Akyürek and Schubö, 2013; Anllo-Vento and Hillyard, 1996).
The posterior N2 has been implicated in another relatively
basic process, namely spatial grouping (e.g., Schubö et al.,
2004). Conversely, a post-perceptual locus should induce later
modulations, at the anterior N2 and beyond, at the P3. The
anterior N2 has frequently been associated with mismatch
detection between pairs of stimuli (Folstein and Van Petten,
2008), while the P3 is thought to reﬂect the consolidation of
stimulus information in memory, and the preparation and/or
selection of a response (Polich, 2007; Verleger et al., 2005).

2.

Results

Fig. 2A shows behavioral performance (% correct and RT)
across the conditions. Fig. 2B shows the cumulative response
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Fig. 2 – Panel A shows response accuracy in percent correct
(left), and reaction time in ms (right) for the experimental
conditions. Error bars represent one standard error of the
mean. Panel B represents the cumulative probability of a
response (%; representing Vincentized averages computed
across participants) as a function of time since display onset
(ms), plotted separately for two-target (redundant) displays,
and displays with a single target appearing in either the left
or right half of the visual ﬁeld.

probability functions of two-target (redundant) displays, as
well as single target displays in the left and right visual ﬁeld
(LVF, RVF). The participants averaged 94% correct responses,
and thus the task was clearly rather easy. It was therefore not
surprising that accuracy was not affected by target presence
(Fo1.8). Reaction time did show an effect of target presence, F
(2, 30)¼42.08, MSE¼ 310.843, po.001, η2 ¼.74. Reaction time
was shortest for two-target displays (412 ms), compared to
displays with one target and a nontarget (henceforth called
“one-target” displays; 466 ms) or displays containing a pair of
nontargets, and thus no actual targets (henceforth “notarget” displays; 456 ms). Comparison of the means revealed
that the two-target displays elicited reliably faster responses
than one-target displays, t(15) ¼11.71, po.001, and no-target
displays, t(15)¼ 5.68, po.001, while one- and no-target displays differed only marginally, t(15) ¼1.78, po.1. Importantly,
these results thus conﬁrmed the presence of target redundancy gain. Faster responses to target-absent displays than to
single target displays have also been reported in the literature
(e.g., Miller and Reynolds, 2003), but in the present task this
appeared to be a weak effect at best.
Two reaction time distributions were computed for the
single target condition, which were divided into targets that
appeared on either side of the visual ﬁeld, and another was
computed for the redundant two-target condition. These
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distributions were then tested for violations of the race
model inequality (Miller, 1982), using the method described
by Ulrich et al., (2007), and no violations thereof were
observed (t'so1.4).

2.1.

Earlier posterior and parietal components

Fig. 3A shows the ERP at both PO7 and PO8 and Fig. 3B shows
the ERP at POz on the left, and the N2pc waveform on the
right. Current source density (CSD) maps conﬁrmed the
presence of the early lateral posterior P1 and N1 components
in particular. In the analyses, no differences between the
conditions were apparent: the mean amplitude of the P1
component of the ERP did not reveal any reliable differences
between the target presence conditions (F'so1). Target presence did also not reliably modulate N1 (F'so1.2), P2 (Fo1),
and N2p amplitude (Fo1), conﬁrming the absence of redundancy effects across these earlier components. The absence
of early differences also reinforces the idea that the stimulus
pairs in the present study should not induce ERP modulations
solely by their physical appearance.
Although necessarily restricted to the one-target condition, an additional N2pc analysis was performed to examine
lateralized attentional processing (Eimer, 1996; Luck and
Hillyard, 1994b). Tested against zero, the component was
reliably present, t(15)¼ 2.42, po.05, although of relatively low
amplitude ( .28 mV), which might have been expected given
that target and nontarget stimuli were deﬁned in the same
feature dimension, and simultaneously appeared on opposite
sides of the visual ﬁeld. In such cases attention may be
almost as likely to go towards the ipsilateral as towards the
contralateral hemiﬁeld (Akyürek et al., 2010; Akyürek and
Schubö, 2011). The presence of the N2pc nonetheless conﬁrmed that there was a degree of lateral attentional processing involved in detecting the targets in the current task.

2.2.

