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a b s t r a c t

Electrophysiological measurements were taken from observers performing a visual search within a sin-
gle feature dimension, and between multiple dimensions. The N2pc to selected singleton target stimuli
(rightward tilted lines) was increased when targets varied between feature dimensions, compared to
the N2pc to the same rightward tilted line targets, in a condition in which targets varied only between
feature values within the same dimension. The anterior and posterior N2 were not reliably modulated,
eywords:
isual search
imension weighting
vent-related potential
2pc
3

but P3(b) amplitude was higher for singleton present trials that varied between dimensions than for
those that varied within. The ERP elicited by singleton absent trials showed reduced P3 amplitude in the
between-dimension condition. The electrophysiological modulations were accompanied by increased
reaction times in the between-dimension condition, on both singleton present and absent trials. The
results suggested that visual target detection is affected by early dimension-specific weighting of the cur-
rent attentional task set. Furthermore, exhaustively searching multiple feature dimensions to determine

curs d
the absence of a target in

Aspects of attention and perception in the visual domain have
een productively investigated with visual search tasks, in which
bservers are asked to detect the presence of target stimuli amidst
istractors (see Wolfe, 1998; Wolfe & Horowitz, 2004, for reviews).
ehavioral performance on such tasks, that is, reaction time and
eport accuracy, has been shown to depend on a multitude of fac-
ors, but one particularly salient factor is the feature dimensionality
f the stimulus displays. The dimensionality is determined by the
umber of feature dimensions (e.g., color or shape) that pertain to
he stimuli. The principal finding is that singleton search is faster
nd more accurate when target stimuli are defined on the same
eature dimension, compared to when they are defined on mul-
iple dimensions. For example, if an observer is looking for a red
ingleton stimulus in a search task, this is easier if the possible
earch arrays only contain singletons defined in the color dimen-
ion (e.g., red and blue singletons), compared to when these contain

ingletons also defined on other dimensions (e.g., color and shape
ingletons). This has been explained by the need to weigh the pri-
rity of each of the feature dimensions in the latter case (Found &
üller, 1996; Müller, Heller, & Ziegler, 1995).

∗ Corresponding author at: Department of Psychology, Experimental Psychology,
niversity of Groningen, Grote Kruisstraat 2/1, 9712 TS Groningen, The Netherlands.
el.: +31 050 3636406.
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imensional switching costs, possibly at a later stage.
© 2010 Elsevier Ltd. All rights reserved.

Some debate has arisen on the temporal locus of dimension
weighting in the visual processing system, with some authors argu-
ing it affects early (even “pre-attentive”) stages (Müller, Reimann,
& Krummenacher, 2003), and others arguing that it does not
(Theeuwes, Reimann, & Mortier, 2006). To address this issue,
electrophysiology is an ideal method, as it can precisely local-
ize the dimensional weighting process in time, and thus several
recent studies have employed it. Gramann, Töllner, Krummenacher,
Eimer, & Müller (2007) showed that the anterior N2 (N2a) com-
ponent of the event-related potential (ERP) was more negative
for trials on which a dimensional change had to be made than
for trials on which the relevant dimension was a continuation of
the previous trial. The N2a component has been associated with
executive control processes (see Folstein & van Petten, 2008, for
an overview). The results of Gramann and colleagues suggested
that such control is involved in switching attention from one fea-
ture dimension to another, a notion compatible with a degree of
top-down control over this early process. In other studies, Töll-
ner and colleagues showed that N2pc (N2 posterior contralateral;
Luck & Hillyard, 1994) amplitude was slightly lower, and also
peaked slightly later, for dimension changes, and that validly cued

dimensions increased N2pc amplitude (Töllner, Gramann, Müller,
Kiss, & Eimer, 2008; Töllner, Zehetleitner, Gramann, & Müller,
2010). The N2pc is thought to reflect the attentional process-
ing of features at a lateralized position in the visual field (e.g.,
Kiss, van Velzen, & Eimer, 2008; Schubö & Müller, 2009). Modu-

dx.doi.org/10.1016/j.neuropsychologia.2010.07.005
http://www.sciencedirect.com/science/journal/00283932
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ations of this component thus seem to indicate a change in such
elatively early feature-specific processing due to dimensional pro-
essing.

