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Abstract

■ We perceive visual objects as unified although different
brain areas process different features. An attentional mecha-
nism has been proposed to be involved with feature binding,
as evidenced by observations of binding errors (i.e., illusory
conjunctions) when attention is diverted. However, the neural
underpinnings of this feature binding are not well understood.
We examined the neural mechanisms of feature binding by
recording EEG during an attentionally demanding discrimina-
tion task. Unlike prestimulus alpha oscillatory activity and early
ERPs (i.e., the N1 and P1 components), the N1pc, reflecting

stimulus-evoked spatial attention, was reduced for errors rela-
tive to correct responses and illusory conjunctions. However,
the later sustained posterior contralateral negativity, reflecting
visual short-term memory, was reduced for illusory conjunc-
tions and errors compared with correct responses. Further-
more, binding errors were associated with distinct posterior
lateralized activity during a 200- to 300-msec window. These
results implicate a temporal binding window that integrates
visual features after stimulus-evoked attention but before
encoding into visual short-term memory. ■

INTRODUCTION

We typically perceive objects as coherent, unitary per-
cepts, although the individual features (e.g., color, shape,
motion) thatmake up the object are processed in different
parts of the brain. For example, when viewing a basketball,
we do not perceive the round shape and orange color of
the ball separately. Rather, our percept is integrated, and
we perceive a round, orange object. The question of
how individual features become integrated in the brain
is known as the “binding problem” (Treisman, 1996;
Treisman & Gelade, 1980).
One of the most influential theories regarding the bind-

ing problem is the feature integration theory (FIT; Treisman
& Gelade, 1980), which proposes that attention is the
mechanism by which individual features are bound
together. According to FIT, individual features of an object
are processed in separate sensory feature maps, and when
attention is focused on the object’s location, these fea-
tures are integrated into a coherent percept (Treisman
&Gelade, 1980). This idea is supported by the occurrence
of feature-binding errors, or illusory conjunctions (ICs),
when attention is diverted (Treisman & Schmidt, 1982).
For example, if an observer is presented with a blue trian-
gle and a red diamond but their attention is diverted, the
observer may incorrectly report seeing a red triangle
rather than a blue triangle because they have incorrectly
bound one object’s color to the other object’s shape.
Other studies have shown that the rates of illusory con-
junctions are higher in patients with attentional deficits
after damage to the parietal lobe (Robertson, 1999;

Friedman-Hill, Robertson, & Treisman, 1995; Cohen &
Rafal, 1991), further supporting the role of attention in
feature binding.

The neural mechanisms of how feature integration
occurs are not entirely clear, but one prominent hypothe-
sis proposes that feature binding occurs through reentrant
processing (Bouvier & Treisman, 2010; Di Lollo, Enns, &
Rensink, 2000; Lamme & Roelfsema, 2000; Treisman &
Gelade, 1980). According to this hypothesis, individual
features are first processed in early visual areas in a feed-
forward manner, and conjunctions of features are subse-
quently determined through a reentrant process in which
information is fed back to early visual areas. Support for
the reentrant hypothesis comes from behavioral studies
that use visual masking to interrupt feedback processing
(Bouvier & Treisman, 2010; Di Lollo et al., 2000). This
work has shown that interrupting the reentrant process
via a visual mask impairs feature binding, resulting in an
increase in the number of ICs that occur (Bouvier &
Treisman, 2010). Although this behavioral work has sug-
gested that feature binding occurs through reentrant
processing (Bouvier & Treisman, 2010), different
hypotheses for the neural underpinnings and time course
of feature binding have been advanced (Roelfsema, 2023;
Vinck et al., 2023; Fries, 2014; Lamme & Roelfsema, 2000;
Singer & Gray, 1995).

In the current study, we examined the neural mech-
anisms of feature binding in humans using EEG. Par-
ticipants performed an attentionally demanding task
optimized to induce a high rate of illusory conjunctions.
Our experimental design allowed us to examine neural
activity associated with successful feature binding (correct
responses), feature-binding errors (illusory conjunctions),
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and other types of errors. Given the role of attention pro-
posed by FIT (Treisman & Gelade, 1980), we were espe-
cially interested in prestimulus oscillatory activity in the
alpha frequency range (8–12 Hz), which has been shown
to influence subsequent target processing (Ro, 2019;
Mathewson et al., 2014; Mathewson, Gratton, Fabiani,
Beck, & Ro, 2009; Ergenoglu et al., 2004), as well as post-
stimulus alpha power changes, which reflect changes in
attentional allocation (Foster, Bsales, & Awh, 2020; Hakim,
Adam, Gunseli, Awh, & Vogel, 2019; Worden, Foxe, Wang,
& Simpson, 2000) and neural feedback processing (van
Kerkoerle et al., 2014). We hypothesized larger prestimu-
lus alpha power and opposite prestimulus alpha phase
angles for illusory conjunctions compared with correct
responses (cf. Mathewson et al., 2009). However, if feed-
back plays a prominent role in feature binding, and as
alpha oscillations have been shown to reflect feedback
processing (van Kerkoerle et al., 2014), poststimulus alpha
changes may be measured. We also predicted smaller
amplitudes for illusory conjunctions compared with correct
responses in both the N1pc component, which precedes
the later N2pc component (Luck, Girelli, McDermott, &
Ford, 1997; Luck & Hillyard, 1994) and reflects initial atten-
tional orienting (Wascher & Beste, 2010), and the sustained
posterior contralateral negativity (SPCN) component, an
ERP component implicated in visual short-term memory
(Prime, Pluchino, Eimer, Dell’Acqua, & Jolicœur, 2011;
Robitaille & Jolicoeur, 2006).

