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Using  electrophysiology,  the  attentional  functions  of  target  selection  and  distractor  filtering  were
investigated  during  visual  search.  Observers  searched  for multiple  tilted  line  segments  amidst  vertical
distractors.  In  different  conditions,  observers  were  either  looking  for a specific  line  orientation  (“feature-
based”  selection),  or for any  tilted  line (“salience-based”).  The  search  array  could  contain  both  left-  and
rightward  tilted  lines  simultaneously  (requiring  spatial  filtering)  or  only  one  line  type  (no  filtering).  The
amplitude  of  the  P1  event-related  potential  component  was  reduced  during  feature-based  selection,  com-
ttention
istraction
isual event-related potential
1
1
2a
3

pared  to  salience-based  selection.  The  N1  showed  a  similar  effect,  at least  when  filtering  was  required.
Amplitudes  were  also  somewhat  reduced  when  competing  nontarget  stimuli  required  filtering.  Inter-
actions  between  selection  and  filtering  became  stronger  on  the  N2a  and  P3.  When  both  feature-based
selection  and  filtering  were  required,  N2a  amplitude  was  highest,  and  P3  amplitude  was lowest.  The
results  support  an early  locus  of  feature-based  attentional  selection  in  multi-item  search.

© 2013 Elsevier B.V. All rights reserved.
. Introduction

The deployment of attention toward a target stimulus across
he visual field is a classic field of research in psychology. One
articularly influential theory of human visuospatial attention was
roposed by Duncan and Humphreys (1989).  One of its most impor-
ant contributions was that it considered both the relation of
he visual environment and the search target object, and aspects
elated to other, distracting objects also present in the visual field.
ccording to the theory, search speed, that is, attentional effi-
iency, is reduced when targets are similar to and difficult to discern
rom distractors, but also when distractors are dissimilar from each
ther. Of importance to the present study, the theory thus implies
here might be a functional division between processes involved
n selection of targets and filtering of distractors, both of which
owever contribute to the deployment of attention.

Selection in this sense may  be understood as the specification

f the search object or location, as well as the associated enhance-
ent of incoming sensory information that fits this target template.

his enhancement might also be understood as the result of a more
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relative gain function that takes input from the (dis-) similarity
of targets and distractors to achieve the desired target amplifica-
tion (Navalpakkam and Itti, 2007; Reynolds and Chelazzi, 2004).
Filtering however reflects the rejection of task-irrelevant objects
(nontargets, distractors) and locations, which is associated with
the suppression of their (sensory) representations. It is impor-
tant to note that neither function should be understood as being
exclusively top-down (i.e., goal-directed) or bottom-up (stimulus-
driven; for a review see Corbetta and Shulman, 2002, see also
He et al., 2004); bottom-up and top-down control can both affect
selection and filtering. Selection and filtering aspects of attention
have been incorporated in several models to date, and are gener-
ally believed to operate side-by-side (Bundesen, 1990; Bundesen
et al., 2005; Desimone and Duncan, 1995; Duncan and Humphreys,
1989).

Previous functional imaging studies have provided a tentative
framework specifying the functional neuroanatomy of selection
and filtering. The first finding of interest is the link between atten-
tion and the parietal cortex, in particular the intraparietal sulcus
(IPS) and the junction of the intraparietal and transverse occipital
sulcus (IPTO; Wojciulik and Kanwisher, 1999). The critical factor
in the involvement of these regions seemed to be the presence of

distractors, which had to be suppressed across a range of atten-
tional tasks. The role of the parietal cortex thus seemed related to
the inhibition of distractors, which again may  also be understood
as the relative enhancement of task-related information (Desimone

dx.doi.org/10.1016/j.biopsycho.2013.02.009
http://www.sciencedirect.com/science/journal/03010511
http://www.elsevier.com/locate/biopsycho
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Feature-based

Selection (FS)

Salience-based

Selection (SS)
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+
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B

Fig. 1. The experimental procedure. Panel A shows trial structure and the full search
array, which consisted of 21 line segments arranged in a circular fashion. Two, three
or  four of these lines were tilted, and these could appear at any position in the array.
The experimental conditions are illustrated in panel B by means of two overlaid
exemplars per condition. Dashed circles indicate targets. In feature-based selection
trials (upper panels), participants were instructed to attend to one specific orienta-
tion (in this case leftward tilted lines), while in salience-based selection trials (lower
panels) they were attending to any orientation. In filtering trials (left panels) both
left- and rightward tilted lines were presented simultaneously, in no-filtering tri-
als  (right panels) only one orientation was shown in each individual search array.
The actual orientation of the lines in the array was random in both filtering and
70 E.G. Akyürek, A. Schubö / Biolo

nd Duncan, 1995). The results led Wojciulik and Kanwisher (1999)
o conclude that the parietal involvement might be viewed as a
ltering function.

The second relevant finding concerns the involvement of the
pre-) frontal cortex in attention (e.g., Corbetta, 1998). The ante-
ior cingulate in particular seems to be involved in target detection
Posner and Petersen, 1990). Because the pre-frontal cortex is
ot only implicated in (top-down) control over attention, but
lso the organization and control of working memory (Bor et al.,
003; Dosenbach et al., 2008), a functional common ground seems
lausible. Such could be found if one assumes the specifica-
ion and maintenance of an attentional target template is one of
he functions of working memory. Close links between attention
nd working memory have indeed been reported in a variety of
aradigms (e.g., Akyürek et al., 2010a; Downing, 2000; Kuo et al.,
012). Regardless of whether control is indeed initiated through
orking memory, it seems fair to interpret the involvement of

rontal areas as a selection function (but see also the General Dis-
ussion for an alternative interpretation).

