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Abstract. We recorded event-related potentials in an illusory conjunction task, in which subjects were cued on each trial to search
for a particular colored letter in a subsequently presented test array, consisting of three different letters in three different colors.
In a proportion of trials the target letter was present and in other trials none of the relevant features were present. In still other
trials one of the features (color or letter identity) were present or both features were present but not combined in the same display
element. When relevant features were present this resulted in an early posterior selection negativity (SN) and a frontal selection
positivity (FSP). When a target was presented, this resulted in a FSP that was enhanced after 250 ms as compared to when both
relevant features were present but not combined in the same display element. This suggests that this effect reflects an extra process
of attending to both features bound to the same object. There were no differences between the ERPs in feature error and con-
junction error trials, contrary to the idea that these two types of errors are due to different (perceptual and attentional) mechanisms.
The P300 in conjunction error trials was much reduced relative to the P300 in correct target detection trials. A similar, error-related
negativity-like component was visible in the response-locked averages in correct target detection trials, in feature error trials, and
in conjunction error trials. Dipole modeling of this component resulted in a source in a deep medial-frontal location. These results
suggested that this type of task induces a high level of response conflict, in which decision-related processes may play a major

role.
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Itis widely recognized that event-related brain potentials
(ERPs) provide valuable information about temporal and
spatial aspects of the brain activity associated with the
processes involved in selective attention (e.g., Luck &
Girelli, 1998). Most ERP studies on visual selective at-
tention have employed sustained attention conditions. In
such tasks subjects are presented with a rapid series of
stimuli, varying on two dimensions of a basic visual fea-
ture (e.g., spatial attention: stimuli presented either to the
left or right of fixation, nonspatial attention: stimuli pre-
sented either in red or in blue). The subjects are instruct-
ed to attend to a particular feature dimension (e.g., attend
to red stimuli and ignore blue stimuli) in order to detect
occasional targets within the attended channel. In sus-
tained attention studies, subjects attend to the same fea-
ture dimension for an entire block of trials. Such studies
have consistently found that spatial attention results in
the enhancement of the early P1 and N1 components
(onset latency at about 80 ms) of the ERPs elicited by
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attended, relative to unattended, stimuli (e.g., Hillyard &
Miinte, 1984; Lange et al., 1999; Wijers, Lamain, Slop-
sema, Mulder, & Mulder, 1989). For nonspatial atten-
tion, numerous studies have found that the ERPs elicited
by attended stimuli show an occipital selection negativity
(SN) and a frontal selection positivity (FSP) relative to
the ERPs elicited by unattended stimuli (Hillyard &
Miinte, 1984; Kenemans et al., 1993, 1995, 2002; Wijers,
Mulder, Okita, & Mulder, 1989; Wijers, Mulder, Okita,
Mulder, & Scheffers, 1989; Wijers, Van Besouw, & Mul-
der, 2002). The onset latency of these nonspatial effects
is usually in the order of 150-200 ms.

Recently, experiments have been conducted using a
transient attention set-up, in which the to-be-attended
feature dimension is cued anew on each trial (e.g., by an
arrow pointing to the right or left, or by other symbolic
cues; Posner et al., 1980). In general, studies with tran-
sient spatial attention conditions have yielded ERP re-
sults similar to those in studies with sustained attention
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approaches (Harter & Anllo-Vento, 1991; Luck et al.,
1994; Mangun & Hillyard, 1991). Only a few studies
have investigated transient nonspatial attention. Eimer
(1995) concluded that transient attention shifts in color
resulted in ERP effects comparable to the effects mea-
sured under sustained attention conditions.

Furthermore, several ERP studies have investigated
selective processing of multifeature stimuli (Hansen &
Hillyard, 1983; Previc & Harter, 1982; Wijers, Mulder,
Okita, & Mulder, 1989). In these studies subjects re-
ceived stimuli varying on two stimulus features (e.g.,
location and color; Hillyard & Miinte, 1984) and had to
attend to one particular combination of feature dimen-
sions (e.g., attend to blue stimuli to the left of fixation)
and had to ignore the other combinations. Hansen and
Hillyard (1983) explicate how different patterns of ERP
results might uncover different modes of attentional se-
lection. For instance, the selection of both relevant fea-
ture dimensions might proceed independently (Previc &
Harter, 1982). In this case, when one of the features is
relevant, this generates an ERP effect, independent of
whether the other feature is relevant. Alternatively, the
feature dimensions might be selected in a hierarchical
fashion. In that case, the ERP effect of the relevance of
one feature depends on the relevance of the other feature.
For instance, Hillyard and Miinte (1984) found that color
relevance only resulted in a selection negativity for stim-
uli presented at the attended position. This suggested that
subjects attended first to the position of the stimulus, and
attended to the color of the stimulus only when the posi-
tion was found to be relevant.

The first aim of the present experiment was to inves-
tigate the organization of information processing in a
transient multifeature attention task. At the beginning of
each trial, subjects were presented with a colored target
letter (e.g., a red “T”). The participants were instructed
to detect whether this target was present in a subsequent-
ly presented search array, consisting of a row of three
different letters in three different colors. There were five
different trial types. First, there were trials in which the
search array contained the target letter (target trials) and
trials in which neither the target letter nor its color were
present (nontarget trials). In addition, in part of the trials
one of the letters had the color as the target, but none of
the letters had the same identity as the target (color pre-
sent trials). Similarly, in part of the trials one of the letters
had the identity of the target, but none of the letters had
the same color as the target (letter present trials). Finally,
there were trials in which both the color and the identity
of the target letter were present in the search array, but
coupled to different items (color + letter present trials;
e.g., the search display contained a red F and a blue T).

