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Abstract

■ The congruency sequence effect, a hypothesized marker of
top–down cognitive control, refers to a reduced congruency
effect after incongruent trials compared with congruent trials.
Although this effect has been observed across various distrac-
tor interference tasks, the nature of the control processes
underlying the congruency sequence effect remains a topic
of active debate. It has been suggested that cognitive control
may resolve conflicts in information processing either by (a)
enhancing the representation of goal information and/or (b)
suppressing the representation of distractor information.
The present study aimed to identify the conflict resolution
processes within the context of the color Simon task by decod-
ing the goal and distracting information from human scalp

EEG signals. For the decoding analysis, models were trained
separately for color and location attributes corresponding to
goal and distractor information. In addition, decoding accuracy
was calculated in different frequency bands: theta (4–8 Hz),
alpha (8–12 Hz), low beta (12–20 Hz), and high beta (20–
30 Hz). Results showed that decoding accuracy for distractor
information was reduced when cognitive control was activated,
and this pattern was only observed in the high beta-frequency
band (20–30 Hz). In contrast, no such difference was observed
for target information. These findings suggest that cognitive
control regulates Simon conflict by inhibiting distractor rep-
resentation in the brain, thereby preventing unwanted
distraction-driven behaviors. ■

MECHANISM OF SIMON CONFLICT
RESOLUTION: EVIDENCE FROM
EEG DECODING

Cognitive control refers to the ability to regulate one’s
thoughts and behaviors to adapt to external environmen-
tal demands or internal goals. It encompasses three key
components: working memory, which enables informa-
tion retention; set-shifting, which allows flexible attention
shifts; and inhibition (or facilitation), which helps sup-
press automatic or dominant responses (Miyake et al.,
2000). Among these components, inhibition is particularly
crucial for self-regulation, as it allows individuals to over-
ride impulsive or habitual responses and stay focused on
their goals (Diamond, 2013). Without inhibition, individ-
uals are more likely to be driven by impulses, established
habits, and environmental stimuli, leading to behavioral
challenges and learning disabilities (Munakata et al.,
2011). A comprehensive understanding of the mecha-
nisms underlying inhibition is thus critical not only for
improving clinical interventions but also for advancing
insights into complex intelligent behavior.

One way to examine inhibition is using distractor inter-
ference tasks, where participants are required to make a
novel response to a goal (task-relevant features) in the
presence of a distractor (task-irrelevant features) that is
strongly associated with a habitual response (Miyake et al.,

2000)—for example, in the Simon task, where participants
are asked to respond to a target’s color, which is presented
to either the left or right of a fixation cross, while ignoring
its location. Typically, performance becomes slower and
less accurate when the stimulus position and the correct
response location are incongruent than when they are
congruent, a phenomenon known as the congruency
effect. Importantly, this congruency effect is reduced after
experiencing incongruent trials compared with congruent
trials (Gratton, Coles, & Donchin, 1992)—a phenomenon
called the congruency sequence effect (CSE; Figure 1). The
robustness of the CSE has been demonstrated across vari-
ous distractor interference tasks, including the Simon task
(Lim & Cho, 2021b; Lee & Cho, 2013; Notebaert & Verguts,
2008; Stürmer, Leuthold, Soetens, Schröter, & Sommer,
2002), the Stroop task (Notebaert, Gevers, Verbruggen, &
Liefooghe, 2006; Egner & Hirsch, 2005; Kerns et al.,
2004), the flanker compatibility task (Lim & Cho, 2018;
Kim & Cho, 2014), and the prime-probe task (Grant &
Weissman, 2023; Grant, Cookson, & Weissman, 2020).
According to the conflict monitoring theory, the CSE