Later frontal and parietal components

The left panel of Fig. 4 shows the ERP recorded at the FCz
electrode, with the CSD maps (top row) showing a typical
frontocentral spatial distribution for the N2a component. The
analyses of the N2a produced a markedly different pattern
of results. Here target presence did affect the N2a, F(2, 30)¼
3.46, MSE¼.979, po.05, η2 ¼ .19. In the two-target trials, N2a
amplitude was reduced to  .62 mV, compared to the onetarget condition at 1.36 mV, and the no-target condition at
1.46 mV. Pairwise comparisons showed that the two-target
condition differed reliably from the one-target condition,
t(15)¼ 2.22, po.05, and from the no-target condition, t(15) ¼
2.11, po.05. The one-target condition and the no-target
condition did not differ signiﬁcantly (po.8).
The right panel of Fig. 4 shows the ERP recorded at Pz.
The CSD plots (bottom rows) highlight the commonly observed
broad parietal positive deﬂection associated with the P3. The
amplitude of the P3 in the early time window also showed an
effect of target presence, F(2, 30)¼7.68, MSE¼1.032, po.005,
η2 ¼.34. Two-target trials averaged 10.63 mV, one-target trials
averaged 9.88 mV, and trials without targets averaged 9.23 mV.
Comparison of these means showed that two-target trials
differed reliably from one-target trials, t(15)¼ 2.27, po.05,

184

brain research 1537 (2013) 180–190

7
6
5
4
3
2
1
0
-1
-2
-3
-4
-5
-6
-7
-200

μV

μV

7
6
5
4
3
2
1
0
-1
-2
-3
-4
-5
-6
-7
-200

P1

N1
PO7

0

200

400

600

ms

800

P1

N1

0

200

PO8

400

ms

600

800

T-T
T-NT
NT-NT

T-T
T-NT
NT-NT

80 - 100 ms
-20.0 µV/m²20.0 µV/m²

150 - 170 ms

2

μV

9
8
7
6
5
4
3
2
1
0
-1
-2
-3
-4
-5
-200

ΔμV

-20.0 µV/m²20.0 µV/m²

1
N2p

0
N2pc

-1
POz

0

200

400

600

ms

800

T-T
T-NT
NT-NT

PO7/PO8 ms

-2

0

200

400

T-NT

Fig. 3 – Mean ERP amplitude (lV) as a function of time in ms. Panel A shows the PO7 and PO8 electrodes. The onset of the
stimulus array is at time zero. Thick lines represent target-present trials, and thin lines represent target-absent trials. Solid
lines represent trials with two identical targets or nontargets, and dashed lines represent trials on which one target was
shown next to a nontarget. Box outlines delineate analysis windows. Topographical current source density (CSD) maps
represent the relevant components. Maps were constructed using spherical spline interpolation and represent a 20 ms
average. From left to right the maps represent the T–T, T–NT, and NT–NT conditions. Panel B shows the POz electrode on the
left, and the single combined contralateral minus ipsilateral difference wave that constitutes the N2pc at PO7 and PO8 for the
target and nontarget condition (solid line) on the right.

as well as from no-target trials, t(15)¼3.15, po.01. One-target
trials and no-target trials differed as well, t(15)¼ 2.35, po.05.
In the late window, the P3 was also affected by target
presence, F(2, 30)¼8.62, MSE¼1.049, po.001, η2 ¼ .37. The pattern
of means had changed, however. One-target trials elicited the
highest amplitude (10.1 mV), followed by no-target trials (9.2 mV),
and ﬁnally two-target trials (8.58 mV). Two-target trials differed
from one-target trials, t(15)¼ 4.29, po.001, and no-target trials,

t(15)¼ 2.13, po.05. One-target trials differed marginally from notarget trials, t(15)¼2.02, po.07.
Overall, the results can be summarized as follows. Modulations due to redundant target presence (i.e., one- vs. two-target
displays) ﬁrst emerged at the N2a and persisted at the P3. At the
N2a, component amplitude was reduced for redundant targets,
and this was also observed in the late P3 time window. In
the early P3 time window, however, component amplitude
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Fig. 4 – Mean ERP amplitude (lV) as a function of time in ms. Shown are the FCz electrode (left), and the Pz electrode (right), as
well as the CSD maps for the relevant components.

was increased instead. Implications of these results will be
discussed below.