METHODS

Participants

Twenty-seven adults with normal or corrected-to-normal
vision participated in this experiment. Participants were
recruited from either the City University of New York
or via online advertisements and were paid for their par-
ticipation. Eight participants were not included in the
final analyses because of technical errors in which either
the EEG data (n = 4) or the stimulus timing information
(n = 4) was not properly recorded. Data from another
participant was excluded from further analyses for low task
performance (< 1% correct responses) and an insufficient
number of illusory conjunctions (< 1%). Data from the
remaining 18 participants (6 female participants, 18
right-handed, mean age = 29.17 years) are included in
all subsequent analyses. This sample size was assessed to
be sufficient based on similar sample sizes from previous
related work (e.g., Zhang, Zhang, Cai, Luo, & Fang, 2019),
as well as an a priori power analysis to estimate a sample
size for detecting a medium to large effect size (0.7) with
80% power at an α level of .05 using the pwr package in R.

Stimuli and Procedures

Participants were seated at a viewing distance of 57 cm
from the center of the monitor. The stimuli consisted of

an array containing a triangle and a diamond flanked by
upright or inverted Ts (0.5°× 1° of visual angle) briefly pre-
sented to the left or right (1.5° and 5.5°) of a central fixa-
tion cross (0.8° × 0.8°) on a gray (18.5 cd/m2) background
(Figure 1). The shapes were 1° × 1° of visual angle and
were positioned 3° and 4° from fixation. The triangle and
the diamond could be red (17.4 cd/m2, Commission Inter-
nationale de l’éclairage [CIE] x = .624, y = .343), green
(32.43 cd/m2, CIE x = .284, y = .612), or blue (8.60 cd/m2,
CIE x = .146, y = .067) but were never the same color as
each other for a given trial. The triangle, which was always
the target shape, could be either upright or inverted. Thedia-
mondwas always the nontarget item andwas used to induce
feature-binding errors. These shapes, which shared some
overlapping features, were selected tomaximize the number
of illusory conjunctions because pilot experiments using
more distinctive shapes resulted in much fewer illusory con-
junctions and other types of errors.1

Each trial began with presentation of the central fixa-
tion cross for 1000 msec. Following the fixation cross,
the stimulus array was presented for 150 msec to the left
or right of fixation. A multicolored pattern mask (23.5° ×
7.5° of visual angle), which spanned across both sides of
fixation, was then presented for 500 msec and was com-
posed of all shape and color combinations. The mask
was followed by the first response screen, on which a
question mark was shown at the center of the screen
and the words “SAME” and “DIFFERENT” were written
in rectangular boxes in the upper left and upper right
quadrants. Participants were to indicate via a mouse
click whether the flanking Ts were in the same or differ-
ent orientations and had up to 1500 msec to respond.
The second response screen appeared 1500 msec after
the appearance of the first response screen and had a
question mark at the center of the screen along with
each possible target triangle color and orientation in
square outlined boxes. Participants were to indicate
what the color and orientation of the triangle was via
another mouse click (see Figure 1) and had 1500 msec
for the second response. The total duration of each trial
was 4650 msec. Participants completed six blocks of 128
trials each for 768 trials while we recorded their brain
activity via EEG.
Trials were categorized into conditions based on the

participant’s response to the orientation and color of the
triangle. A trial was classified as a correct response if both
the orientation and color were correctly identified. An illu-
sory conjunction was considered to have occurred when
the correct orientation was identified with the nontarget’s
(i.e., the diamond’s) color. For example, if the trial con-
tained an inverted green triangle and a blue diamond, a
correct response would be selecting the inverted green tri-
angle, and an illusory conjunction would be selecting the
inverted blue triangle on the response screen. Other
response types (i.e., reports of incorrect triangle orienta-
tion or of the color that was not presented) were classified
as other nonbinding error trials (see Figure 1B).
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EEG Recording and Analysis

Scalp EEG data were recorded from 12 electrodes posi-
tioned at F3, Fz, F4, C3 Cz, C4, P3 Pz, P4, O1, Oz, and
O2 using Grass amplifiers (Grass Instruments/Natus Med-
ical Inc.). The electrode position coordinates were deter-
mined using the International 10–20 electrode placement
system. Eye movements and blinks were monitored via
EOG recorded from channels positioned above and below
the left eye and lateral to the outer canthus of the right eye.
Any trials containing oculomotor artifacts (i.e., eye move-
ments or blinks) were rejected via manual inspection and
excluded from any further analyses. EEG activity was refer-
enced online to the left mastoid and rereferenced offline
to the average of both left and right mastoids. The contin-
uous EEG signal was sampled at a rate of 1000 Hz with an
online bandpass filter of 0.1–100 Hz.
We first examined whether oscillatory activity before

and at the onset of the target stimulus was involved in
feature binding based on claims that synchronized oscil-
lations in the brain may play a critical role in the feature-
binding process (Tallon-Baudry & Bertrand, 1999;
Singer & Gray, 1995). Because of the low and unreliable
power measured in the gamma oscillatory frequency
band with scalp electrodes (Yuval-Greenberg, Tomer,
Keren, Nelken, & Deouell, 2008), we focused on the
activity in the alpha (8–12 Hz) frequency range. We also
focused on alpha oscillations because previous work has
shown that alpha is related to conscious perception (Ro,
2019; Mathewson et al., 2014; Mathewson et al., 2009;

Ergenoglu et al., 2004), attention (Worden et al.,
2000), and feedback processing (van Kerkoerle et al.,
2014).