.1. Multi-item search

Studies of spatial attention have mostly used tasks that require
bservers to look for a single target item. Although these tasks are
ertainly representative of many aspects of search behavior, they
ay underestimate others. In particular, one of the defining aspects

f single target search is that search can terminate as soon as the
arget has been found, allowing any possible remaining (distractor)
ocations or objects to escape inspection altogether. However, if the
ask requires finding more than a single target item in the display,
nd if the number of potential targets varies between trials, then
earch cannot stop once one target has been found. Instead, par-
icipants have to search through the entire display and inspect all
ingle items before they can terminate their search. This require-
ent of multi-item search arguably enables a more comprehensive

xamination of search behavior across all items of interest; includ-
ng any distractors within that set.

Recently, Akyürek et al. (2010b) attempted to characterize the
ypothesized division between selection and filtering functions in a

unctional magnetic resonance imaging (fMRI) study, using a multi-
tem search task designed for this purpose. In this task, a number
2–4) of 45◦-tilted line segments appeared in an array of vertical
istractor lines, and observers were asked to count (subitize) the
umber of targets. Target selection criteria were varied so that in
ne condition observers were looking for either only left- or only
ightward tilted lines, and in the other condition for tilted lines
egardless of their direction (i.e., both left- and rightward tilted
ines). Thus, observers were either performing a feature-specific,
feature-based”, or a feature-unspecific, “salience-based” selection
ask. This selection variable was crossed with a manipulation of
ltering requirements (cf. Fig. 1). In one condition, both direc-
ions of tilt were presented simultaneously in the search arrays,
hile in the other only one direction was present within any one

rray (but both directions were still used between arrays). In the
ormer condition, simultaneous spatial filtering between the two
irections of tilt was required, whereas it was not in the latter
ondition.

The behavioral results of the Akyürek et al. (2010b) study
howed that both variables interactively affected performance,
o that feature-based selection and the need to perform filter-
ng resulted in the slowest responses and the most errors. The
hysiological results furthermore showed that selection and

ltering differentially activated distinctly different regions in
he brain. Briefly summarized, the contrasts between feature-
nd salience-based selection principally revealed differences in
he involvement of the medial frontal gyrus, while the contrasts
no-filtering conditions.

between filtering and no filtering implicated occipital and parietal
loci. The authors concluded that these results supported the idea
that areas in the frontal cortex are involved in specification of the
target template, and that parietal and occipital areas are involved
in the processing of distraction. However, because of the limited
temporal resolution of fMRI, the temporal dynamics of these
purported attentional functions remain unknown. The present
study sought to investigate these dynamics, by measuring the
event-related potential (ERP), which affords the required temporal
resolution.

Although previous ERP studies have not always strictly dis-
sociated between selection and filtering, and have not addressed
multi-item search specifically, some data are available that relate
to the present topic. A study by Luck et al. (1994) in particular
provided evidence that suggested that filtering and selection may
have different temporal loci. The authors observed that, in a cued

search task, unattended stimuli were suppressed (filtered) at an
early stage, corresponding with an amplitude reduction of the
P1 component of the ERP, in comparison to target-absent ERPs.
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onversely, attended (selected) stimuli elicited an N1 component
f enhanced amplitude.

However, such early modulation of the ERP seems to be closely
oupled with the type of task that is used, in particular whether
he task requires spatial (location-based), or feature-based visual
ttention. When the task requires location-based selection, atten-
ional modulation of the ERP has been shown to start very early
n general, at around 100 ms  after stimulus onset (e.g., Hillyard
nd Münte, 1984; Luck et al., 1994). In such cases, increased P1
nd N1 amplitude is observed for stimuli appearing at attended
ocations compared to unattended locations (for an overview,
ee Hillyard et al., 1998). By contrast, and of particular interest
or the present study is the finding that feature-based atten-
ion (e.g., attention toward a color rather than a location) in
ncued visual search tasks can seemingly only modulate the P1
omponent when filtering is also required, and/or when critical
timulus features are presented in direct competition with each
ther (Nobre et al., 2006; Valdes-Sosa et al., 1998; Zhang and Luck,
009).

Direct competition in these studies entailed that the tar-
et stimuli were to be selected, while nontargets (or nontarget
eatures) were to be ignored simultaneously at competing (overlap-
ing) spatial locations, and the nontarget stimuli possessed features
hat were task-relevant on half of the trials. In other words, while
ne thing was to be attended to, others were not, calling for the
nterplay between amplification of target-related information and
uppression of distractor-related information. Thus, arguably, this
ind of direct competition requires not only featural selection, but
lso some process of (spatial) filtering to successfully select the
arget(s). It is important to distinguish this type of competition
rom cases in which distractor stimuli possess no task-relevant
eatures throughout the experiment, or cases in which distrac-
ors or distractor features do not co-occur or interfere spatially
ith actual targets, as target-nontarget similarity is high in the

ormer case, but low in the latter (cf. Duncan and Humphreys,
989).

Using such direct competition paradigms, Valdes-Sosa et al.
1998) found suppression of the P1 and N1 for the nontarget stimuli,
hile Zhang and Luck (2009) found an enhanced P1 for features

hat matched the search template even when these appeared in
nattended locations. Both of these results support the notion that
eature-based selection can start relatively early in visual percep-
ion (i.e., at the P1, or even in early visual cortex; Müller et al.,
006), but only as long as direct competition in the search displays
ecessitates filtering.