By comparing the ERPs elicited by stimuli containing
none, one or two relevant features, information was gath-
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ered about the mode of selection in transient nonspatial
attention. Furthermore, the present experiment extends
in an important way the knowledge obtained in previous
multifeature attention studies. In daily life, if we search
for an object in a complex visual scene (e.g., a red car in
a parking place), we not only have to identify the shape
and the color of the car, but also have to determine that
the relevant shape and color are bound to the same object.
In previous multifeature ERP studies, only single stimuli
were presented, so that for stimuli containing both rele-
vant features, these features were always combined in
the same object. Therefore, processes related to attend-
ing to the relevant features per se and the processes re-
lated to attending to bound relevant features could not be
distinguished. In the present experiment, apart from
studying the effects of selecting the relevant features, we
could specifically investigate the brain activity associat-
ed with the selection of bound relevant stimulus features.
This could be done by comparing ERPs elicited by dis-
plays in which both relevant attributes were present (col-
or + letter present trials) but not bound to the same object,
with the ERPs elicited by displays in which the two rel-
evant attributes were bound (target trials). We had no a
priori expectations about how attention to bound infor-
mation would be manifested in the ERPs.

The second aim of the present experiment was to in-
vestigate the neural correlates of information processing
in erroneous performance. The task we used is derived
from performance research on illusory conjunctions. Re-
sults from this research have been interpreted in the con-
text of an influential theory on attention, the Feature In-
tegration Theory (FIT; Treisman & Gelade, 1980; Treis-
man & Gormicon, 1988; Treisman & Sato, 1990).
According to FIT, elementary stimulus features like col-
or, orientation, motion, and so forth, are encoded sepa-
rately in individual feature maps. The registration of
these features is assumed to occur in an early preattentive
stage of processing. Brain research has yielded extensive
knowledge consistent with the idea that the visual brain
is organized in a modular way (e.g., Ungerleider & Hax-
by, 1994). Given the modular organization of vision,
when multiple objects are present in the visual field it is
an intricate question how the brain recognizes which fea-
tures in the scene belong to the same object. According
to FIT, features are bound together to form individual
objects through attention to their shared location. This
requires a precise spatial representation, the so-called
Master Map of Locations (Treisman & Gelade, 1980).

Illusory conjunction tasks were developed to test pre-
dictions from FIT with regard to attentional failures. Ac-
cording to FIT, elementary features are free-floating in
preattentive vision, and spatial attention is a prerequisite
in order to report combinations of features. When atten-
tion fails to focus sufficiently on multi-object arrays,
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people may report erroneous combinations of concur-
rently presented features (Treisman & Schmidt, 1982).
These illusory conjunctions are supposed to be percepts
in which visual features are correctly identified (i.e., reg-
istered in the preattentive feature maps) but incorrectly
combined. In the present experiment, subjects could err
with false target detections in different trial types. First,
subjects could falsely report having detected a target in
letter present or color present trials. According to FIT this
reflects a failure of elementary preattentive perception
(feature errors). Second, subjects could falsely report
having detected a target in trials in which both the target
identity and the target color are present (color + letter
present trials), but not combined in the same letter (con-
Jjunction errors). According to FIT, these conjunction er-
rors reflect (at least in part) illusory conjunctions.

In many experiments, with several variations in task
procedures, it has consistently been found that the num-
ber of conjunction errors greatly exceeds the number of
feature errors (Craver-Lemley et al., 1999; Ivry & Prinz-
metal, 1991; Khurana, 1988; Prinzmetal et al., 1991,
1995; Treisman & Schmidt, 1982; Treisman & Souther,
1986; Tsal et al., 1994). These results were interpreted in
line with FIT to suggest that the perception of elementary
features is relatively errorless, but that these features are
often miscombined due to limited-capacity attention.
However, this interpretation is less straightforward than
it may seem, and rests on relatively simple probabilistic
assumptions. Conjunction errors may be the result of a
complex mixture of multiple causes: errors in the percep-
tion of elementary features (feature errors), “true” illuso-
ry conjunctions, errors in the perception of the location
of features, guessing strategies, and memory-related fac-
tors. This has been realized by several authors (Ashby et
al., 1996; Donk, 1999; Navon & Ehrlich, 1995; Tsal,
1989).

We compared the ERPs elicited in trials in which sub-
jects committed feature errors with ERPs elicited in trials
in which subjects made conjunction errors. In principle,
in this way important information could be gained with
respect to one of the central premises of FIT, namely that
feature errors and conjunction errors reflect fundamen-
tally different processes. If conjunction errors are the re-
sults of occasional lapses of spatial attention (i.e., if they
are truly illusory conjunctions), one would expect that
the P1 and N1 components in the ERPs elicited in trials
in which participants make conjunction errors would be
smaller than those in trials in which participants correctly
rejected the conjunction trials. More generally, any qual-
itative and/or quantitative differences between the ERPs
elicited in conjunction error trials and in feature error
trials would be supportive of FIT.

Another informative comparison concerns the ERPs
elicited by correctly detected targets and the ERPs elic-
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ited by conjunction error trials. If the result of a conjunc-
tion error is perceptually identical to perceiving a target
element for the participants, one would expect the ERPs
elicited by correct target detections and conjunction error
trials to be similar in many respects. On the other hand,
if correct target detections and conjunction errors are
based on different decisional and/or strategic processing,
one would expect differences in the P300 component
(e.g., Sutton et al., 1982).