For the prestimulus alpha analyses, the continuous EEG
data were segmented into 1000-msec epochs beginning
950msec before the onsets of the stimulus arrays and end-
ing 50 msec after stimulus onset. For the poststimulus
alpha analyses, the continuous EEG data were segmented
into 1000-msec epochs beginning 200 msec before stimu-
lus onset and ending 800msec after stimulus onset. Power
and phase values in the alpha frequency band (8–12 Hz)
were first extracted by convolving each epoch with a set
of Morlet wavelets, with frequencies ranging from 8 Hz
to 12 Hz in 1-Hz increments. Alpha power and phase esti-
mates were then computed at each participant’s peak
alpha power frequency, which was defined as the fre-
quency with maximum power after averaging across trials
at electrode Pz for the prestimulus analyses and during a
time window from −200 msec to stimulus onset at elec-
trodes contralateral to the stimuli for the poststimulus
analyses (i.e., averages of electrode P3 for right stimuli
and P4 for left stimuli). For both power and phase esti-
mates, trials for each of the response type conditions were
then averaged across both sides of stimulus presentation
for the prestimulus analyses and separately for contralat-
eral and ipsilateral stimulus presentations for the poststim-
ulus analyses. Alpha power estimates for each response
type were then normalized relative to the mean of all trials
for the prestimulus analyses and relative to the−200msec

Figure 1. (A) An example of a typical trial sequence in the experiment. Following a fixation point at the center of the screen, the stimuli appeared to
the left or right of fixation, followed by a patterned mask. Participants responded first to whether the outer stimuli were the same or different,
followed by a response indicating which triangle was presented. (B) Responses were categorized into correct responses (left), illusory conjunctions
(middle), and errors (right). White arrows and white boxes, which were not visible to the participants, indicate how these responses would be
categorized for this example trial.
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to stimulus onset baseline window for the poststimulus
analyses, yielding measures of relative percent increase
or decrease in alpha power.

Next, we were interested in ERPs associated with both
early and late processes. We examined the early sensory-
related P1 and N1 components, as well as the later N1pc
and SPCN components. For these ERP analyses, the con-
tinuous EEG data were filtered offline with a Butterworth
low-pass filter (30 Hz) and then segmented into 850-msec
epochs, beginning 200msec before the onsets of the stim-
ulus arrays and extending 650 msec poststimulus. The
ERPs were baseline-corrected using the 200 msec before
stimulus onset. The amplitudes of the P1 and N1 compo-
nents were measured at the midline occipital electrode
(Oz). The P1 and N1 were quantified as the mean ampli-
tude in the 125- to 150-msec and 175- to 200-msec time
windows, respectively, following stimulus onset. For
examining the N1pc and SPCN components, lateralized
contralateral waveforms were computed by averaging
the activity recorded from left electrodes when right stim-
ulus arrays were presented with the activity recorded from
right electrodes when left stimulus arrays were presented.
Separate averaged waveforms were calculated for each of
the response types (i.e., correct response, illusory con-
junction, errors).

The amplitudes of the N1pc and the SPCN components
were measured at occipital electrodes (O1/O2), which
were the closest electrodes in our montage to PO7 and
PO8, where the N1pc and SPCN are most typically mea-
sured. The N1pc was quantified as the mean amplitude
in the 150- to 200-msec time window after stimulus onset
(cf. Wascher & Beste, 2010). The SPCN component was
measured as the mean amplitude in a time window begin-
ning at 300 msec poststimulus (Robitaille & Jolicoeur,
2006) and ending 650msec poststimulus (i.e., at the offset
of the mask). For both the N1pc and SPCN, difference
waveforms were calculated by subtracting the ipsilateral
from the contralateral waveforms.

Last, in addition to analyzing stimulus-locked ERPs, we
also examined response-locked waveforms to see if there
were any differences between processing feature-binding
errors and the other types of errors. Previous research has
shown that the error-related negativity (ERN; Gehring,
Goss, Coles, Meyer, & Donchin, 1993) ERP component
is elicited when participants commit an error, and some
studies have found that this component is reduced when
the error is not consciously detected (Wessel, Danielmeier,
& Ullsperger, 2011; Maier, Steinhauser, & Hübner, 2008;
but see Nieuwenhuis, Ridderinkhof, Blom, Band, & Kok,
2001). Therefore, we also analyzed the ERN component
to determine whether there were differences in error pro-
cessing for feature-binding errors relative to other types of
errors.

To examine the ERN, we time-locked the waveforms to
the onset of the participant’s response and then averaged
the waveforms across trials for each response type. Similar
to the stimulus-locked waveforms, the response-locked

waveforms were baseline corrected using the 200 msec
before the onset of the response. Because the ERN is a rel-
ative negativity between correct and error responses, we
quantified the ERN by subtracting the error waveforms
(i.e., illusory conjunctions and errors) from the correct
response waveform. We measured the ERN at electrode
Cz from the onset of the response until 150 msec postre-
sponse (Wessel et al., 2011; Nieuwenhuis et al., 2001;
Gehring et al., 1993).