arises as a consequence of enhanced top–down cognitive
control following the detection of conflict in the preceding
trial (Botvinick, Braver, Barch, Carter, & Cohen, 2001).
Specifically, after experiencing an incongruent trial, the
cognitive system adaptively modulates information pro-
cessing to optimize performance on subsequent trials.
This conflict monitoring process has been supported by1Korea University, 2Arizona State University
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neuroimaging studies (Kerns et al., 2004; MacDonald,
Cohen, Stenger, & Carter, 2000; Botvinick, Nystrom,
Fissell, Carter, & Cohen, 1999). fMRI research suggests
that the ACC serves as the primary site for conflict detec-
tion (Botvinick et al., 1999), whereas subsequent cognitive
control adjustments are mediated by the dorsolateral pre-
frontal cortex (DLPFC; Kerns et al., 2004; MacDonald et al.,
2000). Thus, when response conflict arises during an
incongruent trial, ACC identifies the conflict and transmits
a control signal to the DLPFC. This interaction facilitates
the recruitment of cognitive control mechanisms, thereby
enhancing task-specific adjustments and reducing
response conflict on subsequent trials.
Whereas the top–down cognitive control accounts

effectively explain the CSE, alternative views suggest that
the CSE may stem from bottom–up factors, such as stim-
ulus and response feature-repetition priming (Hommel,
Proctor, & Vu, 2004; Mayr, Awh, & Laurey, 2003) or contin-
gency learning between task-irrelevant stimulus feature
and their frequently associated responses (Schmidt & De
Houwer, 2011). Nonetheless, a number of studies have
consistently reported CSEs, even when both repetition-
priming and contingency-learning confounds were con-
trolled (Lim & Cho, 2021a; Kim & Cho, 2014; Schmidt &

Weissman, 2014), indicating that top–down cognitive
control significantly contributes to the observed CSE.

An important question regarding top–down cognitive
control in the CSE is how exactly the cognitive control in
the brain operates to resolve conflicts. According to the
dual-route model, information processing in the Simon
task occurs along two different routes (De Jong, Liang, &
Lauber, 1994; Kornblum, Hasbroucq, & Osman, 1990).
The task-relevant feature is processed along a controlled
route that intentionally links the stimulus to the required
response, whereas the task-irrelevant feature is processed
along an automatic route that directly activates the corre-
sponding spatial responses. The overall decision is then
based on a merger of both information sources (Pashler,
1997). Thus, response conflict arises when task-relevant
and task-irrelevant information activate different
responses. To resolve the conflict, cognitive control
may operate in two possible ways: (a) by facilitating infor-
mation processing through the controlled route and/or
(b) by inhibiting information processing through the
automatic route (Koob, Mackenzie, Ulrich, Leuthold, &
Janczyk, 2023).

Notebaert and Verguts (2008) support the facilitation
account, demonstrating that the scope of the Simon-type
CSE is determined by the task-relevant dimension. They
found that the CSE transferred across two Simon-type
tasks only when both tasks shared the same task-relevant
dimension (i.e., when participants responded to orienta-
tion in both tasks) and not when the tasks involved differ-
ent task-relevant dimensions (i.e., responding to color in
one task and orientation in the other). Thus, the authors
suggested that after an incongruent trial, cognitive con-
trol enhances attention to the perceptual features of
the target, thereby reducing the impact of distractions
(Notebaert & Verguts, 2008; Egner & Hirsch, 2005). Con-
versely, others have supported the inhibition account
(Lee & Cho, 2023; Stürmer et al., 2002). Stürmer and col-
leagues analyzed lateralized readiness potentials in the
Simon task and observed early location-based priming
effects over motor cortex only after congruent trials,
but not after incongruent trials. They suggested that after
incongruent trials, response suppression is engaged to
prevent the transmission of spatial codes from the auto-
matic route to the response output, thereby reducing the
influence of task-irrelevant stimulus information. Although
these studies provide important insights into the nature of
cognitive control processes, RTs and averaged evoked
potentials mainly reflect the consequence of control pro-
cesses rather than directly revealing how the brain modu-
lates task-relevant and task-irrelevant information.

One possible way to address this issue is to usemethods
that directly measure the brain representation of task-
relevant and task-irrelevant information. EEG-based
decoding is a novel statistical approach that used machine
learning to analyze signal distributions across the scalp,
providing insights into how the strength of information
representation in the brain dynamically changes over time