Finally, it has been observed that in trials in which
people commit an erroneous response, a specific ERP-
response is elicited relative to correct trials, the so-called
error-related negativity (ERN, Falkenstein et al., 1991;
Gehring et al., 1993). In averaged ERPs [ok?]time-
locked to the occurrence of (erroneous) responses, the
ERN is a negativity with a peak latency at about
100-150 ms after the onset of electromyographic activi-
ty. The ERN is thought to reflect a process of error de-
tection/monitoring (Coles et al., 2001) or conflict moni-
toring (Van Veen & Carter, 2002a), and was found to be
generated within the anterior cingulate cortex (Dehaene
et al., 1994; Van Veen & Carter, 2002b). If illusory con-
junctions are not perceived as errors by the participants
as they commit them, we would expect the ERN to be
absent for these trials.

Methods
Participants

Eleven participants (eight males, three females), be-
tween 18 and 25 years of age (mean 21) took part volun-
tarily in the experiment. All were right-handed and were
university students. They had normal or corrected-to-
normal vision. All participants provided written consent
and received cash compensation. The experiment was
conducted according to institutional guidelines of the lo-
cal ethics committee (PPSW, University of Groningen,
The Netherlands).

Stimuli

Each trial started with a 500 ms duration presentation of
a colored target letter above a central fixation cross. For
the next 500 ms only the fixation cross remained visible.
Next, a set of three colored letters (test letters) was pre-
sented for 200 ms at a distance of 4.2 ° to the left or right,
randomly, of fixation. Finally, there was a 1500 ms inter-
val with fixation only; in this interval participants were
allowed to respond. The letters were 0.9 ° high and 0.6 °
wide, and were separated by 0.1 °. The stimuli were pre-
sented on a black background using a video monitor that
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Table 1. Examples of the five possible trial types. Letters in sub-
script refer to the color of the letters. B =light blue, G =light green,
M = magenta, Y = yellow, R = light red.

Trial type Target  Test set Possible error

letter
Target 1B 1 Il Pl By Miss
Letter present Ty FzsTyEr  Feature (Color) error
Color present Fg Byl Ty Feature (Letter) error
Color + Letter  Ey Ez I Fx Conjunction error
present
Nontarget Iy Fy Ey Tg  Color + letter error

was placed at a distance of 1 m from the participants. The
letters were randomly drawn from the set L, E, F, T, and
I, and they were randomly presented in one of the colors
of the set: light blue, light green, yellow, light red, and
magenta, with the restriction that all letters and colors in
a given test set were different.

The participants were instructed to detect whether the
memorized colored target letter was present in the test
set. The participants received a series of 100 trials. The
100 trials consisted of a random series of 5 different trial
types, defined by the relation between the target letter
and the test letters. In 20 trials, the memorized colored
target letter was present in the test set (target trials). In
another 20 trials, one of the letters in the test set was
identical to the target letter, but none of the letters had
the same color as the target (letter present trials). In 20
trials, one of the colors of the letters in the test set was
identical to the color of the target letter, but none of the
letters in the test set was identical to the target letter (col-
or present trials). In 20 trials, one of the colors of the
letters in the test set was identical to the color of the target
letter, and in addition one of the remaining two letters
had the same identity as the target letter (color + letter
present trials). In color + letter present trials the target
color and target letter in the test set were always present
in two flanking letters. In the remaining 20 trials, neither
the target color nor the target letter identity were present
in the test set (nontarget trials). For each of the 20 trials
belonging to these five categories, 10 of them contained
test sets presented to the right and 10 to the left of fixation
(in random order). See Table 1 for examples of the dif-
ferent trial types.

Procedure

The participants were seated in a dimly lit, sound atten-
uated, electrically shielded room.

Participants received 40 series of 100 trials, divided
over two experimental sessions. At the start of the first
session they received three training series, and at the be-
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ginning of the second session one training series. Partic-
ipants were instructed to respond when the target letter
in the target color was present in the test set. In this case
they were required to respond with a finger lift. The
breaking of an electronic contact was registered as the
response. After each series of trials, subjects received
feedback about the number of false alarms and the num-
ber of misses they had made. The participants were in-
structed to keep their eyes fixed at the fixation cross,
which was visible throughout the entire stimulus series.
With a video camera and by monitoring the horizontal
EOG it was verified that participants did not move their
eyes. Participants were instructed to respond only when
they were relatively certain that the target letter in the
target color was present in the test set. The instruction
emphasized accuracy above speed. In one of the mea-
surement sessions the participants responded with the
right hand, and in the other session with the left hand.
The order of responding with the left and right hand was
counterbalanced over participants.

Data Acquisition

The EEG was measured with an electrocap (Electro-Cap
International) with 30 tin electrodes placed at positions
Fpl, Fp2, F7, F8, F3,F4, Fz, T7, T8, C3, C4, Cz, P7, P8,
P3, P4, Pz, O1, 02, PO7, PO8, Oz, POz, P9, P10, PO9Y,
PO10, O9, and O10. The electrodes were referenced to
the left mastoid. The horizontal EOG was measured with
tin electrodes on the outer canthi. The vertical EOG was
measured with electrodes above and below the left eye.
The resistance of the electrodes was kept below 5 k€.

EEG and EOG were amplified with a 10 s time con-
stant and a 200 Hz low pass filter, sampled at 1000 Hz,
digitally lowpass filtered with a cutoff frequency of
30 Hz, and on-line reduced to a sample frequency of
100 Hz.

Data Analysis
Behavioral Data

For the target trials we computed mean reaction time (RT)
for correct responses and the percentage of hits. For each
of the other four trial types we computed the percentage of
errors (false alarms), and mean RT for the false alarm trials.
With a SPSS-MANOVA for repeated measures we tested
the mean RT for correct target hits against the mean RT for
false alarms in response to color + letter present trials. In
addition, we tested the mean RT and the percentage of false
alarms for color + letter present trials against mean RT and
percentage of false alarms in feature error trials (pooled
over color present trials and letter present trials). These
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tests involved the factors Trial Type and Visual Field (right
vs. left of fixation).