Without the need to perform (spatial) filtering, feature-based
ttention seems to be slower, arising only at the N1, approximately
50 ms  post-stimulus (Hopf et al., 2004), or beyond, and continuing
ver the P2 and N2 components (called the “selection negativity”;
illyard and Münte, 1984; Anllo-Vento and Hillyard, 1996). Broader

election criteria, such as selection on the basis of an entire fea-
ure dimension (e.g., any color), have also resulted in relatively late

odulation of the ERP in search tasks. The anterior N2 at beyond
50 ms  has been reported as a component to be modulated by fea-
ure dimension-based attention in a task that required ongoing
witching of the search template between various dimensions like
olor and orientation (Gramann et al., 2007).

By contrast, location-based selection is inherently linked to spa-
ial filtering, as it involves the selection of one location over others.
t might thus be speculated that if the presence of competition is a
rerequisite for the P1 effect to appear during feature-based selec-
ion in visual search, then that P1 effect may  simply be due to spatial

ltering, rather than to selection itself. However, this hypothesis
as not been tested explicitly to date. The present study sought
o do so, and to compare the time course of attentional feature
election and distractor filtering in the brain.
sychology 93 (2013) 269– 278 271

1.2. The present study

The design of the present experiment was  adapted from Akyürek
et al., 2010b,  which may  be compared for reference, and is illus-
trated in Fig. 1. As mentioned, the present design was aimed
specifically at examining the temporal aspects of attentional selec-
tion and filtering functions and their respective ERP correlates in a
multi-item search task. Observers were asked to report the num-
ber of target stimuli (0–4 tilted line segments) that appeared in
search arrays consisting of vertical lines mostly. Thus, all searches
were carried out on the basis of stimulus features (i.e., orienta-
tion), rather than stimulus location. Filtering and selection were
systematically manipulated by varying the criterion for selection
(one specific orientation, or any non-vertical orientation) and the
number of line orientations that were simultaneously present in
the search array (one or two). Filtering was  expected to have an
early locus and accordingly to modulate P1 amplitude, with com-
mensurate carry-forward effects on the N1, N2, and P3 components.
Specifically, higher amplitude was  expected to be associated with
easier conditions (i.e., only one orientation shown). Selection, on
the other hand, was  expected to start later, that is, at the N1, and
to continue similarly onto the N2 and P3, with higher amplitude
reflecting easier search.

2. Methods

2.1. Participants

Sixteen students (11 female, 5 male) at the Ludwig Maximilian University
Munich participated for monetary compensation. Informed written consent was
obtained prior to the experiment. Participants were unaware of the purpose of the
experiment and reported normal or corrected-to-normal vision. Mean age was  24.4
years (range 20–39 years).

2.2. Apparatus and stimuli

Participants were individually seated in a dimly lit and sound attenuated testing
chamber at a distance of approximately 100 cm from the screen. The 20′′ CRT screen
was driven by a Core 2 Duo computer running Windows XP, with a discrete graphics
card,  and refreshed at 100 Hz with a resolution of 1024 by 768 pixels in 16 bit color.
The  experiment was  programmed in E-Prime 1.2. Responses were recorded with a
USB  keyboard (125 Hz polling rate). A white background was maintained throughout
the experiment. The fixation cross (“ + ”) was drawn in bold 18 pt. New Courier font.

The stimulus arrays consisted of 21 black line segments, each 30 pixels in length
and 5 in width, which were arranged in a circular fashion, centered on the screen,
as  shown in Fig. 1. This virtual circle was composed of 7 rows, of 2, 3, 4, 3, 4, 3,
and 2 line segments each, from top to bottom. The rows were separated from each
other by a distance of 50 pixels (vertically). Between line segments in each row, a
horizontal distance of 100 pixels was used, but the lines in each row were displaced
by  ±50 pixels compared to the neighboring rows. The lines were thus separated by
50 pixels on both the horizontal and vertical axes. Additionally, each individual line
segment was  displaced randomly between 0 and 7 pixels (x, y). All but 2–4 lines
(evenly distributed and randomly chosen in each condition) had a vertical orien-
tation. These other lines were tilted 45 degrees leftward or rightward. On half of
the  trials both left- and rightward tilted lines were presented in the search array
simultaneously, on the other half of trials only one orientation was shown in each
individual search array (i.e., only leftward tilted lines, or only rightward tilted lines,
randomized across trials). The number of tilted lines was the same (2–4) in all con-
ditions, so that the “set size” remained comparable (cf. Horowitz and Wolfe, 2001).
Consequently, the number of actual targets that could be found within the full set of
tilted lines did vary between the two selection conditions (explained further below).
This choice was motivated by two considerations: First, we were interested in pos-
sible  modulations of the ERP as a consequence of the full set of stimuli, both when
they were targets and when they were not (and mixtures thereof). In our view, this
is  more indicative of processing in multi-item search than strictly target-related
comparisons. Second, the number of tilted lines is arguably the most salient aspect
of  the search display to the observers, so that keeping this the same should keep the
overall appearance of the trials across conditions as similar as possible.

2.3. Procedure and design
There were 864 experimental trials, preceded by a practice block of 54 trials
that  were excluded from analysis. Each individual trial started with a fixation cross,
lasting 400–800 ms.  Participants were asked not to move their eyes and to fixate
the  cross during the trial. The search array then followed for 600 ms.  After offset of
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Fig. 2. Response accuracy in percent correct (left panel), and reaction time in ms
(right panel) for the experimental conditions: feature-based selection and spatial fil-

selection, F(1, 15) = 308.78, MSE  = 760.263, p < .001, �2 = .95, and fil-
72 E.G. Akyürek, A. Schubö / Biolo

he  search array, the fixation cross was shown again for 800 ms  before the next trial
ommenced. Participants were asked to enter the number of target line segments
0–4) they had seen, and they were informed they had to make a response before
he next trial started for it not to be considered missing and excluded from analy-
is.  Responses were made on the numeric keypad of a standard keyboard with the
ngers of the right hand.