RESULTS

Behavioral Results

Trials were categorized into different response types as
shown in Figure 1B. Although there were six response
options, we combined responses that were not correct
responses or illusory conjunctions into a single category
of general errors. The four collapsed error types were
unable to be analyzed separately because of low trial num-
bers in several of the error types. Thus, the three response
types analyzed were correct responses, illusory conjunc-
tions, and errors.
A one-way repeated-measures ANOVA indicated that

there were differences in the rates of occurrence among
these three response types, F(2, 34) = 17.23, p < .001,
η2p = .50. Participants had more correct responses (M =
35.29%, SD = 9.24) than illusory conjunctions (M =
23.17%, SD = 4.53%, p = .001, false discovery rate
(FDR) corrected, Cohen’s d = 1.04). Errors (M =
41.54%, SD = 8.74%) occurred more frequently than illu-
sory conjunctions ( p< .001, FDR corrected, Cohen’s d=
1.76), but did not statistically differ from the proportion of
correct responses ( p = .146, FDR corrected). Although
the intentional difficulty of the task resulted in a relatively
low proportion of correct responses (35.29%), this level of
performance was still significantly above chance levels
(16.67%), p< .001, φ= 0.50, indicating participants were
performing appropriately given the task difficulty. Impor-
tantly, the task elicited an adequate number of illusory
conjunctions (23.17%) for our electrophysiological data
analyses.
To assess whether trials categorized as illusory conjunc-

tions were “true” illusory conjunctions or the result of
guessing, we used multinomial modeling to assess guess-
ing rates (Esterman, Prinzmetal, & Robertson, 2004;
Prinzmetal, Ivry, Beck, & Shimizu, 2002; Ashby, Prinzmetal,
Ivry, & Maddox, 1996). This approach accounts for all the
possible ways in which a particular outcome (e.g., correct
feature binding, illusory conjunction) may occur. For
example, a response categorized as an illusory conjunc-
tion may occur because the observer conjoined the color
of the nontarget item with the shape of the target item,
perceiving the target item as the nontarget item’s color,
or this same response may occur because the observer
failed to perceive the color of the target item entirely
and guessed the nontarget’s color. This multinomial

4 Journal of Cognitive Neuroscience Volume 37, Number 1



modeling approach better estimates the true probabilities
of each outcome using a model based on the psycho-
logical parameters that could lead to a given outcome
(Prinzmetal et al., 2002). We used the same following
parameters in our model as in similar studies (Esterman
et al., 2004; Prinzmetal, Henderson, & Ivry, 1995). These
include the probability of correctly identifying the tar-
get’s orientation, P(target orientation), the target’s color,
P(target color), the nontarget’s color, P(nontarget color),
and the probability of correctly conjoining the target’s
color and orientation, denoted by α (Table 1). The α
parameter, representing the probability of correctly bind-
ing the target’s features, is the critical parameter for exam-
ining illusory conjunctions, with a value of 1.0 reflecting
perfect feature binding and a value of 0.5 reflecting chance
binding (Esterman et al., 2004; Prinzmetal et al., 2002;
Prinzmetal et al., 1995).
We used multiTree (Moshagen, 2010) to create a prob-

ability tree of all possible ways in which our parameters
might lead to a particular response outcome (e.g., see
Esterman et al., 2004; Prinzmetal et al., 2002, 1995), and
subsequently fit the model for each participant. Table 1
shows the empirically measured proportions and model-
predicted proportions, and Table 2 shows the parameter
estimates averaged across participants.2 Our α parameter
estimate (.58) is similar to those observed in a previous
study with a similar paradigm (.62 and .65; Esterman et al.,
2004), indicating that many of the conjunction responses
we measured likely reflected true illusory conjunctions
rather than random guessing.

We also compared the α parameter estimates of par-
ticipants with high compared with low rates of illusory
conjunctions, which was determined by a median split.
Participants with high rates of illusory conjunctions had
significantly lower α parameter estimates (M = .52, SD =
.03) than those with low rates of illusory conjunctions
(α parameter estimate:M= .62, SD= .08), t(15) = 3.34,
p = .005, Cohen’s d = 1.62. This is in line with our mul-
tinomial modeling approach in which a higher α esti-
mate indicates a higher probability of correctly binding
the two target features (thus, a lower probability of illu-
sory conjunctions).

EEG Results

A median of 9.51% of the trials were rejected because of
oculomotor artifacts (i.e., blinks or eye movements),
which were determined by consensus of two of the co-
authors (M.P. and M.S.L.) after independent visual inspec-
tions of the EEG data. The remaining trials without blinks
or eye movements were used for the remainder of the
analyses.

Prestimulus Oscillatory Activity

Because oscillatory activity in the alpha (8–12 Hz) fre-
quency range has previously been associated with atten-
tion (Worden et al., 2000) and conscious perception
(Ro, 2019; Mathewson et al., 2009; Ergenoglu et al.,
2004), we first examined whether alpha activity before
and at stimulus onset played a role in feature binding.
One-way ANOVAs were used to compare prestimulus
alpha power as well as the alpha power and phase at stim-
ulus onset at electrode Pz for the different response types.
Alpha power estimates for each response type were nor-
malized relative to themean of all trials, yielding ameasure
of relative percent increase or decrease in power.