Event-Related Potentials

ERPs elicited by the test displays were averaged off-line.
The signals from T7 and T8 were discarded from further
analysis, since these channels frequently contained re-
cording artifacts. Using an automatic artifact detection
program, trials containing horizontal eye movements
(horizontal EOG: criterion 20 uV), vertical eye move-
ments and blinks (vertical EOG: criterion 50 uV), and
out-of-range artifacts were rejected. Averages were cal-
culated separately for the different participants and stim-
ulus categories, pooled over the 40 trial series. The aver-
aged ERPs were aligned to a 100 ms prestimulus base-
line. ERPs were calculated separately for correct trials
and trials with erroneous responses. For correct trials,
ERPs were calculated for the following trial categories:
(1) Correctly detected targets — or hits, (2) Correctly re-
jected color present trials, (3) Correctly rejected letter
present trials, (4) Correctly rejected color + letter present
trials, and (5) Correctly rejected nontarget trials. For in-
correct trials, ERPs were calculated for the following
trial categories: (1) Feature errors (i.e., ERPs averaged
over false alarms to color present trials and false alarms
to letter present trials), and (2) Conjunction errors (i.e.,
false alarms to color + letter present trials).

P1 amplitude was determined as the mean amplitude
in the 100-140 ms latency interval at the electrode pair
PO7/POS, for the electrode contralateral to the visual
field of stimulus presentation. N1 amplitude was quanti-
fied as the mean amplitude in the 220-260 ms interval
for the contralateral electrode of the pair P9/P10.These
electrode pairs were chosen on the basis of visual inspec-
tion. These values were submitted to SPSS MANOVAs,
in which we compared the correct rejections to color +
letter present trials, and the false alarms to color + letter
present trials (i.e., conjunction errors).

SPSS-MANOVAs for repeated measures were per-
formed on amplitude measures for the 0-800 ms latency
ERP interval. Mean amplitudes were computed for 40
consecutive 20 ms intervals (i.e., the mean of two con-
secutive samples for each amplitude variable). Since vis-
ual inspection showed that the effects of attention were
most prominent at P9/P10 and FP1/FP2, we tested the
mean amplitude variables separately for P9/P10 and
FP1/FP2, including the factor Laterality (electrode con-
tralateral vs. ipsilateral to the field of visual stimulation).

In a number of different designs we compared several
trial types, on the basis of our a priori expectations: (1)
To investigate the organization of the selection of the
relevant letter and color features in correct trials, we test-
ed a design with the factors Color Relevance and Letter
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Relevance. This design included the ERPs for correct
rejections in nontarget trials, color present trials, letter
present trials, and color + letter present trials. (2) To in-
vestigate the additional process of attending to the rele-
vant color and letter information combined in the same
letter, we tested the factor Combined Relevance, com-
paring the ERPs elicited by correctly detected target tri-
als with the ERPs elicited by the correctly rejected color
+ letter present trials. (3) To investigate whether qualita-
tively different processing occurred in feature error and
conjunction error trials we tested the factor Error Type.
This analysis compared the ERPs in false alarm trials to
feature present trials (i.e., pooled over color present and
letter present trials — feature errors) with the ERPs in
false alarm trials to color + letter present trials (i.e., con-
junction errors). (4) To investigate whether stimuli in
conjunction error trials were perceived identically as tar-
get stimuli, we compared these two trial types. Since we
were interested in the question whether these two trial
types would differ with respect to the P300, this compo-
nent was quantified as the mean amplitude in the
450-700 ms latency range at Pz.

In addition, response-locked ERPs were computed for
the three categories in which overt responses were exe-
cuted: (1) hits on target trials, (2) feature error trials, and
(3) conjunction error trials. The ERPs were aligned to a
100 ms preresponse baseline. We tested the mean ampli-
tude in the 20-60 ms postresponse interval (i.e., the
ERN) at the Fz electrode for differences between these
three categories. Since this comparison involved three
categories, we will report the result of the multivariate
approach.

Topographical Mapping and Source Analysis

Grand average ERPs were transformed in BESA format
(average reference) for topographical mapping and
source analysis with the BESA software (Scherg, 1990).
Topographical maps of the target-nontarget difference
waves were made using the algorithm of spherical spline
interpolation (Perrin et al., 1989). We localized the error-
related negativity (ERN) in the response-locked average
using a spatiotemporal dipole model with a single equiv-
alent dipole in the 0-50 ms interval (relative to the but-
ton-release response).

Results
Behavioral Data

Table 2 shows the mean RTs and error data for the five
different trials types. The mean RT to correctly detected
targets was faster than the mean false-alarm RT to color +
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Table 2. Mean reaction time and percentage of hits for correctly detected targets and mean reaction time and percentage of false alarms

for incorrectly reported targets; specified for the color trials, the letter trials, the color + letter trials, and the nontarget trials. Standard
deviations are reported in parentheses.