The experiment consisted of three identical parts of 288 trials each, with optional
reaks in-between. These 288 trials were presented in eight blocks of 36 trials each.
he  presentation order of the blocks was randomized. In four out of these eight
locks, participants were asked to attend to one specific line orientation only. In
wo  of these blocks the leftward tilted lines were to be attended to, and in the
ther two blocks the rightward tilted lines. In the remaining four blocks, participants
ere asked to attend to both directions of tilt. Thus, half the trials required feature-

pecific selection, while the other half required only salience-based selection (i.e.,
ttend to anything not-vertical). The selection instructions were given at the start
f  each block, and remained on screen for two seconds, followed by a two  second
lank interval, to minimize costs related to setting up the search template (Wolfe
t al., 2004). These selection conditions were crossed (again, block-wise) with the
ltering manipulation, so that half the blocks contained trials in which both left- and
ightward tilted lines appeared simultaneously in the search arrays, and the other
alf contained trials in which only one direction of tilt was shown in each individual
earch array. In the former trials, spatial filtering between left- and rightward tilted
ines was required, while in the latter trials it was  not. Note that this is not to say
hat  no spatial filtering was  needed at all in the search arrays that contained but one
irection of tilt, as the vertical distractor lines were always present, but for reasons of
revity only the direct competition between targets and tilted nontargets is referred
o  here.

In this design, the need to filter when two directions of tilt are present in the
earch array is much reduced when a salience-based selection criterion is used, as
ny tilted line was  denoted a target. However, even in this case there were still
ifferent kinds of stimuli to be processed, at various locations in the visual field,
ompared to the conditions in which only one direction of tilt was shown, so that a
imited degree of filtering may  still have been necessary. One reason to assume that
imited filtering matters even when selection is salience-based is the effect of target-
arget similarity; when targets are all identical they may  be grouped more easily
Duncan and Humphreys, 1989). Such grouping was prevented by simultaneous
resentation of both types of target.

Mean accuracy and reaction time were analyzed in a repeated measures anal-
sis  of variance (ANOVA) with one variable for the selection instruction (selection;
eature-based or salience-based), and one for the level of spatial filtering required
filtering; present or absent). Planned comparisons between selection and filter-
ng conditions were carried out when appropriate (i.e., when significant interaction
erms were found). Please note that the terms “feature-based” and “salience-based”,
sed in the context of the present paradigm are strictly meant to refer to the search
emplate used to find the targets. Thus, the search is either performed on the basis
f  a specific feature (e.g., rightward tilted; feature-based), or on the basis of any
eviant feature that dissociates the targets from the vertical lines (i.e., anything that
tands out in the search array; salience-based). In the present paradigm, the lat-
er  condition entailed both left- and right-ward tilted lines, no other features were
sed. Thus, these terms are certainly not meant to imply that stimulus salience
atters in one condition, but not another. They also do not refer to the nature of

he task itself; search was  performed on the basis of featural information in all
ases  – as opposed to location-based search in which a spatial coordinate is used for
earch.

.4.  Electrophysiological recording and data analysis

EEG was recorded with Ag-AgCl electrodes from 64 electrodes, which were pos-
tioned according to the extended International 10–20 System. The electrodes were
eferenced to Cz and re-referenced offline to the average of both mastoids. The hori-
ontal electro-oculogram (EOG) was recorded from the outer canthi of the eyes and
he vertical EOG from above and below the left eye. Electrode impedance was kept
elow 5 k�. The amplifier used a 125-Hz cut-off and a 0.1-Hz high-pass filter, and
ecorded at a frequency of 500 Hz. The data were filtered off-line with a 40-Hz low-
ass filter at −12 dB (48 dB/oct roll-off), and a 0.1-Hz high-pass at −6 dB (24 dB/oct
oll-off). EEG was averaged into 1000 ms  segments, starting 200 ms  prior to the
nset of the search array and ending 800 ms  afterwards. Ocular artifacts (blinks and
ye movements) were corrected using the Gratton-Coles procedure (Gratton et al.,

983).1 For each electrode, trials with amplitudes exceeding ±80 �V, voltage steps
xceeding ± 50 �V between two sampling points, and trials with voltage differences
ower than 0.10 �V for a 100-ms interval were excluded from analysis. Subse-
uently, a 200-ms interval directly preceding the search array was  used for baseline

1 Statistical analyses based on the data after EOG removal (criteria being EOG
teps > 50 �V or absolute differences > 80 �V) instead of analyses based on the data
fter the reported EOG correction produced results highly similar to those reported
ere. Visual inspection of the waveforms confirmed that the EOG removal and cor-
ection approaches showed negligible differences.
tering (FS F), feature-based selection and no spatial filtering (FS NoF), salience-based
selection and spatial filtering (SS F), and salience-based selection and no spatial
filtering (SS NoF). Error bars represent one standard error of the mean.

correction. Trials were categorized into correct, incorrect, and missing responses.
Only the first category was used for the electrophysiological analyses.