Although Figure 2A shows that there was a small relative
increase in alpha power at stimulus onset for illusory con-
junctions (M = 0.51, SD = 15.03) and small relative
decreases in power for correct responses (M = −0.15,
SD= 7.02) and errors (M=−0.77, SD= 6.92), there were
no statistical differences in alpha power among the three

Table 1. Response Proportions (Actual and Predicted) by Response Type

Response Proportion

Response Type Actual Value Predicted Value

Correct response 0.36 0.34

Illusory conjunction 0.23 0.25

Other color error + correct orientation 0.03 0.03

Color correct + orientation error 0.19 0.21

Illusory color + orientation error 0.17 0.15

Other color error + orientation error 0.02 0.02

Table 2. Model Parameters

Model Parameter Estimated Value

P (target orientation) 0.24

P (target color) 0.90

P (nontarget color) 0.88

P (α) 0.58

Parameters indicate the probability of correctly perceiving the target’s
orientation, the target’s color, the nontarget’s color, and the probability
of correctly conjoining the target orientation with the target color (α).

Ro et al. 5



response types, F(2, 34) = 0.05, p = .952. We also exam-
ined alpha power before stimulus onset by averaging
power estimates across the entire prestimulus epoch.
However, prestimulus alpha also did not differ among

correct responses (M= 1.38, SD= 6.42), illusory conjunc-
tions (M = −0.74, SD = 11.52), and errors (M = −1.23,
SD = 4.81), F(2, 34) = 0.37, p = .693. Bayesian analyses
confirmed support for the null hypothesis that there

Figure 2. (A) Bar graph of alpha amplitudes at electrode Pz and (B) scalp maps show normalized alpha power at stimulus onset. (C) Alpha phase data
at stimulus onset at electrode Pz. Plots show phase cycle divided into 18 bins (20° each) with the vectors representing how many trials on average
were in each bin. The black line in each plot represents the mean direction and vector length across all participants for each response type. (D)
Normalized contralateral and ipsilateral alpha band power changes from 200 msec before stimulus onset through 800 msec after stimulus onset
averaged across electrodes P3 and P4.
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were no differences in alpha power before and at stimu-
lus onset between the different conditions, Bayes Factor
(BF10) = 0.214 and BF10 = 0.152, respectively.
For the phase of alpha at stimulus onset, Rayleigh’s tests

confirmed that the distribution of phase angles for all
three response types were not uniform, indicating that
there was a concentration of phases toward a specific
angle for correct responses, p = .002, illusory conjunc-
tions p= .004, and errors, p< .001.We then used Kuiper’s
tests to directly compare the distributions for each
response type to each other. However, contrary to our
prediction, none of the distributions of phase angles
among the three response types varied significantly from
each other, all ps > .529 (Figure 2C).
We also employed a Bayesian analysis for the phase

angles. Because phase angles are circular, rather than
linear, we performed this analysis by using the bpnreg
(Cremers, 2018) package in R, which uses a Bayesian
method to fit a circular mixed effects model (for exam-
ples and a detailed explanation of this analysis, see
Cremers & Klugkist, 2018). As can be seen in Table 3
and in line with the results from the Kuiper’s tests men-
tioned above, the 95% highest posterior density intervals
for the parameter estimates of each response type over-
lap, indicating that the circular means for alpha phase at
onset did not differ by response type.

Poststimulus Alpha Activity

Because alpha oscillations have also been suggested to
reflect feedback processing (van Kerkoerle et al., 2014)
and poststimulus allocation of attention (Foster et al.,
2020; Hakim et al., 2019; Worden et al., 2000), we next
examined whether there were any differences between
the response types in a poststimulus alpha power window
from stimulus onset to 800 msec after stimulus onset.
Figure 2D shows similar levels of alpha power suppression
after stimulus onset, regardless of the side of the stimuli or

the response type. A two-way ANOVA with laterality (con-
tralateral, ipsilateral) and response type (correct, ICs,
errors) as the two within-subject factors showed no signif-
icant main effects of Laterality, F(1, 17) = 2.848, p= .110,
or Response Type, F(2, 34) = 0.500, p = .611, and no
Laterality × Response Type interaction, F(2, 34) =
1.543, p = .228. We also analyzed whether there were
any poststimulus alpha power differences in each of
five different ERP time windows (P1, N1, N1pc, a 200- to
300-msec binding window, and SPCN) using five separate
two-way ANOVAs with Laterality (contralateral, ipsilateral)
and Response Type (correct, ICs, errors) as the twowithin-
subject factors. These analyses showed only a significant
main effect of Laterality, with greater contralateral than
ipsilateral alpha suppression, during the SPCN time win-
dow, F(1, 17) = 4.832, p= .0421. This main effect of Later-
ality during the 300- to 650-msec SPCN time window likely
reflects a differential allocation of attention contralateral to
the stimuli and is consistent with Hakim and colleagues
(2019), who showed distinct types of lateralized alpha
changes beginning around 300 msec in different attention
and working memory tasks but for a longer 400- to 1450-
msec analysis time window. Bayesian analyses confirmed
support for the null hypothesis that there were no differ-
ences in lateralized (i.e., contralateral minus ipsilateral)
alpha power changes between the different response type
conditions across or for any of the poststimulus time win-
dows, all BF10s < 0.686.