RT hits RT false alarms % hits % false alarms
Target trials 646 (81) 66.1 (8.6)
Letter trials (color errors) 710 (98) 11.2(5)
Color trials (letter errors) 754 (126) 8.6 (4)
Color + letter trials (conjunction errors) 692 (98) 23.3(6.5)
Nontarget trials 811 (164) 2.0 (1.5)
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Figure 1. Grand-average ERPs superimposed for correct hits to target stimuli and correctly rejected nontarget stimuli, averaged over
trials with left and right visual field presentations.
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Figure 2. Topographies of the difference potentials obtained by
subtracting the nontarget ERPs from the target ERPs. The ERPs
were averaged over left and right visual field presentations, such
that the right side of the contour maps contains electrodes contra-
lateral to the visual field of stimulus presentation (e.g., P8 for left
visual field stimuli averaged with P7 for right visual field stimuli)
and the left side contains ipsilateral electrodes. Contourstep at
220 ms and 310 ms is 0.2 1V and at 540 ms it is 0.4 uV. Negative
areas are shaded. The data were rereferenced toward the average
reference.

letter present trials (i.e., conjunction errors: Fy 1o =14.3, p
< 0.005). The percentage of conjunction errors (false
alarms on color + letter present trials) was larger than the
percentage of feature errors (false alarms on color present
and letter present trials; Fy ;o = 194.6, p < 0.0001). The
mean false alarm RT on feature error trials and conjunction
error trials did not differ significantly (F j0=2.2,p>0.15).

ERPs
Waveforms

ERPs at posterior electrodes contralateral to the visual field
in which the test stimulus was presented showed a P1-com-
ponent, peaking at about 130 ms, followed by a broad N1
component (150-250 ms) and a prolonged positivity (see
Figure 1). ERPs at centroparietal electrodes showed a P2
at about 250 ms, a negative deflection at about 300 ms, and
a second positive deflection at about 350 ms. This was
followed by a parietally maximal P300 peaking at about
550 ms. At frontal electrodes only a broad P2 deflection
was visible peaking at about 250 ms.

Correct Trials (Hits and Correct Rejections)

Figure 1 shows a superimposition of the ERPs elicited
by correct hits to target stimuli and ERPs elicited by cor-
rectly rejected nontarget stimuli. The target stimuli
showed a posterior contralateral negativity relative to the
nontargets, with an onset latency slightly shorter than
200 ms. At frontal electrodes the targets showed a prom-
inent positivity relative to the nontargets, starting at
about 200 ms. Figure 2 shows the topographical distribu-
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tion of the target-nontarget difference waves; the early
posterior contralateral negativity and medial frontal
positivity is clearly visible. In addition, the targets
showed a prominent late P300 component (peak latency
at about 550 ms), which was largely absent for the non-
targets. Figure 2 shows the medial parieto-occipital dis-
tribution of the P300. These effects reflect the differenc-
es in brain activity between a totally relevant (i.e., target)
stimulus and a totally irrelevant (i.e., nontarget) stimu-
lus. In the following two sections we will consider how
these effects are composed of effects of selectively at-
tending to the color and letter features, and to these fea-
tures bound to the same object.

Effects of Color and Letter Relevance

Figure 3 shows the attention effects as subtraction waves,
obtained by subtracting the nontarget ERPs from the
ERPs in which target relevant information was present.
At posterior electrodes, the ERPs elicited by stimuli in
which the relevant target color was present (both the col-
or present and the color + letter present trials), showed a
negativity relative to the stimuli in which no relevant
color was present. In the statistical analyses for the ERPs
at P9/P10 we obtained a significant main effect of Color
Relevance in the 180-480 ms latency range (Fs;.106.9, ps
< 0.048). In addition, a significant interaction between
Color Relevance and Laterality in the 220-280
(F81,106.75, ps < 0027) and 360-620 (F51’106.38, ps <
0.03) ms latency ranges reflected that this negativity was
larger at the contralateral electrode. There were no sig-
nificant effects of Letter Relevance, nor did this factor
interact with the other factors.

At anterior electrodes a different pattern of results was
observed. At these electrodes an attentional positivity
was present both when the test display contained the tar-
get color and when the test display contained the target
letter identity. The attentional positivity elicited by rele-
vant letter identity was smaller and delayed relative to
the effect of a relevant color. The effect of Color Rele-
vance at FP1/FP2 was significant in the 200-320 ms la-
tency range (Fsj05.19, ps < 0.046), and the effect of
Letter Relevance was significant in the 240-420 ms la-
tency range (F's; 198.48, ps0.016). Color Relevance and
Letter Relevance did not interact in these latency ranges,
suggesting that the effects of attending to the color and
to the letter identity of the stimuli were independent of
each other.

Effects of Attending to Color and Letter Relevance
Combined in the Same Stimulus

Figure 3 suggests that the main difference between the
target stimuli (in which the relevant color and letter iden-
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8 A.A. Wijers & M.A.S. Boksem: ERPs in an Illusory Conjunction Task

tity were combined in the same stimulus) and the color
+ letter present stimuli (in which the relevant color and
letter identity were presented on different items) consist-
ed of a slightly increased posterior negativity and a much
more prominently increased anterior positivity. This ob-
servation was confirmed by the statistical analyses com-
paring the target and color + letter present ERPs. The
effect of Combined Relevance at P9/P10 was significant
in the range 280-360 (Fs1,195.93, ps < 0.035), as well as
the in the interaction between Combined Relevance and
Laterality (260-360 ms, F's1.105.79, ps < 0.037). For the
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anterior electrodes (FP1/FP2), Combined Relevance was
significant from 280 to 500 ms (Fs;,109.45, ps < 0.042).

Error Trials
P1 and N1 Amplitudes

P1 amplitudes elicited in correctly rejected color + letter
present trials and in conjunction error trials (false alarms
to color + letter present trials) were respectively 1.36 and
1.57 uV. These values did not differ significantly (F 1o =
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Figure 3. Grand-average subtraction potentials obtained by subtracting nontarget ERPs from the ERPs for the other trial types.
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0.9, p > 0.3). N1 amplitudes for these two categories
were —0.9 and —0.99 uV. The difference was not statisti-
cally significant (F; 0= 0.2, p > 0.6).