Analyses of variance (ANOVA) were performed for mean amplitude values in
time windows corresponding to the occipital P1 (70–100 ms after search array
onset) and N1 (140–170 ms), the P2 (180–230 ms), the central-frontal N2 (N2a;
280–320 ms), and the parietal P3 (320–500 ms).2 No lateral difference-based com-
ponent such as the N2pc was measured, because of the varying number and random
distribution of the target and nontarget stimuli across the visual field. Based on
convention and observed component amplitude, the PO7 and PO8 electrodes were
selected for the P1 and N1, FCz for the P2 and N2a, and Pz for the P3. The current
source density (CSD) plots shown in Figs. 3 and 4 may be compared for reference.
Although there seemed to be some positive lateralization in the P2 time window,
it did not seem of particular significance in the present paradigm, and the fronto-
central electrode was  maintained to reflect the overall P2 effect in the analysis. For
ANOVA’s involving multiple electrodes, electrode was added to the analysis as a
variable. Finally, for the earlier components, when the waveforms suggested there
might be latency differences between conditions, an analysis thereof was  conducted.

3. Results and discussion

3.1. Behavior

Response accuracy was affected by both selection, F(1,
15) = 29.72, MSE  = .003, p < .001, �2 = .67, and filtering, F(1,
15) = 60.92, MSE  = .002, p < .001, �2 = .8. The interaction was
reliable as well, F(1, 15) = 56.75, MSE  = .001, p < .001, �2 = .79.
Accuracy was low when feature-based selection and filtering were
required (78.2%), compared to the same selection without filtering
(92.1%), and to the salience-based conditions with (92.4%) and
without filtering (93.8%). Comparison of the means showed that
selection made a difference when filtering was  required, t = 6.83,
p < .001, but not reliably so when filtering was not required,
t = 1.52. Filtering remained reliable both with feature-based selec-
tion, t = 8.25, p < .001, and with salience-based selection, t = 2.13,
p < .05. The left panel of Fig. 2 shows accuracy in all four conditions.

The analysis of reaction time showed reliable main effects of
tering, F(1, 15) = 76.89, MSE  = 456.33, p < .001, �2 = .84, as well as
their interaction, F(1, 15) = 20.91, MSE  = 879.373, p < .001, �2 = .58.

2 An anonymous reviewer pointed out that one might assume that mean ampli-
tudes cannot entirely account for differences in latencies of components, which
may  have caused differences between participants, conditions or recording sites.
To  control for this possibility, we  ran additional analyses of P1, N1 and N2a mean
amplitude obtained from the maximum peak value of the respective component
±5  sample points. These analyses are not reported in detail, but produced virtually
identical effects to the main analyses reported in the text.
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eaction time was highest when feature-based selection and filter-
ng were required at 817 ms,  dropping to 736 ms  when no spatial
ltering was needed. Salience-based selection elicited the fastest
eaction times, both with filtering (662 ms)  and without (649 ms).
urther comparisons showed that selection had an effect both
hen filtering was required, t = 13.27, p < .001, and when it was not,

 = 10.54, p < .001. Filtering likewise affected the means both when
eature-based selection was required, t = 6.72, p < .001, and, impor-
antly, also when salience-based selection was  required, t = 2.72,

 < .05. The right panel of Fig. 2 shows reaction time in all conditions.

.2. Electrophysiology

Fig. 3 shows the ERP recorded in each condition, for both PO7 and
O8. The analysis of the P1 showed a reliable main effect of selec-
ion, F(1, 15) = 10.8, MSE  = .131, p < .005, �2 = .42, but not of filtering
r electrode (F’s < 1). Mean amplitude was 2.82 �V when feature-
ased selection was required, and 3.03 �V when salience-based
election was required. Selection did not interact with filtering
F < 1), and neither with electrode (F < 1). The interaction between
ltering and electrode failed to reach significance, p < .1. The three-
ay interaction was reliable, however, F(1, 15) = 5.59, MSE  = .078,

 < .05, �2 = .27. The interaction seemed to indicate that the decrease
n amplitude from salience- to feature-based selection was larger
n the PO7 electrode (.49 �V; t = 2.8, p < .05, although this would
ust miss the Tukey criterion of t = 2.88) than on the PO8 elec-
rode (.13 �V; t = 98, not significant), at least when filtering was
equired.3 When no filtering was required, the differences came
o .05 �V at PO7 and .16 �V at PO8, neither of which was  reliable.
urther comparisons of the means did not reveal significant differ-
nces due to filtering on either electrode.4 An additional analysis
f P1 peak latency across the present conditions did not produce
eliable differences between the experimental conditions.

Finally, to ascertain that differences in the number of targets
etween selection conditions were not responsible for the effects
escribed above, these conditions were plotted for a subset of trials

n which the number of targets was the same (but not, as a con-
equence, the number of tilted lines). As shown in the Appendix,
ean P1 (as well as N1 and P3) amplitude showed a pattern very

imilar to that of the full set of trials. The observed differences
etween conditions are preserved also for comparisons involving
wo targets exclusively (e.g., the P1 difference between gray and
lack lines). An ANOVA of these subsets, including a variable for
he number of targets, continued to show a reliable effect of selec-
ion, F(1, 15) = 4.57, MSE  = .729, p < .05, �2 = .23. By contrast, no main
ffect (F < 1.7), and no interactions (F’s < 1.6) of the number of tar-
ets were observed. It therefore seemed unlikely that the number
f targets (and any potentially resultant differences in target group-
ng) played a tangible role in the emergence of these differences in

he overall analysis.

N1 amplitude (see Fig. 3) was affected by selection, F(1,
5) = 13.01, MSE  = .572, p < .005, �2 = .47, and filtering also,
(1, 15) = 10.06, MSE  = .341, p < .01, �2 = .4. Amplitude averaged

3 Because targets and distractors were not specifically lateralized, differences
etween PO7 and PO8 electrodes should be interpreted cautiously. None of the
onclusions that are drawn from these data rely on differences between these elec-
rodes.