Stimulus-locked ERPs

To examine processes associatedwith early target process-
ing, we analyzed the early visual ERP components. As
shown in Table 4, there were no differences among the
different response types for the P1 component, F(2, 34) =
0.17, p = .847, BF10 = 0.161. Similarly, the N1 component
also did not vary among correct responses, illusory conjunc-
tions, and errors, F(2, 34) = 1.45, p = .248, BF10 = 0.394.

Table 3. Posterior Estimates and 95% HPD Intervals for Alpha Phase for Each Response Type

Response Type Mean SD Lower HPD Upper HPD

Correct Response 86.43° 13.31° 59.73° 112.63°

Illusory Conjunction 93.47° 14.91° 62.01° 121.12°

Error Response 93.70° 7.77° 78.68° 109.23°

Table 4. Mean Amplitude and Standard Deviations for P1, N1, P2, N2, and P3 visual Components From Electrode Oz

P1 N1 P2 N2 P3

Response Type M (SD) M (SD) M (SD) M (SD) M (SD)

Correct 1.67 (0.31) 0.70 (0.18) 1.21 (0.25) −5.43 (0.72) 5.90 (1.51)

Illusory Conjunction 1.53 (0.34) 0.27 (0.21) 0.65 (0.28) −6.30 (0.76) 5.36 (1.47)

Error Trials 1.64 (0.38) 0.42 (0.15) 0.91 (0.26) −5.69 (0.69) 5.66 (1.47)
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Together, these results suggest that feature binding pro-
cesses are not reflected at these early sensory encoding
stages. We also examined the P2 (200–225 msec), N2
(250–300 msec), and the P3 (325–425 msec) components
following the P1/N1 components. However, no differences
were observed among response types for the P2 component,
F(2, 34) = 2.02, p = .148, BF10 = 0.583. Similarly, although
the ANOVA for the N2 approached significance, F(2, 34) =
2.83, p= .073, η2p = .14, BF10 = 0.999, none of the post hoc
comparisons among response types were significant after
FDR correction, all ps > .213, all BF10 < 1.104. Last, there
were also no differences in the P3 component among
response types, F(2, 34) = 1.12, p = .338, BF10 = 0.318.

To investigate the later stages of target processing
among the different response types, we first analyzed
the N1pc component, an index of spatial attention
(Wascher & Beste, 2010). As shown in Figure 3, the
N1pc component was elicited with larger posterior scalp
topography differences in all three conditions and was
confirmed by t tests, showing the contralateral waveforms
were more negative than the ipsilateral waveforms, all
ps < .001, FDR corrected, all Cohen’s ds > 0.95. A
repeated-measures one-way ANOVA computed on the
difference waves revealed the N1pc varied among the dif-
ferent trial types, F(2, 34) = 4.84, p = .014, η2p = .22.
Follow-up pairwise comparisons (FDR corrected)
revealed that the N1pc during error trials (M = −1.98,
SD = 2.08) was smaller than for both correct responses
(M = −2.26, SD = 2.22), p = .041, Cohen’s d = 0.65,
and illusory conjunctions (M = −2.26, SD = 2.18), p =
.048, Cohen’s d = 0.55. Interestingly, the N1pc did not
differ between illusory conjunctions and correct
responses, p = .872, BF10 = 0.246, suggesting that the
visual features were not yet bound at this stage or that
the N1pc is insensitive to the binding process.

To determine whether later visual short-term memory
(VSTM) processes are involved in feature binding, we exam-
ined the SPCN component. Similar to the N1pc, the SPCN
was also observed in all three conditions, shown by the
greater negativity for the contralateral compared with ipsilat-
eral waveform in the 300- to 650-msec time window, all ps <
.024 FDR corrected, all Cohen’s ds > 0.58. A repeated-
measures one-wayANOVA computedon the differencewave
during this time window showed that the SPCN also varied
among the different trial types, F(2, 34) = 4.39, p = .020,
η2p = .21. As shown in Figure 3 and confirmed by FDR-
corrected pairwise comparisons, the SPCNelicited during cor-
rect responses (M=−0.92, SD= 0.62) trials was larger than
that during both illusory conjunctions (M = −0.50, SD =
0.84), Cohen’s d= 0.68, and error trials (M=−0.54, SD=
0.72), Cohen’s d = 0.61, both ps < .030. However, the
SPCN in the illusory conjunction trials was not different than
that in the error trials, p = . 842, BF10 = 0.248.

These differences between the conditions for the N1pc
and the SPCN components were further corroborated by a
Condition (Correct, IC, Error) × ERP Component (N1pc/

SPCN) ANOVA, which showed a significant main effect of
Condition, F(2, 34) = 4.983, p = .013, η2p = .033; a sig-
nificant main effect of ERP Component, F(1, 17) = 9.744,
p = .006, η2p = .955; as well as a significant Condition ×