Mean Amplitude Analyses: Feature Errors vs.
Conjunction Errors

In the statistical analysis that compared the ERPs elicited
in trials in which participants made feature errors (com-
bined results of false alarm responses to both letter pre-
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sent and color present trials) with the ERPs elicited in
trials in which participants made conjunction errors
(false alarms in color + letter present trials) there was no
effect of Error Type; not at P9/P10, nor at FP1/FP2.

P300: Target Hits vs. Conjunction Errors

Figure 4 shows the ERP waveforms elicited in target hit
trials and conjunction error trials. Obviously, the parietal
P300 is much larger for hits than for conjunction errors.
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Figure 4. Grand-average ERPs elicted by correctly detected target stimuli (target hit) and color + letter trials in which participants

erroneously responded (conjunction error).
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The P300, as quantified by the mean amplitude in the
460-700 ms range at Pz, showed a highly statistically
significant difference (F 10 = 32.0, p < 0.0001).

Response Locked Averages

Figure 5 shows that in all trial types in which a response
was made (target hits, feature errors, and conjunction
errors) a fronto-central negativity was elicited, which
peaked at about 50 ms after the overt button-release re-

Microvolt
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sponse. This negativity was virtually identical for the
three different trial types. The statistical analysis for the

20-60 ms mean postresponse amplitude at Fz showed
that the difference between the three conditions was far
from significant (F,9 = 0.21, p > 0.8). Source localiza-
tion using a single spatio-temporal dipole model in the
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0-50 ms range yielded a solution with dipoles located
in deep medial frontal regions (See Figure 5). Very sim-
ilar solutions were obtained for the three different stim-
ulus types. Residual variances were 3.66%, 6.46%, and
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Figure 5. Grand-average response-locked ERPs in trials in which participants correctly detected target stimuli (target), in trials in which
participants made conjunction errors, and in trials in which participants made feature errors (averaged over color and letter trials).
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Topographical map: 40 ms

3.91% for the target hits, feature errors, and conjunction
errors, respectively.

Discussion

We will first discuss the ERP-effects of attention in the
correctly detected and rejected experimental trials, and
second the ERP-effects in trials in which the participants
made erroneous responses.

Correct Trials

In the present experiment the participants were instruct-
ed to search for the occurrence of a colored target letter
in a subsequently presented search array consisting of
three different letters in three different colors. The color
and identity of the target element varied randomly from
trial to trial. This task can be conceived of as a transient
multifeature selective attention task, i.e., the participants
were cued on a trial-by-trial basis to attend to a combi-
nation of letter identity and color. A major difference
between this study and previous multifeature selective
attention studies is that subjects had to search for the
target among distractors. Therefore, they not only had to
detect the relevant features, but also had to decide wheth-
er these features were combined in the same display el-
ement (since the relevant features could also be present
in different display elements, as in the color + letter pre-
sent trials). Another difference between the present ex-
periment and most earlier ERP-research on visual selec-
tive attention was that stimuli varied along five values
(dimensions) of the two stimulus features (color and let-

Hogrefe & Huber Publishers

Figure 6. Right: single spatial-temporal di-
pole solutions for the activity in the re-
sponse locked ERPs in the 0—50 ms post-
response interval, superimposed for targets
(dipole 1), conjunction errors (dipole 2),
and feature errors (dipole 3). Left: topo-
graphical map (contour step 1 V) show-
R ing the scalp-distribution of the grand-av-
erage response-locked ERPs for target
stimuli 40 ms post-response. The upper
map shows the distribution as actually
measured, the lower map shows the distri-
bution as predicted by the dipole model.

Spatiotemporal dipole model: 0-50 ms

ter identity) instead of varying only along two feature
values.

We found that when the search array contained the
target element, the ERPs showed a prominent early pos-
terior, contralaterally maximal negativity (i.e., occipital
SN; onset at about 150-200 ms) relative to the situation
in which there were no relevant features present (i.e., the
nontarget ERPs). In addition, target ERPs elicited an an-
terior early positivity (i.e., FSP; onset at about 200 ms)
relative to the nontarget ERPs. Very similar ERP-effects
have been obtained in a large number of previous studies
on sustained nonspatial visual selective attention (Hill-
yard & Miinte, 1984; Kenemans et al., 1993, 1995, 2002;
Wijers, Mulder, Okita, & Mulder, 1989; Wijers, Mulder,
Okita, Mulder, & Scheffers, 1989; Wijers et al., 2002).

First, this confirms that ERP-effects of selective atten-
tion in a phasic cuing situation are very comparable to
the effects obtained in sustained attention conditions, as
had already been shown for both spatial attention (Harter
& Anllo-Vento, 1991; Luck et al., 1994; Mangun & Hill-
yard, 1991; Nobre et al., 2000) and, less so, for nonspatial
attention (e.g., Eimer, 1995).

Second, apparently the ERP effects of attending to a
particular feature dimension are not much affected by the
number of feature dimensions to be ignored (one in most
previous studies and four in the present experiment). We
might cautiously interpret this as showing that the differ-
ences between the ERPs to relevant and irrelevant stim-
uli are driven more by the facilitative processing of rel-
evant stimuli than by the inhibition of irrelevant stimuli,
since one would probably expect that inhibition would
be harder the more irrelevant dimensions there are. Of
course, a direct manipulation of the number of irrelevant
dimensions could lead to much firmer conclusions. Al-
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together, the present results show that the allocation of
attention to nonspatial information is a flexible and dy-
namic process.