Priming and cueing effects, as described above, provide a
traightforward index of dimensional switch costs, or the effort
f adjusting dimension-specific weights. The implementation of a
ognitive task set that specifies the parameters of the search that
s to be performed by the observer is implicit in these designs.
he current study was meant to address task set implementation
xplicitly. Thus, the study aimed to establish whether implement-
ng single- and multi-dimensional task sets during visual target
etection also affects early visual processing stages, as observed
or dimensional cueing and switching. In the present experiment,
bservers were asked to look for singleton target stimuli in circu-
ar arrays of short vertical line elements, and to perform a simple
arget-present/absent judgment on each trial. In one task condi-
ion of the experiment, targets varied within the single feature
imension of line orientation: Targets consisted of tilted lines

f various (non-vertical) inclinations. In the other task condi-
ion, targets varied between dimensions: Targets consisted of size,
uminance, and orientation singletons. ERPs and reaction times

ere recorded to both target-present as well as target-absent
rials.

ig. 1. (A) The experimental procedure. After a 50 ms fixation dot, the search array is di
n an otherwise uniform array of vertical line elements. Singleton absent trials consisted
xation dot for another 1500 ms. As shown, conditions were implemented as follows: (1
ertical line), a rightward tilted line, a leftward tilted line, or a horizontal line. (2) The bet
thick vertical line, or a brighter vertical line.

B) Waveforms recorded at the POz, FCz, and Pz electrodes (in �V), as well as N2pc contra-m
nd Pz, singleton absent trials are represented by thin lines, and singleton present trials by
hin lines represent slow trials and thick lines represent fast trials. The between-dimensio
olid lines. Stimulus onset is set at 0 ms. Current source density plots are shown for the P3
f a 20 ms average. Conditions represented on each map from left to right are: Singleton
etween-dimension, and Singleton present within-dimension.
logia 48 (2010) 3365–3370

1. Method

1.1. Participants

Sixteen right-handed students (11 female, 5 male) at the Ludwig Maximilian
University Munich participated for course credit or monetary payment. Visual acuity
was verified with a Rodenstock R12 vision tester (stimuli #112). Participants were
unaware of the purpose of the experiment and had not taken part in other visual
search experiments in the lab before. Mean age was 24.6 years (range 20–34 years).

1.2. Apparatus and stimuli

Participants were individually seated in a comfortable chair in an electrically
shielded and sound attenuated testing chamber that was dimly lit. Stimuli were
presented on an Iiyama 20 in. CRT screen, refreshing at a frequency of 60 Hz, which
was placed at 100 cm distance directly in front of the participants. Search displays
consisted of an array of dark blue vertical lines (luminance = .6 cd/m2, CIE xy coor-
dinates: x = .215, y = .165) on a gray background (luminance = 10.9 cd/m2, x = .281,
y = .366). The lines were arranged on four invisible concentric circles with a diame-
ter of 2.9◦ , 4.5◦ , 6.3◦ , and 8.0◦ that were centered on the screen. On these four circles
8, 10, 12, and 16 lines were evenly distributed, starting at 10◦ , 26◦ , 15◦ and 5◦ (respec-
tively) clockwise from the 12-o’clock position. Each line was approximately 0.69◦ in

length and 0.09◦ in width. Depending on the trial type, the arrays consisted of vertical
lines only (singleton absent trials), or contained a target stimulus (singleton present
trials). In the within-dimension condition, the singleton could be a horizontal, a left-
ward tilted (−45◦ from the vertical abscissa) or a rightward tilted (+45◦) line. In the
between-dimension condition the singleton could be a double-width line (size), a
brighter blue line (luminance = 9.1 cd/m2, x = .41, y = .345), or a rightward tilted line

splayed for 100 ms. On singleton present trials, one distinctive stimulus is shown
of vertical lines only. A masking array ensued for 800 ms, in turn followed by the