3.

Discussion

3.1.

The locus of target redundancy

Several effects of redundancy were observed in the present
study, the ﬁrst of which was that redundant visual targets
indeed produced faster behavioral responses than single
targets and nontarget pairs in the present discrimination
task. In the analysis of the ERP, no modulations of earlier
components of the ERP due to redundancy were apparent,
until the onset of the N2a (and later, the P3). Clearly, this
absence contrasts with previous ﬁndings reported by Miniussi
et al. (1998), who found P1 and N1 latency modulations due to
visual stimulus redundancy, with apparent differences in
amplitude visible in their grand averages also, although these
were not analyzed for reasons previously mentioned. It has
been argued that early effects of redundancy may be absent if
more complex stimuli are used, particularly those that have
separable properties such as color and letter identity (Miller
and Reynolds, 2003). Even though the presently used stimuli
did differ from those of Miniussi and colleagues (checkerboard
bars vs. line segments), the currently employed line segments

cannot qualify as complex stimuli that activate more than a
single feature dimension.
Instead, the principal difference between the design of the
present study and that of Miniussi and colleagues was
probably the present use of nontarget stimuli to create pairs
of physically similar and comparably salient target–nontarget
and nontargets–only stimulus pairs next to the redundant
target pair. Recall that in the study by Miniussi et al. (1998),
comparisons were made between two simultaneous bilateral
stimuli and (summed) unilateral single stimuli. Therein also
lies an explanation for the discrepant results: Effects of
redundancy on the earlier ERP components can likely be
attributed to physical stimulus differences. It might be interesting to note here that also in contrast to the study by
Miniussi et al., no violations of the race model inequality
were observed in the present reaction time data. It might
therefore be speculated that stimulus redundancy effects (as
opposed to target redundancy effects) that typically produce
evidence in favor of coactivation models are related to
modulations of the earlier ERP components.
A relatively late locus of redundancy gain, implicating
central or decisional stages of processing (before response
execution), has also been observed in studies of multimodal
redundancy (e.g., presenting a visual target simultaneously
with a tone). For instance, Schröger and Widmann (1998)
observed redundancy effects after about 200 ms, but not
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earlier. The timing of the presently observed modulations is
well in line with that result. It might therefore be hypothesized that in order for early effects to appear, stimulus energy
must accumulate within a single modality. Barring that,
either because of bimodal presentation or because of physical
equalization (as in the current study), only a later source of
redundancy gain is observed. This dual-locus account of
redundancy gain is fully compatible with previous suggestions that redundancy gain can have both an early and late
locus (Schulte et al., 2006). Speculatively, on the basis of
violations of the race model inequality observed in previous
studies (e.g., Miniussi et al., 1998), it might be posited somewhat counter-intuitively that race models can account for
late locus effects only, such as found in the present study,
while coactivation models might be able to account for early,
but also late locus effects (as the latter possibility is not
strongly rejected by the present data).

3.2.

Relationship to feature redundancy

As brieﬂy alluded to in Section 1, redundant stimulus features,
such as having a particular target color accompanying a target
shape, have also been found to enhance search, similar to the
effects of stimulus redundancy (Krummenacher et al., 2001;
Mordkoff and Yantis, 1993). It may therefore be useful to also
consider ERP results of feature redundancy studies in the
present context.
Lobaugh et al. (2005) conducted a study in which the ERP
to single-feature discriminations, double-feature conjunction
discriminations, and double-feature redundant discriminations were compared. The authors reported that N1 component amplitude and latency in redundant trials were at an
intermediate level between single-feature and conjunction
tasks. The interpretation of this effect is somewhat complicated by the experimental design of Lobaugh and colleagues,
however. First, inherent to studies of feature redundancy,
comparisons between single-feature and double-feature
(conjunction and redundant) stimuli are affected by the
physical difference between them, which may have contributed to the observed ERP differences. Second, each task
(condition) was presented in a ﬁxed, blocked sequence, which
may have provided the opportunity for participants to acquire
task-speciﬁc practice. Speciﬁcally, it may be that practice
effects inﬂuenced the differences observed between the physically similar double-feature conjunction and redundant discrimination conditions. Third, since stimuli were presented
one at a time, there was no spatial search component in the
task, complicating the generalization to tasks that do entail
such search. Taken together, although the early N1 effects
reported by Lobaugh et al. (2005) are potentially relevant, their
implications in the current context are not clear.
Conversely, Töllner et al. (2011) recently conducted a study
on feature redundancy that did incorporate a spatial search
task, similar in kind to the one presently used. Töllner and
colleagues examined the N2pc component, as well as the
lateralized readiness potential (LRP) speciﬁcally, to dissociate
perceptual and response-based contributions to redundancy
gain. Comparing single-feature targets with double-feature
targets primarily revealed an N2pc latency effect, which lead
the authors to conclude that featural redundancy gain has a