Furthermore, it was found that the presence of a rele-
vant color in the search display (color present trials) pro-
duced much more pronounced and earlier ERP effects
than the presence of a relevant letter (letter present tri-
als). Displays containing a letter in the relevant color
elicited an early (onset slightly earlier than 200 ms) pos-
terior contralateral selection negativity and a medial an-
terior selection positivity with a similar onset. Displays
containing a letter with the relevant (target) identity elic-
ited no posterior negativity and a small and delayed (as
compared to the color effect) frontal positivity (see Fig-
ure 3). When both relevant attributes were present, but
not combined in the same display element (color + letter
present trials), this resulted in a posterior negativity
which was identical to the effect when only the relevant
color was present, and in a frontal positivity which
seemed to consist of the summation of the effects of a
relevant color only and a relevant letter only (see Figure
3). Therefore, the frontal positivity, but not the posterior
negativity, showed a pattern of results indicating that
color and letter identity were independently attended to
(Hansen & Hillyard, 1983; Hillyard & Hansen, 1986).
The dissociation between the patterns of results for the
frontal selection positivity and the posterior selection
negativity supports earlier suggestions that these effects
are functionally separable and reflect different sources of
neural activity (Rugg et al., 1987; Smid et al., 1999;
Wijers, Mulder, Okita, & Mulder, 1989; Wijers, Mulder,
Okita, Mulder, & Scheffers, 1989). More specifically, it
has been hypothesized that SN and FSP reflect independ-
ent and parallel activation of posterior and anterior brain
regions, respectively. SN is thought to reflect selective
processing in the posterior visual system (selection-for-
perception), whereas FSP is thought to reflect (pre)fron-
tal or subcortical selective processing (selection-for-ac-
tion, Rugg et al., 1987; Smid et al., 1999).

Of particular interest was the difference between
ERPs elicited by the color + letter present trials, in which
both relevant attributes were present but on different
items, and the target trials in which both relevant attri-
butes were combined in the same display element. For
both stimulus types an FSP was found (relative to the

nontarget ERPs), but in the target ERPs this positivity
was prominently enhanced after 250 ms (relative to the
color + letter present ERPs; see Figure 3). This suggests
that the later phase of the anterior positivity reflects the
proper binding of the two relevant attributes to the same
spatial object. Whereas the early phase of the anterior
positivity reflects independent attributes selections, the
later phase of the effect seems to reflect the selection of
the spatially integrated attributes, i.e., this might reflect
a form of object-based attention (Driver & Baylis, 1998).
Alternatively, the fact that FSP was so dramatically in-
creased in the target ERPs as compared to the color +
letter ERPs might support the notion that FSP is associ-
ated with selection-for-action, enabling selective cou-
pling of relevant stimuli to motor responses (Smid et al.,
1999).

Error Trials

In this experiment we succeeded in replicating the pat-
tern of performance results that has been interpreted in
earlier studies as evidence for the occurrence of illusory
conjunctions (see introduction). Whereas participants
made feature errors only about 10% of the time, they
made many more conjunction errors (slightly less than
25%). However, the numbers of feature and conjunction
errors that are supportive of the existence of “true illuso-
ry conjunctions” is dependent upon the particular theo-
retical model and parameters that one adopts for explain-
ing these errors (Ashby et al., 1996; Donk, 1999) I
Therefore, one of the questions in the present investiga-
tion was whether the ERPs in conjunction error trials and
in feature error trials would differ, since these error types
reflect qualitatively different processes according to FIT.
We failed to demonstrate any convincing differences,
however. It could be the case that illusory conjunction
errors consist of a mixture of several different sources of
error: feature errors, location errors, true illusory con-
junctions, and others (Ashby et al., 1996; Donk, 1999;
Navon & Ehrlich, 1995; Tsal, 1989). If the proportion of
true illusory conjunctions is small relative to other error
types, this could explain our nil result. It could also be
the case that the number of participants was too small to
reliably detect subtle differences. However, early ERP-

1 Actually, by straightforward commonsense considerations, one could argue that the number of conjunction errors should be larger than twice
the number of feature errors (Navon & Ehrlich, 1995). In the present experiment this difference was not significant (F1,10 = 2.38, p = .15).
However, an interaction was obtained between Visual Field and Error Type (F1,10 = 18.2, p < 0.005). This signified that the number of
conjunction errors exceeded twice the number of feature errors for stimuli in the left visual field (F1,10 = 7.1, p < 0.05) but not for the right
visual field (F1,10 = 0.1, p > 0.75). The percentages of conjunction errors and twice the feature error percentages were 24.7 and 18.5 for the
left visual field and 21.8 and 21.1 for the right visual field. This might be an interesting observation, since it has been argued that the left
hemisphere is specialized for object-based attention (Driver & Baylis, 1998), and, therefore, may be less likely to commit feature integration
errors. Unfortunately, preliminary statistical analyses for the ERP results showed that Visual Field did not interact with other effects in an
informative way. Therefore, the present paper reported the results pooled over both visual fields.
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effects of selective attention are among the smallest ef-
fects investigated, and still the present experiment appar-
ently had enough statistical power to prove these effects
highly significant.

Comparing the ERPs evoked in target hit and conjunc-
tion error trials, it was found that that targets elicited a
prominent, parietally maximal P300, whereas the P300
was largely reduced in conjunction error trials. This sug-
gests that in conjunction error trials participants respond-
ed with a low level of confidence (e.g., Sutton et al.,
1982). This was also supported by the finding that the
RTs in the false alarm trials were much slower than in the
target hit trials. Altogether these results suggest that tar-
get hits and conjunction errors mainly differ with respect
to decision-related processes.