) The within-dimension (W) condition featured either no singleton (depicted by a
ween-dimension (B) condition featured either no singleton, a rightward tilted line,

inus ipsilateral difference waveforms recorded from PO7/PO8 (��V). For POz, FCz,
thick lines. For the Pz (singleton present trials only) and PO7/8 figures on the right,
n condition is represented by dashed lines, and the within-dimension condition by
, N2pc and N1 time-windows. The maps represent a spherical spline interpolation

absent between-dimension, Singleton absent within-dimension, Singleton present
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Fig. 1. (Continued )
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again + 45◦ from the vertical). The singleton stimulus appeared with equal proba-
ility on one of four possible target positions on the third circle (with a diameter of
.3◦); one in each quadrant with an eccentricity of 3.1◦ . Masking displays were con-
tructed by superimposing the vertical line and the three other orientations for each
ine on the display, resulting in an array of star-like elements which appeared at the
ame positions as the lines in the search array. Each of these masks covered an area
f about 0.69◦ by 0.74◦ . A jitter was imposed on both the search stimuli and their
asks so that each element was randomly displaced between zero and three pixels

n all four directions. The fixation point subtended a visual angle of approximately
.46◦ by 0.46◦ .

.3. Procedure and design

Trials were randomly distributed over two sets of 12 blocks, one set for each
f the within- and between-dimension conditions. The order of these conditions
as counterbalanced across participants. Each block consisted of 72 trials. Half of

he trials were target-present trials and each kind of target singleton had an equal
robability to occur. At the beginning of each set of experimental blocks, a train-

ng block of 144 trials was run to familiarize participants with the task. Each trial
tarted with a 50 ms fixation point in the center of the screen, which remained visi-
le throughout the trial. The search array was then displayed for 100 ms and covered
y the mask array which remained on the screen for 800 ms before disappearing so
hat only the fixation point remained for another 1500 ms, after which the next trial
egan. Fig. 1A shows a schematic representation of the trial structure. Response
ime and accuracy were registered on a custom response pad connected to the par-
llel port of the PC. The pad could be operated with the fingers of one hand. The
ssignment of target present and absent responses to the buttons of the pad was
ounterbalanced between participants (i.e., left key = present, right key = absent, and
ice versa). Responses below 100 ms and above 1200 ms were discarded (4.6%).

.4. Electrophysiological recording and data analysis

Ag–AgCl electrodes recorded the EEG from 64 positions that were laid out in an
lastic cap according to the extended international 10–20 system. The electrodes
ere referenced to Cz and re-referenced offline to the average of both mastoids.
orizontal and vertical EOG were recorded from electrodes near the outer canthi
f the eyes, and above and below the left eye. Impedances were kept below 5 k�.
he amplifier used a 0.1–125 Hz band-pass filter. EEG was digitized at a frequency
f 500 Hz.

The data were filtered off-line with a 40 Hz lowpass filter. Trials that showed
mplitudes exceeding ±80 �V, voltage steps exceeding ±50 �V between two sam-
ling points, or voltages lower than 0.10 �V for a 100 ms interval were excluded
rom further analysis. Ocular artifacts (blinks and eye-movements) were corrected
y applying the Gratton–Coles procedure (Gratton, Coles, & Donchin, 1983). Base-

ine correction was done using a 200 ms pre-stimulus interval. EEG was averaged
ff-line in 1000 ms epochs, starting 200 ms prior to the onset of the search array and
nding 800 ms afterwards. Only trials with correct responses were considered.

For the electrophysiological analyses, two participants (1 female and 1 male)
ere excluded because of excessive artifacts in the data. Repeated measures analy-

es of variance (ANOVAs) were performed separately on the target-absent trials and
he rightward singleton stimuli that were physically identical and equally frequent
n the two experimental conditions. The other singleton stimuli were thus excluded
rom the analysis. This comparison was purposefully chosen to isolate the effect
f just the experimental manipulation on the ERP, and to avoid confounds due to
timulus features. The analyses thus had one within-subject variable: Dimension
within and between). The ANOVAs were performed for mean amplitude values in
he following time windows: P1 (80–120 ms after stimulus onset), N1 (120–160 ms),
2pc (180–240 ms), N2p (220–260 ms), N2a (220–280 ms), and P3 (340–440). The

ollowing electrodes were selected, in line with standard practice: POz (P1, N1, and
2p), PO7/PO8 (N2pc), FCz, (N2a), and Pz (P3). To compute the N2pc, ipsilateral
aveforms (i.e., recorded from the left hemisphere electrode site when the single-

on was in the left visual field, and the same for the right hemisphere site and right
isual field) were subtracted from contralateral waveforms (i.e., left site and right
isual field, and right site and left visual field). The singleton absent trials were not
sed in the analysis of the N2pc, since these do not feature lateralized stimuli of

nterest.