perceptual locus. There was evidence for coactivation in this
study, as also observed in the study of Miniussi et al. (1998),
and there were also physical differences between single and
redundant features (there was no conjunction search condition). Note that there is evidence to assume that for effects of
physical differences on the N2pc to emerge, the features have
to be task-relevant (Grubert et al., 2011), which was indeed the
case in Töllner et al. (2011). Based on these considerations, the
early locus of redundancy gain in this study can therefore be
considered in line with expectations.
By contrast, in the present study, there was no evidence
for coactivation, and only late ERP effects were observed (note
that the N2pc component could not presently be measured
for redundant targets, as these were presented in both visual
hemiﬁelds simultaneously). Feintuch and Cohen (2002)
observed that coactivation, and by extension an earlier
perceptual locus of redundancy gain, was observed for
spatially separate stimuli only when (1) they were both
attended, and (2) from different feature dimensions, which
supports the idea that the different loci observed in the study
by Töllner et al. (2011) and Grubert et al. (2011) and the
present study may be due to these differences in task design,
which thus likely tap into (partly) distinct functional mechanisms in the brain.

3.3.

Functional interpretation

Apart from relating to the time-course of redundancy gain, the
presently observed component modulations may also be
interpreted functionally. The anterior N2 was the ﬁrst component to be modulated by target redundancy in the present
study. Redundant targets elicited reduced N2a amplitude
compared to target–nontarget pairs. An effect in the same
direction, that is, reduced N2a amplitude for redundant
targets, was also observed for the comparison between redundant targets and nontarget trials. In contrast to the N2a, the
posterior N2 did not show redundancy effects. This discrepancy bears highlighting because it speaks against an account
of the observed effects in terms of stimulus probability. One
might argue that targets (shown in T–T and T–NT displays)
appeared less frequently than nontargets (in T–NT and NT–NT
displays; with the latter display type being more frequent),
although the distribution was not skewed much at 50% targetpresent displays and 67% nontarget-present displays. This was
necessary to balance response probability (i.e., target–nontarget displays required a target-present response). However, if
the presently observed effects were due to stimulus probability, these should have affected the N2p, and not the N2a
(Luck and Hillyard, 1994a), which was the exact opposite of
what was presently observed. Therefore, other accounts seem
more feasible.
The N2a has been associated with cognitive control as well
as the detection of mismatch between attended stimuli and a
perceptual (target) template (Folstein and van Petten, 2008).
It has been known to appear in response to both targets
and nontargets (Luck and Hillyard, 1994a), as indeed was also
presently observed. Given that lower N2a amplitude was
observed for the redundant target condition, an interpretation
in terms of mismatch seems feasible. In this case, mismatch
could be understood as the discrepancy that is caused by
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perceiving a target and a nontarget in one-target displays,
which would evoke more mismatch than the redundant target
condition, in which the stimuli were obviously matched completely. Nonetheless there did seem to be a further difference
due to whether targets or nontargets were shown, as N2a
amplitude to a pair of nontargets was highly similar to that of
a target–nontarget pair, suggesting that the processing of (dual)
targets was qualitatively different at this stage.
Because there is some evidence that the (mismatchrelated) anterior N2 may be modulated by attentional selection or ﬁltering (Akyürek and Schubö, 2013; Fu et al., 2003),
the present N2a effect might also be interpreted as evidence
for distributed or sequential deployment of attention to
the target and nontarget stimuli. Further evidence for this
was provided by the low amplitude of the N2pc component
measured in single target displays, even though it did occur
reliably (i.e., it differed from zero). The low amplitude may
be taken to indicate that attention was drawn towards
the nontarget in the opposing visual hemiﬁeld almost as
frequently as towards the target (or, to both/neither of them).
This was not entirely unexpected, as the task relevance of the
feature dimension of the competing stimuli is known to
cause this behavior (in this case line orientation, which
deﬁned both targets and nontargets; see also Akyürek et al.,
2010; Akyürek and Schubö, 2011). From these ﬁndings, it is
thus possible to conclude that the N2a effect may also
contain a sequential mismatch component, elicited by serial
comparison of the pairs of target and nontarget stimuli in the
displays (cf. Wang et al., 2004).
Alternatively, an account for the N2a effects presently
observed might be attempted within the framework of
cognitive control, which (amongst other things) is associated
with response conﬂict (Folstein and van Petten, 2008). Arguably, when two targets are present, response conﬂict is low,
compared to trials on which both a target and a nontarget
appear, which could ﬁnd expression in corresponding amplitude changes. The fact that nontarget-only displays also
elicited higher N2a amplitude is more difﬁcult to account
for, however. One might speculate that observers focused on
ﬁnding the targets, and felt the target absent response was
‘undesirable’. Also, because the presence of a single target