In the present experiment, the probability of the tar-
gets was only 20%. As is well-know from previous re-
search, and was also found in the present experiment,
low-probability events elicit prominent P300 compo-
nents. Could it be that the low target probability had un-
wanted side-effects? For instance, if the subjects some-
how expected that targets would be presented with a
probability of 50%, this could explain why they made so
many false-alarm responses. This seems unlikely, how-
ever. Subjects received extensive training, and were giv-
en feedback on misses and false alarms at the end of each
of the 40-stimulus series. Therefore, we believe that the
participants must have figured out the probabilistic struc-
ture of the stimulus sequences. The major result we re-
port on the P300 is the larger P300 in target hit trials than
in conjunction error trials. It also seems unlikely that this
effect is contaminated by probability effects, since the
number of target hits was much larger than the number
of conjunction errors. Therefore, this probability differ-
ence would instead oppose the result we obtained.

In the response locked averages, a fronto-central neg-
ativity, peaking at about 50 ms after the button-release
response, was visible in the ERPs in error-trials (both
feature and conjunction errors). This phenomenon, the
ERN, was first described more than a decade ago (Fal-
kenstein et al., 1990, 1991; Gehring et al., 1993, 1995),
and is presently the topic of extensive research. The ERN
usually peaks at about 100 ms after response-onset as
measured by EMG onset (Coles et al., 2001). Since we
used response button release as the synchronization point
instead of EMG-onset, the somewhat shorter peak laten-
cy of 50 ms in the present experiment is to be expected.

Surprisingly, an ERN of similar amplitude was also
found in the response-locked correct target hit ERPs.
Source localization yielded almost identical solutions for
both error types and for the hit trials. The dipole-solu-
tions consisted of a source in a deep medial frontal brain
area. These results are well in accordance with previous
ERP studies (Dehaene et al., 1994; Gehring & Willough-
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by, 2002; Van Veen & Carter, 2002b) and fMRI (Carter
et al., 1998; Kiehl et al., 2000; Van Veen & Carter,
2002a), and support the suggestion that the ERN is gen-
erated from the ventral bank of the anterior cingulate
cortex (Coles et al., 2001).

Initially it was found that the ERN was only elicited
by error trials and not by correct trials, and its functional
significance was specifically related to error-processing,
e.g., thatitis associated with the error signal provided by
a comparator system which compares a representation of
the correct response with a representation of the actually
executed response (Coles et al., 2001). However, many
later studies found ERN-like activity to be present on
correct trials also (e.g., Falkenstein et al., 2000; Luu et
al., 2000; Vidal et al., 2000). Coles et al. (2001) propose
two reasons why this can be the case. First, response-
locked averages might contain artifacts from stimulus-
locked negativities, which were not removed from the
response-locked average. This can especially be the case
with RTs that are fast and show low variability, and when
the stimulus-locked averages show prominent negative
waves. In our experiment, however, RTs were rather
slow (more than 600 ms), and no clear negative compo-
nents were present in the stimulus-locked averages, es-
pecially for the frontal ERPs, were the ERN was as large
as for the central electrodes (compare Figures 1 and 5).
Second, there might be error processing in correct trials.
For instance, since most tasks involve speeded response
requirements, trials with slow RTs might be considered
as erroneous. Another example might be tasks in which
the stimuli are degraded. In this case the representation
of the appropriate or correct response will be compro-
mised, and error processing may occur (Coles et al.,
2001).

We suggest that in typical studies on the topic of illu-
sory conjunctions, in order to provoke enough conjunc-
tion errors, stimuli are presented in such a way that they
are suboptimally perceived (e.g., in a double task situa-
tion or with a fast presentation rate). Therefore, the rep-
resentation of the correct response (a GO versus aNOGO
response) is also suboptimal. This might result in a state
of continuous response-conflict (Braver et al., 2001; Van
Veen & Carter, 2002a, b), both on target trials and on
false alarm trials. The fact that the ERN was elicited both
in correct hit target trials and in false alarm trials supports
our earlier suggestion that feature errors and conjunction
errors alike result from a vulnerable response decision
process, in which there is ample conflict about whether
or not to respond.

Although the occasional occurrence of a (small) ERN
in correct trials now seems to be well accepted, this ex-
periment provided (as far as we know) the first demon-
stration of an equally sized ERN in correct and incorrect
trials in healthy subjects. This seems to occur in rather
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restricted experimental circumstances, as in the condi-
tions of an illusory conjunction paradigm, in which there
is a large response uncertainty on each and every trial.
An equally sized ERN on correct and incorrect response
trials has been reported for schizophrenic subjects,
which was interpreted as a response-monitoring dys-
function in these patients (Alain et al., 2002; Mathalon
etal., 2002). However, in these patients the absence of a
difference between correct and incorrect trials seems to
be largely due to a decrease in ERN for incorrect trials,
whereas in the present experiment the absence of a dif-
ference seems to be due to the substantial ERN for cor-
rect (hit) trials.

Note that an apparent dissociation was present in the
P300 and ERN results. Whereas a decreased P300 am-
plitude (and an increased RT) seemed to suggest that
subjects responded less confidently in the false alarm
trials than in the correct hit trials, the ERN-data suggest-
ed that there was an equal conflict for hits and false
alarms. One could hypothesize that the P300 and ERN
reflect different forms of conflict, perceptual conflict and
response conflict, respectively. However, it is hard to
imagine why different states of perceptual conflict could
lead to equal states of response conflict. An alternative
would be that the ERN (at least the aspect of it as ob-
tained in the present experiment) reflects yet another
functional process, for instance a state of general cogni-
tive effort (or control), being present throughout an ex-
perimental run, independent of the particular trial being
presented.
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