. Results and discussion

.1. Behavior

Accuracy on singleton present trials was affected by Dimen-

ion, F(1, 15) = 35.40, MSE = .002, p < .001. Average accuracy in the
ithin-dimension condition was 96.2%, compared to 90.5% in the

etween-dimension condition. On the singleton absent trials, a
umerical difference in the same direction was not quite reliable
within 97.2%; between 96.3%, F < 2.8). Reaction time analyses of
logia 48 (2010) 3365–3370

the singleton present trials showed a main effect of Dimension, F(1,
15) = 9.12, MSE = 1426.42, p < .01. Reaction times within-dimension
were faster (420 ms) than reaction times between-dimension
(444 ms). As an extra step, the data selected for the electrophys-
iological analyses (i.e., rightward tilted singletons) were examined
separately, and these also showed a reliable effect of Dimen-
sion, F(1, 13) = 5.01, MSE = 618.62, p < .05, with mean reaction
time averaging 414 ms within-, and 435 ms between-dimension.
Dimension also affected the singleton absent trials, F(1, 15) = 4.82,
MSE = 742.95, p < .05. The singleton absent trials averaged 450 ms
within-, and 471 ms between-dimension. As would be expected,
this pattern replicated the findings of Müller et al. (1995).

2.2. Electrophysiology

For both singleton absent and singleton present trials, the anal-
yses of the P1 and N1 components did not show any reliable
effects (Fs < 1.1). The N2pc was the earliest component to show an
effect of Dimension, F(1, 13) = 10.27, MSE = .206, p < .01. The N2pc
to the target singleton was larger in the between-dimension con-
dition than in the within-dimension one (−1.93 �V and −1.38 �V,
respectively). To check whether the underlying waveforms indeed
reflected a proper N2pc, an analysis was carried out across elec-
trode position and visual field side. Neither of these had a reliable
effect on its own, but their interaction was highly significant, F(1,
13) = 42.28, MSE = .904, p < .001, as would be expected for an N2pc
component.

For the N2p, the analysis of the singleton present trials did
not reveal a significant effect (F < 1), but there was a marginally
significant effect for the singleton absent trials, F(1, 13) = 3.35,
MSE = 1.515, p < .09. N2p component amplitude was more nega-
tive for the between-dimension condition (6.27 �V, compared to
7.12 �V). The N2a was not affected by Dimension (Fs < 1.9).

Dimension clearly affected the P3, for both singleton absent
trials, F(1, 13) = 6.48, MSE = 2.370, p < .05, and singleton present
trials, F(1, 13) = 5.81, MSE = 3.432, p < .05. These effects were dif-
ferent, however, and an overall analysis of Dimension across both
singleton present and absent trials showed a clear interaction
effect, F(1, 13) = 27.70, MSE = 1.268, p < .001. While P3 amplitude
was higher in the within-dimension condition (15.04 �V), com-
pared to the between-dimension condition (13.56 �V) on singleton
absent trials, the pattern was reversed for the singleton present tri-
als (18.90 �V within, and 20.58 �V between). Given that the effect
on the singleton present trials was most prominent in the later part
of the component, and that the singletons were all task-relevant,
this modulation seemed related to the P3b, rather than the P3a (or
novelty P3; see Polich, 2007). Fig. 1B shows the waveforms recorded
at the POz, FCz, and Pz electrodes, and the N2pc difference waves
computed from the PO7/PO8 electrode pair.

2.3. Analysis of behavioral effects on electrophysiology

In order to investigate the potential effects of generic task
difficulty on the ERP components, the data were divided by a
median split of reaction times. For each participant, and for each
experimental condition, the median RT served as the cut-off mark
between high and low RT trials, which were then entered into an
ANOVA with the additional variable of Speed (high or low). Analy-
ses were run for those components that showed (nearly) significant
effects of Dimension only.