was sufﬁcient for a target-present response, whereas the
presence of a single nontarget was not indicative of a
target-absent trial, a degree of imbalance between these
stimuli might be expected. This might then have resulted in
enduring response uncertainty and higher N2a amplitude in
nontarget-only trials. Overall, it does seem that the cognitive
control account of these data is less satisfactory than the
mismatch account.
Stimulus redundancy also affected the P3 component.
The modulations of the P3 furthermore changed as the component developed: there were diverging early and late effects,
which suggested that dissociable mechanisms may underlie
the observed modulations of P3 amplitude. From its timecourse, this divergence might prompt an account in terms of
P3a and P3b subcomponents (Squires et al., 1975). However, a
more frontal scalp distribution is typically seen for the earlier
subcomponent, the P3a, which was not at all apparent from the
present data (cf. the CSD plots in Fig. 4). In terms of functional
interpretation, the P3a has been associated more with the
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attentional processing of stimuli, while the P3b has been linked
most frequently with processes related to working memory and
response selection (Polich, 2007; Verleger et al., 2005). The
current data do not seem to be easily explained in terms of
this functional P3a/P3b division, when it is mapped onto the
presently used time windows. Therefore, it seems more appropriate to interpret the current data as a reﬂection of a single P3
(b) component.
The divergent earlier and later effects on the P3 also weigh
against an account in terms of stimulus probability. The P3 is
known to be affected by stimulus probability (Polich, 2007;
Pritchard, 1981), although this evidence mostly comes from
so-called oddball paradigms in which only the target stimulus requires a response. The P3 has furthermore equally been
linked to response processing (Verleger et al., 2005). Since
response probability was balanced in the present design, the
potential inﬂuence of stimulus probability remains to be
accounted for. The predicted effect of stimulus probability is
that the least frequent stimulus, being the target (50%),
should elicit the highest P3 amplitude. In the early P3 time
window, this would only possibly account for differences
between target-present displays (both redundant targets and
target–nontarget pairs) and no-target displays, yet cannot
account for the differences between redundant targets and
target–nontarget pairs, which was the principal measure of
target redundancy in the present study. In the late time
window, the presently observed effects seem altogether hard
to account for with a stimulus probability account. To conclude, as before with the N2a, the stimulus probability
account does not seem convincing.
To reiterate, the present results showed increased P3
amplitude in the early time window for the redundant target
trials, compared to trials with a single target and trials
without targets. These differences mirror the principal behavioral effect quite well; reduced reaction time was observed
for these trials. At least in the early P3 window, it therefore
seems feasible to relate the ease of consolidation of the
stimuli in short-term memory to response efﬁciency and a
corresponding increase in P3 amplitude. The ease of consolidation might furthermore be related to the preceding N2a
effect, in which the redundant target elicited the lowest
component amplitude. In other words, reduced mismatch
(smaller N2a) in redundant target trials may have facilitated
consolidation (larger, more pronounced P3). The ease-ofconsolidation interpretation of the early P3 is globally compatible with accounts of the P3 that posit it is related to the
updating and storage of information in short-term (or working) memory (Kok, 2001; Phillips, 1974; Polich, 2007).
In the late time window, however, the roles were reversed
and redundant targets averaged the lowest amplitude of all. It
has been hypothesized that the P3 reﬂects the consequences
of a response decision after perceptual analysis (Verleger
et al., 2005). This idea ﬁts well with the amplitude differences
presently observed in the late window, as all conditions
associated with unequivocal responses (i.e., both singletons
were either targets or both were not) elicited lower amplitude
than their counterparts with more equivocal responses
(target plus nontarget trials). However, it should also be
acknowledged that there were further distinctions between
the means here, and two-target trials averaged lower amplitude
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than one-target trials, despite requiring the same response.
Thus, it seems that it not only matters what particular response
was associated with the respective conditions, but also whether
stimulus redundancy was able to afford an unequivocal
response.
Converging evidence for a response-related interpretation
of the late P3 was obtained by cursory examination of the
response-locked waveforms (not shown). The pattern of
amplitude differences (i.e., redundant, nontarget, and onetarget trials, from lowest to highest) observed in these
response-locked waveforms prior to the response itself was
similar to that of the late P3 in the stimulus-locked waveforms, suggesting some degree of common ground. However,
such a link was not apparent for the N2a and early P3. Finally,
examination of the fast responses exclusively (lower than the
median RT), produced a pattern of results across all components that was identical to that described here. This suggested that the differences between conditions observed in
the full range of responses were unlikely to have been
affected by differential response timing.