4 Partial analyses excluding the interaction between (salience-based) selection
nd  filtering showed a very similar pattern. A comparison of feature-based search
ith filtering with salience-based search produced a reliable effect of selection,

(1,  15) = 5.79, MSE  = .262, p < .05, �2 = .28. Electrode was  unreliable (F < 1), and was
xpressed in a marginal interaction with selection only, F(1, 15) = 4.19, MSE  = .122,

 < .06, �2 = .22. A comparison of feature-based search with and without filtering
id  not produce significant main effects of filtering or electrode (F’s < 1), but their

nteraction was reliable, F(1, 15) = 6.18, MSE  = .17, p < .05, �2 = .29.
sychology 93 (2013) 269– 278 273

−3.75 �V during feature-based selection, and −4.23 �V during
salience-based selection. Amplitude was less negative when fil-
tering was  required, at -3.82 �V, compared to −4.15 �V when it
was not. Electrode was  unreliable (F < 2.8). Neither of the inter-
action terms involving electrode was significant either (F’s < 1.1).
By contrast, the interaction between selection and filtering was
significant, F(1, 15) = 7.39, MSE  = .418, p < .05, �2 = .33. The interac-
tion was  due to a stronger decrease in component amplitude from
salience- to feature-based selection with filtering (from −4.22 �V
to −3.43 �V; F(1, 15) = 13.71, MSE  = .734, p < .005, �2 = .48), than
was observed without filtering (from −4.24 �V to −4.07 �V, F < 1.8,
not significant). Vice versa, the effect of filtering was unre-
liable when salience-based selection was  required (F < 1), but
clearly present when feature-based selection was required, F(1,
15) = 21.35, MSE  = .305, p < .001, �2 = .59. Finally, the three-way
interaction was significant as well, F(1, 15) = 9.02, MSE  = .058,
p < .01, �2 = .38. The selection effect was reliable when filtering was
required, both on PO7 (.69 �V difference; t = 2.85, p < .05) and on
PO8 (.89 �V; t = 4.01, p < .001), although the former value was  just
shy of the Tukey criterion of t = 2.88. When no filtering was required,
selection was only marginally significant on PO7 (.33 �V differ-
ence; t = 2.02, p < .06, also below the Tukey level), and far from
it on PO8 (.01 �V difference; t = 1). Filtering was  significant on
both electrodes when feature-based selection was required (.47 �V
difference on PO7, t = 3.49, p < .005, and .8 �V difference on PO8,
t = 5.05, p < .001), both of which passed the Tukey criterion. When
salience-based selection was required, filtering was unreliable on
either electrode (.11 �V difference on PO7, and .07 �V difference
on PO8).

The P2 component (see Fig. 4) showed an effect of filtering only,
F(1, 15) = 7.27, MSE  = .332, p < .05, �2 = .33. Amplitude was higher
when no filtering was  required (6.83 �V vs. 6.44 �V). Selection did
not reliably affect P2 amplitude (F < 1.6), and neither did the inter-
action term (F < 2.4).

The anterior N2 (see Fig. 4) also showed a reliable effect of filter-
ing, F(1, 15) = 8.38, MSE  = .826, p < .05, �2 = .36. Higher component
amplitude was elicited by displays that required filtering (−.88 �V
compared to −.22 �V). Selection did not have a main effect (F < 1).
However, the two variables did interact, F(1, 15) = 7.07, MSE  = .661,
p < .05, �2 = .32. When filtering was needed, feature-based selection
elicited higher amplitude (−1.31 �V) than salience-based selec-
tion (−.45 �V), a difference that proved only marginally reliable
in a direct comparison of the means, t = 1.92, p < .07. Without filter-
ing, the differences were unreliable, and if anything in the reverse
direction (−.11 �V feature-based and −.33 �V salience-based). Fil-
tering did affect the means, as long as feature-based selection was
required (1.2 �V difference, t = 3.08, p < .01). When salience-based
selection was required, the difference was  unreliable (.12 �V). An
additional analysis of component latency revealed only a signifi-
cant effect of filtering, F(1, 15) = 8.71, MSE  = 132.8, p < .01, �2 = .37,
reflecting an earlier N2a onset for displays that did not require
filtering (194 ms,  compared to 202 ms  for filtering).

Finally, on the P3 (see Fig. 4) a main effect of filtering was
observed as well, F(1, 15) = 11.9, MSE  = 1.592, p < .005, �2 = .44.
Trials without filtering elicited higher P3 amplitude (6.45 �V)
than trials with filtering (5.36 �V). There was no main effect
of selection (F < 1.9), but the interaction term was reliable, F(1,
15) = 7.17, MSE  = .639, p < .05, �2 = .32. While the P3 was slightly
larger for feature-based selection compared to salience-based
selection when no filtering was required (6.57 �V compared to
6.33 �V; t = .97, not significant), the reverse was true for the trials
on which filtering was  required; salience-based selection elicited

higher amplitude (5.77 �V compared to 4.95 �V; t = 2.49, p < .05).
Filtering had a stronger effect during feature-based than during
salience-based selection (1.62 �V difference; t = 3.69, p < .005, and
.55 �V difference; t = 1.89, p < .08, respectively).
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Fig. 3. Mean ERP amplitude (�V) as a function of time in ms.  Panel A shows the PO7 and PO8 electrodes. A close-up of the P1 and N1 components on the PO7  and PO8
electrodes is shown in panel B. The onset of the stimulus array is at time zero. Thick lines represent the feature-based selection condition, and thin lines represent the
salience-based selection condition. Solid lines represent filtering trials, and dashed lines represent no-filtering trials. Box outlines delineate analysis windows. Topographical
c ere co
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t
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urrent source density maps are shown for the relevant component peaks. Maps w
eft  to right the maps represent the FS F, FS NoF, SS F, and SS NoF conditions.