The N2pc was only marginally affected by Speed, F(1, 13) = 4.12,

MSE = .476, p < .06. N2pc amplitude was higher when RT was low
(−1.81 �V), than when it was high (−1.44 �V). There was no sign
of an interaction with Dimension (F < 1). The middle and lower right
panel of Fig. 1B shows P3 (singleton present trials only) and N2pc
amplitude split between high and low RT trials. The effect of Speed
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n the N2p (singleton absent trials) was also unreliable (F < 1.7),
s was its interaction with Dimension (F < 1). Finally, on the P3,
he effect of Speed became more pronounced. On the singleton
resent trials, P3 amplitude was 21.20 �V on fast trials, compared
o 18.33 �V on slow trials, F(1, 13) = 26.69, MSE = 4.306, p < .001.
he interaction with Dimension was again unreliable (F < 1.6). On
he singleton absent trials, Speed had a significant effect, F(1,
3) = 33.97, MSE = 3.066, p < .001. P3 amplitude was 15.69 �V on fast
rials, compared to 12.96 �V on slow trials. The interaction effect
as once again insignificant (F < 1).

Taken together, the observed effects of Speed seemed to be addi-
ive to the effects of Dimension. The effect of Speed was only truly
eliable on the P3, and in all cases there was no hint of any inter-
ction with Dimension. Thus, although task difficulty as indexed
y RT did influence the ERP to a degree, it did not confound the

nterpretation of the Dimension effect.

. General discussion

The present study demonstrated how the dimensionality of
visual search task affects the detection of a target stimulus

nd the detection of its absence in different ways. Singleton
etection on target-present trials was shown to be faster in
he within-dimension condition than in the between-dimension
ondition, and the underlying ERP showed distinct modulations.
etween-dimension singletons elicited increased N2pc and P3(b)
omponents. The involvement of the N2pc suggests that the dimen-
ionality of the search task affects early feature-specific processing
tages of the attentional system (Akyürek, Dinkelbach, & Schubö,
010; Kiss et al., 2008; Schubö & Müller, 2009). Although the N2pc

s a relatively early component (peaking at just over 200 ms in the
resent study), and although it preceded the N2a and N2p com-
onents in time, there was no evidence for an even earlier locus
f modulation on the P1 and N1 components, suggesting that the
arliest deployment of attention might not be strongly sensitive to
eature dimensionality.

Higher N2pc amplitude has been taken to reflect increased
rocessing (Eimer, 1996), or filtering (Luck & Hillyard, 1994). In
his framework, the present results could also fit: The singletons
equired more intensive processing at a relatively early stage when
ultiple feature dimensions were relevant for the search task. In

ther words, if N2pc amplitude is taken to indicate how much focal
ttention is necessary to discern a target, then more attention is
ecessary in the between-dimension condition than in the within-
imension condition. This may be the case because in the latter
ondition the selection criterion is set at a finer resolution, that is,
t the level of specific feature values (e.g., blue vs. red) rather than
hole dimensions (color vs. shape). Thus, the identification of a

pecific feature value in the within-dimension condition required
he attentional monitoring of just a single dimension, whereas mul-
iple dimensions had to be attended to in the between-dimension
ondition. Note that this does not necessarily imply that feature-
ased attention starts at the N2pc. There is indeed evidence that
eature-based attention can modulate even the P1 (Zhang & Luck,
009).

The dimensional modulation of the P3 on target-present trials
ould mean that memory was involved in the application of the
ask set, a view supported also by previous behavioral data that
ave shown effects of implicit and explicit memory on dimensional
witching (Müller, Krummenacher, & Heller, 2004), and previous
ork that has related the P3 to memory processes or context updat-
ng (Donchin & Coles, 1988; Polich, 2007). P3 amplitude can also
e taken to reflect attentional resources, when task conditions in
eneral (i.e., a simple detection task) are relatively undemanding
Polich, 2007). In this case, the increased P3 in the present study
ould be taken to reflect that search between multiple dimensions
ogia 48 (2010) 3365–3370 3369

required more effort because a somewhat more complex task set
had to be established. Further alternative interpretations of the
P3 are of course conceivable, one of which is that the component
reflects a monitoring process that mediates between perception
and action (Verleger, Jaśkowski, & Wascher, 2005). Although it
seems more difficult to interpret the current modulation in those
terms, the data do not speak strongly in favor of one particular
functional role of the P3.