3.4.

Concluding remarks

The present study showed that the locus of the redundant
target effect in a visual discrimination task appears to be
beyond initial perceptual processing, as shown by comparisons between target, target–nontarget, and nontarget stimulus pairs. Modulations of the N2a and P3 components that
were observed suggested that target redundancy might be
reﬂected in changes in mismatch processing, memory consolidation, and response selection.

4.

Experimental procedures

4.1.

Participants

Sixteen students (14 female, 2 male) participated for monetary compensation. The experiment was conducted in accordance with the Declaration of Helsinki. Informed consent was
obtained in writing prior to the experiment. Participants were
unaware of the purpose of the experiment and reported
normal or corrected-to-normal vision. Mean age was 22.9
years (range 19–29 years).

4.2.

Apparatus and stimuli

Participants were individually seated in a dimly lit and sound
attenuated testing cabin at a distance of approximately
100 cm from the screen. The 20″ CRT screen was driven by
a discrete graphics card in a Core 2 Duo computer running
Windows XP, and refreshed at 100 Hz with a resolution of 800
by 600 pixels in 16 bit color. The experiment was programmed in E-Prime 1.2. Responses were recorded with a
standard USB keyboard. A white background was maintained
throughout the experiment. The ﬁxation cross (“þ”) was set
in bold 18 pt. New Courier font. The stimulus arrays consisted
of 21 black line segments, of 30 by 5 pixels in length and
width, which were arranged in a circular fashion, centered on
the screen, as shown in Fig. 1. The lines were separated by 50

pixels on average on both the horizontal and vertical axes;
each individual line segment was displaced randomly
between 0 and 5 pixels both horizontally and vertically. All
but the two target and/or nontarget lines had a vertical
orientation. These were tilted 451 leftwards or rightwards
and appeared in opposing sides of the visual ﬁeld (i.e., within
the left or right side of the array). By deﬁnition, nontargets
always had the opposite direction of tilt as the target.

4.3.