In summary, the present results showed early modulations of
he ERP due to selection criteria and distractor filtering, starting at
he P1. Remarkably, the effect of selection was strongest at the ear-
iest components (P1 and N1), suggesting that these were primarily

odulated by the selection template, with only a secondary effect
f the actual complexity of the display, that is, whether it required

ltering or not. The P2 component was the only component to show
o effect of selection, and it was affected by filtering only. The later
omponents (N2a and P3) were again modulated by selection, but
nly if the stimulus displays also required filtering.
nstructed using spherical spline interpolation and represent a 20 ms average. From

4. General discussion

The present study provided evidence for feature-based atten-
tional modulation of the earliest components of the ERP in
multi-item search. The occipital P1 showed the strongest modu-
lation depending on whether feature- or salience-based selection

was performed, with easier search reflected in increased ampli-
tude, as might have been expected. The data furthermore suggested
that the need to filter between different line orientations (in other
words, the presence or absence of direct competition between
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Fig. 4. Mean ERP amplitude (�V) as a function of time in m

timuli or their locations) only played a secondary role at this stage.
iltering did not reliably affect overall P1 amplitude, and was  only
xpressed in an interaction with selection at the PO7 electrode. The
resently observed effect of the selection criterion on the P1 was

 noteworthy result, as it expands previous reports of P1 effects
f feature-based attention in uncued visual search tasks, which
ere obtained only when there was direct competition; when the

election of one kind of target stimulus also entailed the filter-
ng of simultaneously presented distractor stimuli or features at
ompeting locations (Nobre et al., 2006; Valdes-Sosa et al., 1998;
hang and Luck, 2009). Our results demonstrated feature-based
election amplitude effects in the P1 time range independent of fil-
ering requirements, in a paradigm with spatial separation, rather
han overlap, between (still simultaneously presented) targets and
ontargets, which is arguably a less competitive task.

One might argue that in the comparison between feature-based
nd salience-based selection in the present paradigm, the design
ight still have required some limited degree of filtering in all

ases, because the search arrays always contained (neutral) vertical
istractor lines. However, this kind of ‘residual’ filtering should be

argely effortless. First, unlike the tilted lines, the distractors were

ever task-relevant, so in this sense targets and distractors were
issimilar, and they were furthermore evenly distributed across
he visual field, without interfering with the locations of targets
nd nontargets. Second, these identical vertical lines essentially
wn are the FCz electrode (left), and the Pz electrode (right).

formed little more than a homogeneous background that could
be rejected as one (Duncan and Humphreys, 1989; Schubö et al.,
2007).

In any case, the conclusion seems warranted that (spatial) fil-
tering, considered to be necessary in order to deal with direct
competition between targets and nontargets, does not seem to be
required for early effects of feature-based attention. In the present
simultaneous, multi-item search paradigm, the P1 effect of selec-
tion supported the idea that participants were able to select targets
based on a specific target feature without the need to spatially fil-
ter targets from nontargets first. Thus, the present results support,
but also extend, previously observed early attentional modulation
of the P1 component in the context of visual search.

These results are also in line with findings from other paradigms
that have shown that the P1 component can be modulated by
feature- or dimension-based attentional selection. For instance, in
tasks in which a single stimulus is shown at a time, or in which a sin-
gle stimulus pops out from a search array, P1 amplitude and latency
can be modulated by non-spatial features, such as color (Taylor,
2002). Another demonstration of such early effects in the context of
a cued search task was given by Gramann et al. (2010),  who  showed

that the amplitude of the P1 increased for a target stimulus that was
preceded by a cue at the same location when the cue also matched
the feature dimension of the target, although matching the exact
feature did not seem to further modulate amplitude.
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The occipital N1 component continued to show modulation
epending on whether feature- or salience-based selection was
eeded. As might have been expected from previous reports of
odulation in the N1 range by feature-based attention when direct

ompetition was present (Hillyard and Münte, 1984; Anllo-Vento
nd Hillyard, 1996), the filtering requirements played a more
rominent part here, although there was also still a main effect of
election. Similar to the effect observed on the P1, the requirement
o perform feature-based selection reduced mean amplitude. Addi-
ionally, the requirement to perform spatial filtering now reduced
mplitude as well. These suppressive effects on the N1 may  reflect

 more cautious mode of processing, which instantiates feature-
ased selection. In this mode, early responses to salient stimuli
i.e., anything tilted) might be suppressed in comparison to the
alience-based selection mode. Since featural selection is most
ritical when competing nontargets have to be filtered out, the
nteraction between selection and filtering was to be expected. This

ay  be interpreted as an instance of early endogenous control of
ttention, which takes into account not only the selection criteria,
ut also the configuration of the search array.

The P2 was exclusively sensitive to the filtering requirement.
revious studies have associated increased P2 amplitude with
ocation-based attention (Anllo-Vento and Hillyard, 1996). In the
resent study, increased amplitude was found when no spatial fil-
ering was required. The P2 effect may  thus be interpreted as a
acilitation of attentional deployment toward target locations in
his condition. It may  also be worthwhile to consider potential
ffects in this time range as an early associate of the selection nega-
ivity (Hillyard and Münte, 1984). The selection negativity has been
ound to increase for attended-location features; which would have
ecreased the P2 in the present study. However, since selection had
o reliable effect on the P2, it seems hard to provide an explana-
ion in terms of selection negativity here. Instead, the present data
t least suggested that the P2 is closely linked to the filtering aspect
f attention. The fact that the P2 seemed unresponsive to the selec-
ion aspect of the task, unlike all the other components reported, is
otable but remains hard to account for. Clearly more research into
his component is needed to determine its functional significance.