Search during singleton absent trials resulted in a markedly
different modulation of the ERP. Similar to the singleton present
trials, singleton absence in the within-dimension condition was
detected as such faster than in the between-dimension condition.
As has been observed before, it seemed to be easier to consider
a single dimension for the absence of salient stimuli, than to do
the same for several dimensions (e.g., Müller et al., 1995). In the
ERP analyses, there was some evidence for an increased negativ-
ity starting at the N2p, although this was only a marginal trend.
However, the negativity also reliably affected P3 amplitude later
on, resulting in higher amplitude to singleton absent trials in the
within-dimension condition. The comparatively early decrease of
P3 amplitude was not observed on target-present trials, on which
P3 amplitude was enhanced. This leads to an important qualifica-
tion of these modulations: The interaction between dimensional
complexity of the task and the processing of a target results in
increased P3 amplitude, while target-absent search that does not
require this stimulus-related processing does not similarly modu-
late P3 amplitude. Consequently, the negativity that had started
at the N2p was able to carry over into the P3 time range in
target-absent trials. Although P3 amplitude was thus modulated
differently for singleton present and absent trials, RT was faster for
both in the within-dimension condition. This might be explained
by thinking of the P3 modulations as reflecting two different routes
of processing, which still result in a comparable time of arrival
when the response is due. These two routes reflect differences
in search between singleton present and singleton absent trials.
Specifically, in the latter type of trials, the search array is spe-
cial in that it is perfectly homogeneous. This has been found to
allow processing of the array as a single unit, leading to differences
in RT and N2 amplitude (Duncan & Humphreys, 1989; Schubö,
Wykowska, & Müller, 2007). Of course, this account is speculative
at this point.

The present results highlight some differences with previous
studies on inter-trial dimensional switching (Gramann et al., 2007;
Töllner et al., 2008). First, the N2a component was not reliably
modulated in the present study. If the N2a can be taken to reflect
executive control processes, it may be expected that this compo-
nent should be modulated particularly when an active switch has
to be carried out (as in Gramann et al., 2007). The general imple-
mentation of a particular task set, as investigated in the present
study, does not necessarily require the active involvement of such
executive control. To get an index of the N2a dependent on active
dimension switching, an analysis of dimension switch and con-
tinuation trials was made even though the experiment was not
designed for such a comparison (i.e., it had block-wise conditions
and a fully random trial sequence). This analysis nonetheless repli-
cated the reduced N2a for between-dimension trials reported by
Gramann et al. (2007), averaging .63 �V in the within-dimension
condition, and 1.34 �V in the between-dimension condition. It has
to be noted that this trend was not reliable statistically (F = 1.19,
p > .29), which was likely due to the limited number of trials avail-
able for this analysis. In any case, these preliminary findings do

confirm that dimensional switching and task set processing can
have separable effects.

Second, the N2pc modulation observed previously by Töllner
et al. (2008) pointed towards slightly decreased N2pc amplitude
for switch trials, and slightly later peak amplitude, as compared to
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o-switch trials. In the present study, N2pc amplitude was rela-
ively strongly increased in the between-dimension condition, but
latency change was not apparent. These findings can be recon-

iled when one considers the underlying logic of these studies.
öllner and colleagues measured inter-trial priming, and as such
he reduction in N2pc can be understood as an expression of the
osts associated with making a dimensional switch. In the present
aradigm, such switch costs were not measured directly, but rather
he implementation of a multi-dimensional task set. The modula-
ion of the N2pc in this case may be understood as a shift in the
baseline’ activity needed to perform the task. On the trial-level,
eviations from this baseline may occur when actual dimensional
witches are required. For the research question of the present
tudy, these potential deviations were not targeted and indeed
annot be reliably investigated, as this would have required a trial
equence balanced for inter-trial contingencies. Even though a pre-
iminary analysis of the N2a was still possible (see above), the
umber of trials available was not sufficient to perform an N2pc
nalysis, as this component requires a higher signal to noise ratio
o investigate reliably.

In summary, when a visual search task involves multiple feature
imensions, increased attentional processing of stimulus features,
s expressed by N2pc amplitude, is elicited. When a target singleton
s present, the subsequent processing (or hypothetically, consoli-
ation) effort, expressed by P3(b) amplitude, is affected in the same
ay. However, when no target is present, this later modulation is
ot observed, and P3 amplitude is reduced as a consequence of
he onset of a negativity in the N2p time range. These modulations
an be taken to reflect the implementation of single- and multi-
imensional task sets, which are separately observable, similar to
and presumably alongside) trial-level dimensional switch costs.
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