Procedure and design

There were 1296 experimental trials, which were preceded by
a short practice block of 24 trials that was excluded from
analysis. Trials continued without interruption within 12
experimental blocks of 108 trials. After every two experimental blocks, the participants could take a break. For each block,
one of two different instructions was given on-screen. The
order of the instruction was random (but counterbalanced)
between sets of two blocks. The instruction was to attend to a
speciﬁc orientation, that is, either leftward tilted lines (1/2 of
all trials) or rightward tilted lines (1/2 of all trials). By extension, the lines tilted in the opposite direction were considered
to be the nontargets for those blocks.
The experiment was divided in three main experimental
conditions and two secondary ones (which were eventually
discarded, see below), the trials of which were presented in a
randomly mixed sequence. The distribution of trials was such
that target absent and present trials were equally frequent,
thus balancing response probability. The ﬁrst experimental
condition consisted of 1/6th of all trials (216), and presented two
targets (i.e., two left- or two rightward tilted lines, depending on
the current instruction). One of these appeared on each side of
the visual ﬁeld, which was the case for all pairs of target and
nontarget stimuli, as mentioned above. In the second condition,
also consisting of 1/6th of all trials, a target was shown together
with a nontarget. In the third condition (1/4th of trials; 324), two
nontargets were shown. There were two further secondary
conditions; one in which a target–nontarget pair was shown
(1/6th of trials), and one in which two nontargets were shown
(1/4th of trials), but in both cases (one of) the nontarget(s) in
these trials appeared in teal (RGB 0, 127, 128) rather than black.
The appearance of this color was meant to control for possible
effects of stimulus similarity, but turned out to produce
performance identical to the conditions without color. The
trials of these secondary conditions were therefore omitted
from further analyses in the present report.
Each individual trial started with a ﬁxation cross, lasting
1000–1200 ms. The search array then followed for 800 ms.
After offset of the search array, a blank screen was shown for
600 ms before the next trial commenced. Participants were
asked to use their right hand to indicate whether a target was
present in the display (key “1” on the numeric keypad), or not
(key “2”), and to do so before the next trial commenced.
Mean accuracy and reaction time (RT) were ﬁrst analyzed
in a repeated measures analysis of variance (ANOVA) with a
single variable of three levels for target presence (two targets,
one target, or none). Planned comparisons were set up
between the redundant target and no-target conditions (i.e.,
two targets vs. two nontargets), and between the redundant
target condition and the single target (with nontarget)
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condition. Whenever sphericity was a concern the test was
adjusted by using the Greenhouse–Geisser epsilon correction.

4.4.

Electrophysiological recording and data analysis

EEG was recorded with Ag–AgCl electrodes from 64 electrodes, placed according to the extended International 10-20
System. The electrodes were referenced to Cz and rereferenced ofﬂine to the average of both mastoids. The
horizontal electro-oculogram (EOG) was recorded from the
outer canthi of the eyes and the vertical EOG from above and
below the left eye. Electrode impedance was kept below 5 kΩ.
The ampliﬁer used a 125-Hz cut-off and a .1-Hz high-pass
ﬁlter, and data was digitized at a frequency of 500 Hz. The
data were ﬁltered off-line with a 40-Hz low-pass ﬁlter at
 12 dB (48 dB/oct roll-off), and a .1-Hz high-pass at  6 dB
(24 dB/oct roll-off). EEG was averaged in segments of 1000 ms,
starting 200 ms prior to the onset of the search array and
ending 800 ms afterwards. Ocular artifacts (blinks and eye
movements) were corrected with the Gratton–Coles procedure
(Gratton et al., 1983). For each electrode, trials with amplitudes
exceeding 780 mV, voltage steps exceeding 750 mV between
two sampling points, and trials with voltage differences lower
than .1 mV for a 100-ms interval were excluded from analysis.
An interval of 200 ms directly preceding the search array was
used for baseline correction. Trials were categorized into
correct and incorrect responses, and only the former category
was used for the electrophysiological analyses.
Analyses identical to those outlined above were performed
for mean amplitude values in time windows corresponding to
the occipital P1 (70–110 ms after stimulus onset) and N1 (140–
180 ms), the posterior N2 (N2p; 220–260 ms), the centralfrontal N2 (N2a; 250–310 ms), the parietal P2 (190–220 ms)
and P3 in both an early and a late phase (280–420 ms and 420–
620 ms). Additionally, the N2pc (160–240 ms) was measured
for lateralized displays, that is, those that contained a single
target on either side of the visual ﬁeld. It was computed by
subtracting ipsilateral waveforms (i.e., recorded from the left
hemisphere electrode site when the target was in the left
visual ﬁeld, and the same for the right hemisphere site and
right visual ﬁeld) from contralateral waveforms (i.e., left site
and right visual ﬁeld, and right site and left visual ﬁeld).
Based on convention and observed component amplitude,
the PO7 and PO8 electrodes were selected for the P1, N1, and
N2pc, FCz was selected for the N2a, POz for the N2p, and Pz
for the P2 and P3. For analyses across multiple electrodes, an
electrode variable was added to the analysis.
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