Starting at the central-frontal N2a, the filtering requirement
ook priority over the selection criterion as a primary determinant
f component amplitude. The direction of the effect was  further-
ore opposite to that observed at the N1; higher N2a amplitude
as associated with the need to filter. The interaction with selec-

ion similarly showed an increased negativity with feature-based
election, rather than with salience-based selection. The inter-
ction may  be related to a similar effect reported by Gramann
t al. (2007),  who found an increased N2a when selection changed
rom trial to trial. A possible alternative interpretation of these
ffects, previously coined by Gramann et al. (2007),  is that they
re the result of deviance or template mismatch detection. In this
ramework, increased negativity observed for feature-based selec-
ion, compared to salience-based selection, might be attributed to
ncreasing deviance between the specific feature-based target tem-
late and the nontargets. Such deviance would not be expected
hen salience-based (dimensional) selection was required. Similar

ffects would be expected for the presence or absence of the need to
erform spatial filtering. The deviance detection account is largely
ompatible with the present findings, but may  offer a less specific
ccount of the differences observed for the presently used vari-
bles of selection and filtering, respectively, because it considers
oth interactively.

It may  also be noted that Gramann et al. (2007) did not present

earch arrays that required spatial filtering – which seemed a nec-
ssary condition for the N2a modulation in the present study,
lthough the direct comparison of the associated means was only
arginally significant. The presently observed N2a effects seemed
sychology 93 (2013) 269– 278

to mirror task difficulty, as both increased competition (filtering)
and feature-specific selection criteria increased amplitude (even
though the former effect was  larger). The behavioral results sim-
ilarly showed increased RT and decreased accuracy for filtering
compared to no-filtering trials, and to a lesser degree also for
feature-based selection compared to salience-based selection. The
longest RT and lowest accuracy was  associated with the combina-
tion of filtering and feature-based selection.

These effects were carried over into the parietal P3 time range,
that is, the absolute voltage differences were preserved, rather than
component amplitude. Thus, feature-based selection with filtering
resulted in the smallest P3 (i.e., amplitude remained most nega-
tive). The time windows examined, the observed deflections of the
ERP, as well as the CSD plots, did however indicate clearly identifi-
able N2a and P3 components. At the same time, the modulations of
selection and filtering affected these components uniformly. The P3
modulation might thus reflect the ease of the task, with increased
amplitude associated with the easier trials. Similar to the effects
of the N2a (but in the opposite direction), the modulations were
compatible with the behavioral outcome. This view is supported
by the idea that the P3 is related to the consequences (or moni-
toring) of a decision to make a particular response (Verleger et al.,
2005; see also Polich, 2007). One caveat with a pure task difficulty
interpretation might be that the response set was bigger in the
salience-based selection condition (0–4 vs. 2–4) as a side-effect
of balancing the total number of target and nontarget stimuli in
the search arrays between conditions. It is thus conceivable that
differences in response selection might have contributed to the
effect on the P3 component. However, comparison of the ERP for
equal target numbers (see Appendix)  did not suggest such a con-
tribution for the time-window presently examined. Furthermore,
although the N2 is less likely to be influenced by response-related
factors, the observed effects were congruent between both N2 and
P3, supporting the idea that task difficulty played an important role.

The present results may  also be related to the fMRI results pre-
viously obtained by Akyürek et al. (2010b), who used a virtually
identical design. Due caution is warranted with this comparison,
of course, because it involves different groups of participants, and
because EEG and fMRI measures may  not represent the same pro-
cesses in the brain. Nonetheless, the information gained from both
studies can provide a basis for founded speculation, which may
direct future research. Two  aspects stand out in particular. First, in
the fMRI study, the selection criterion modulated the involvement
of frontal brain regions, while filtering did so for parietal and occip-
ital regions. In the present study, selection primarily modulated the
P1 and N1 components, and was eventually expressed in an inter-
action with filtering at the N2a and P3 components. This prompts
the question of whether and how the early ERP effects might in
some way  be connected to frontal brain regions. One possibility
may be that this connection is realized indirectly through a config-
uration signal from frontal regions to the extrastriate cortex, from
which the P1 and N1 components originate (Hillyard and Anllo-
Vento, 1998). Second, the involvement of the parietal and occipital
regions seems generally compatible with attentional effects at the
N2 range and beyond, without necessarily excluding the possibil-
ity that earlier components such as the N1 might also be associated
with these brain areas. In sum, it seems clear that the functional pat-
terns revealed by these EEG and fMRI results raise some interesting
issues that deserve further investigation.

4.1. Conclusion
The results demonstrate that attentional selection and filter-
ing functions can be dissociated in the ERP of a multi-item search
task. Feature-based selection was  found to modulate early ERP
components, starting at the P1, even when only minimal filtering
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as required (i.e., rejecting an irrelevant homogeneous back-
round). This suggests that the specification of a search template
hapes the earliest stages of perception, and is to a degree inde-
endent from the properties of the visual environment in which
he search is performed.

ppendix.

Comparison of ERP amplitude in �V between selection condi-
ions, for equal numbers of target elements in the search array.
hown are the PO7, PO8, FCz, and Pz electrodes.
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