Component interaction, F(2, 34) = 3.651, p= .0366, η2p=
.013. Together, these N1pc and SPCN results suggest that
the binding process is occurring after the N1pc but
before the SPCN time windows because the waveforms
elicited by correct responses and illusory conjunctions
did not differ during the N1pc time window but did differ
during the SPCN time window. Thus, we examined the
contralateral-minus-ipsilateral scalp topographies across
time, beginning at the N1pc window and extending
through the SPCN time window. Visual inspection of
Figure 3B and C demonstrates that following the posterior
negativity of the N1pc, a posterior positivity is briefly
observed before the sustained posterior negativity of the
SPCN appears. This may reflect the Pd component
(Sawaki, Geng,& Luck, 2012;Hickey,Di Lollo, &McDonald,
2009) and might alternatively suggest that attention was
prematurely terminated or suppressed before accurate
feature binding occurred. In either case, these results fur-
ther suggest that visual feature binding is occurring
between the N1pc and SPCN time windows.
We examined this posterior lateralized activity occurring

during the 200- to 300-msec binding window for correct
responses and illusory conjunctions by comparing the
contralateral to ipsilateral waveforms at electrodes
O1/O2. For correct responses, the contralateral waveform
was slightly more positive than the ipsilateral waveform,
but this difference did not reach statistical significance,
t(17) = 1.71, p = .106, Cohen’s d = 0.40. The posterior
lateralization was more pronounced for illusory conjunc-
tions, as the contralateral waveforms were significantly
more positive than the ipsilateral waveforms for this
response type, t(17) = 3.33, p = .004, Cohen’s d = 0.78.
This more pronounced lateralization for illusory conjunc-
tions during the binding window may be indicative of
activity that reflects additional processes when feature
binding is more difficult or more computations are
required, perhaps because attention has been diverted.

Response-locked ERPs

Finally, to determine whether there were differences in
error processing for the different conditions (i.e., illusory
conjunctions and errors), we also examined the response-
locked ERN component (Gehring et al., 1993), baseline
corrected to the average voltage of the 200-msec time win-
dow before the response. The ERN for each condition was
quantified as the difference between incorrect and correct
responses during a time window between response onset
and 150 msec postresponse. As shown in Figure 4, errors
did elicit a small negative deflection (M = −0.14, SD =
0.76), whereas illusory conjunctions did not (M = 0.22,
SD = 1.12). However, this negativity observed for errors
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was not statistically significant, t(17) = −0.76, p = .457,
indicating neither condition elicited a significant ERN
component. Interestingly, in an exploratory analysis, we
found that when participants indicated that they did not

know or were unsure of the identity of the target (i.e.,
by clicking on the “?” in the center of the response screen),
a marginally significant ERN was observed, t(17) =−1.98,
p = .065, Cohen’s d = 0.47, as shown in Figure 4. Given

Figure 3. (A) ERP waveforms contralateral (solid lines) and ipsilateral (dashed lines) to the stimulus array for each type of response at posterior
electrodes (O1/O2; shaded areas reflect ± 1 SEM ). (B) Contralateral – ipsilateral difference waveforms and bar graphs for each response type at
O1/O2. The gray boxes indicate the time windows analyzed for the N1pc (150–200 msec) and the SPCN (300–650 msec). Bar graphs showing mean
amplitudes for N1pc and SPCN components with error bars reflecting ± 1 SEM. *Indicates p < .05. (C) Scalp topographies (differences) for
conditions of interest (correct responses minus illusory conjunctions and correct responses minus errors) throughout N1pc to SPCN time windows.
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this latter result was exploratory and only marginally signif-
icant and because the ERN component likely overlapped
with the stimulus-evoked P300 on many trials, whether
the ERN might reflect errors or failures in binding in this
experimental design remains to be determined.

DISCUSSION

The present study examined the neural mechanisms and
temporal dynamics of visual feature binding. We found no
differences in alpha oscillatory activity between correct
binding responses, illusory conjunctions, and errors
before, at, or after stimulus onset. There were also no dif-
ferences in early ERP components associated with sensory
processing (i.e., P1 and N1). However, later lateralized
neural responses (i.e., N1pc and SPCN) showed differen-
tial activity for correct responses, illusory conjunctions,
and error trials. More specifically, we found that although
the N1pc was larger for correct responses and illusory con-
junctions relative to error trials, it did not differ between
the former two response types. In contrast, a dissociation
between correct responses and illusory conjunctions was

observed later during the time window of the SPCN com-
ponent. Specifically, we found that the SPCN for correct
responses was larger than for both error trials and illusory
conjunctions.
Although differences in prestimulus and poststimulus

alpha do not appear to reflect successful or failed feature
binding, arguing against synchrony (Singer & Gray, 1995),
coherence (Fries, 2014), and feedback (van Kerkoerle
et al., 2014; Bouvier & Treisman, 2010) in feature binding,
later processing stages do appear to be involved, providing
some support for increases or amplification in neural activ-
ity during feature binding (Roelfsema, 2023; Vinck et al.,
2023). Our ERP results suggest that feature binding
occurred in the temporal window after the N1pc but
before the SPCN component. Although we observed a
reduced N1pc for error trials relative to illusory conjunc-
tion and correct response trials, indicating the stimulus
display was not appropriately attended and processed dur-
ing trials that led to error responses, this was not the case
for illusory conjunctions. Rather, a similar neural response
was elicited during the N1pc time window for illusory con-
junctions and correct responses, suggesting that features
are not yet properly bound at this stage because the
stimulus displays of both response types appear to be
processed in a similar fashion during this time. However,
during the later time window of the SPCN, differences in
amplitude between correct responses compared with
both illusory conjunctions and errors were observed, sug-
gesting feature binding was complete by this stage. It is
possible that the larger SPCN we observed for correct
responses may reflect the stable, appropriately integrated
percept of the target in VSTM. However, it is also possible
that the differences in the SPCN component were because
of differential allocation of attention (Berggren & Eimer,
2016), as larger illusory conjunction rates have been asso-
ciated with deficits in attention (Robertson, 1999;
Friedman-Hill et al., 1995; Cohen & Rafal, 1991).
In either case, our results indicate that feature binding,

or failures thereof, occur during a binding window 200–
300 msec poststimulus onset (i.e., following the N1pc
but before the SPCN). The outcome of processing during
this feature binding window likely resulted in the differ-
ences we observed in the SPCN component. Inspection
of Figure 3C shows that the scalp topography differences
change during the binding window between the N1pc and
SPCN components. Notably, this change is observed as
lateralized posterior differences, like the lateralized poste-
rior changes observed for the N1pc and SPCN compo-
nents. Given the lateralized nature of the stimuli in our
paradigm and of the visual system, it is not unusual that
the activity during this binding window is lateralized,
although this may not be the case in other paradigms in
which the stimuli and/or the allocation of attention are
central. Consistent with the idea that feature binding relies
on reentrant processing (Bouvier & Treisman, 2010), the
late occurrence and posterior location of activity in the
binding window suggests that this activity may reflect

Figure 4. (A) Response-locked difference waves (incorrect – correct
response) for illusory conjunctions, errors, and question mark
responses at electrode Cz during the 0- to 150-msec time window
analyzed (shaded areas reflect ± 1 SEM ). (B) Mean amplitude of ERN
for each response with error bars reflecting ± 1 SEM.
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feedback processes that are not necessarily reflected in
alpha oscillations. This conclusion is also consistent with
previous research that used TMS to interrupt the reentrant
process and found that later time windows (from 150 to
240 msec poststimulus onset) of V1/V2 activity are critical
for feature binding (Koivisto & Silvanto, 2012).
Although our results provide insight into the neural

basis of feature binding, there are a few limitations that
the present study cannot address. Previous behavioral
work examining the involvement of reentrant processing
in feature binding made use of masking to interrupt the
reentrant process (Bouvier & Treisman, 2010). Although
our paradigm utilized a backward pattern mask to induce
illusory conjunctions, we did not include a no mask condi-
tion, which limits our conclusions about whether our
mask interrupted the reentrant process and directly
caused illusory conjunctions to occur. Although the timing
of the feature-binding window we observed and the onset
of the mask as well as the scalp topography of this binding
window are consistent with an explanation of the mask
interrupting reentrant processes, future work is necessary
to directly test this possibility. A second limitation in our
designwas the use of fixed temporal intervals for each trial,
whichmay have reduced the ability to detect differences in
the power and phase of alpha oscillations. Using tempo-
rally jittered intertrial intervals in future studies may reveal
alpha oscillation differences between accurate feature
binding and illusory conjunctions. Another limitation is
related to our findings with the SPCN. Differences in this
SPCN component, referred to as the contralateral delay
activity in working memory paradigms, have been shown
to scale with the number of items held in workingmemory
(Vogel & Machizawa, 2004), but our paradigm did not
manipulate the number of target items or the number of
features to be integrated. Previous research has also
shown that contralateral delay activity amplitude generally
depends on number of items rather than number of fea-
tures stored in VSTM (Luria & Vogel, 2011); however,
these previous studies only examined trials with correct
responses. Because our goal was to examine the temporal
dynamics of feature binding and not the neural dynamics
of VSTM capacity, future research is necessary to better
understandwhether the SPCN reflects failures of encoding
conjoined information into VSTM when an illusory con-
junction occurs. Finally, the use of a unilateral unbalanced
display, in contrast to a bilateral balanced display, pre-
cluded the ability to adequately measure an N2pc com-
ponent. Future studies using bilateral displays may shed
further insight into how later attentionally related ERP
components may contribute to feature binding.
In conclusion, the present study demonstrates that fea-

ture binding primarily occurs between later stages of pro-
cessing that reflect stimulus-evoked spatial attention (i.e.,
the N1pc) and visual short-term memory (i.e., the SPCN)
processes. This is consistent with the notion that perception
results from multiple recurrent feedforward and feedback
processing cycles (Enns, 2004; Di Lollo, Enns, & Rensink,

2000) Although both correct responses and illusory con-
junctions were initially attended, features were not yet
bound at this stage. Rather, our results indicate that
the binding process occurred after the N1pc, during a
binding window 200–300 msec poststimulus. The out-
come of processing during this bindingwindow likely then
resulted in the differences observed later in the SPCN.
Given the timing of the binding window, our findings sup-
port a framework of feature binding in which binding
occurs at later feedback stages of processing.
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Notes

1. The use of overlapping features between the triangles and
diamonds should not introduce any confounds or other issues
in our experimental design, results, or interpretations because
the classification of trials into the different response types
depended upon whether the orientation of the triangle was
correctly perceived with the correct color (correct trials) or
with the color of the diamond (illusory conjunction trials).
However, this design limits the ability to assess whether an illu-
sory conjunction is the result of incorrect color perception of
the triangle or incorrect shape perception of the diamond as a
triangle. Future experiments using shapes with nonoverlapping
features and with responses that also include the perceived
location of the target stimulus may be able to distinguish
between these different types of illusory conjunctions.
2. For one participant’s data, the algorithm did not converge,
and thus accurate parameter estimates could not be obtained.
This participants’ data were therefore excluded from the multi-
nomial model analysis as well as the median split analysis com-
paring the α parameter estimates.
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