Figure 1. The diagram illustrates the CSE. The first two bars represent
trials where the previous congruency was congruent, whereas the
second two bars represent trials where the previous congruency was
incongruent. In each set, the dark bars correspond to current
congruent trials, and the light bars correspond to current incongruent
trials. This creates four conditions: cC (congruent after congruent),
cI (incongruent after congruent), iC (congruent after incongruent),
and iI (incongruent after incongruent). “n1-cn” refers to the previous
congruent trial, “n1-in” refers to the previous incongruent trial, “n0-cn”
refers to the current congruent trial, and “n0-in” refers to the current
incongruent trial. The CSE is characterized by current trial interference
reduced after experiencing interference trials. For example, responses
are typically slower for incongruent trials compared with congruent
trials. However, this effect is modulated by the congruency of the
previous trial. Specifically, the distraction caused by current
incongruent trials is diminished after experiencing incongruent trials
compared with congruent ones (i.e., iI vs. cI), reflecting the effects of
conflict resolution.
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during task performance (Fahrenfort, van Driel, van Gaal,
&Olivers, 2018). Research suggested that various stimulus
attributes can be decoded, including orientation (Bae &
Luck, 2018), spatial location (Fahrenfort et al., 2018),
color (Bae & Chen, 2024), and facial features (Bae,
2020). Moreover, recent research showed that the
decoding of stimulus attributes in the current trial can
vary based on previous trials (Bae, 2020; Bae & Luck,
2019). For instance, Bae and Luck (2019) demonstrated
that information from preceding trials can be reactivated.
They found that the orientation of a prior stimulus was
decoded on the current trials. Similarly, Bae (2020) found
that information from a previous trial influenced the
perception of face identity and expression in the current
trial, with decoding accuracy for the prior face identity
increasing shortly after the current stimulus onset. These
findings suggest that EEG-based decoding captures not
only stimulus attributes on the current trial but also the
stimulus attributes that were influenced by previous
experience.

In the present study, we aimed to decode the human
scalp EEG recordings of both task-relevant and task-
irrelevant stimulus information following congruent and
incongruent trials to examine the nature of cognitive con-
trol process. Specifically, we examined whether conflict
resolution in the Simon task arises from enhanced pro-
cessing of task-relevant stimulus information or from the
suppression of task-irrelevant stimulus information. Partic-
ipants were instructed to perform horizontal and vertical
color Simon tasks alternatively in a trial-by-trial manner.
Decoding analysis involved training separate models to
decode color and location information for task-relevant
and task-irrelevant stimulus attributes, respectively. We
hypothesized that if conflict resolution enhances the pro-
cessing of goal-related information, decoding accuracy for
task-relevant stimulus attributes will improve following
incongruent trials compared with congruent trials. Con-
versely, if conflict resolution suppresses distractor pro-
cessing, decoding accuracy for task-irrelevant stimulus
attributes will decrease following incongruent trials com-
pared with congruent trials.

Moreover, as previous studies have shown that decod-
ing in different frequency bands is linked to distinct cogni-
tive states (Li et al., 2023; de Vries, Marinato, & Baldauf,
2021; de Vries, Savran, van Driel, & Olivers, 2019; van
Driel, Ort, Fahrenfort, & Olivers, 2019), the present study
calculated decoding accuracy separately for each fre-
quency band. Numerous studies using the Simon task sug-
gest that cognitive control is linked to theta oscillations
(Wang et al., 2019; Cao, Cao, Yue, & Wang, 2017; Töllner
et al., 2017; van Driel, Sligte, Linders, Elport, & Cohen,
2015; Gulbinaite, van Rijn, & Cohen, 2014; Cohen &
Donner, 2013; Cohen & Ridderinkhof, 2013), whereas
others have identified associations with alpha (Arnau,
Brümmer, Liegel, & Wascher, 2021; Chinn, Pauker, &
Golob, 2018) or beta oscillations (Beatty, Buzzell, Roberts,
Voloshyna, & McDonald, 2021; van Es, Gross, & Schoffelen,

2020; Wiesman, Koshy, Heinrichs-Graham, &Wilson, 2020;
Duprez et al., 2019). However, many of these studies uti-
lized only two response alternatives (e.g., left and right
keys), which could confound the results with bottom–up
repetition priming. Although some studies attempted to
control for these factors by excluding stimulus repeating
trials from analysis, it remains unclear whether consistent
results would be obtained using a paradigm specifically
designed to minimize such confounds.
To investigate top–down cognitive control, the present

study adopted a bottom–up confound-minimized design.
Decoding accuracy was measured in theta (4–8 Hz), alpha
(8–12 Hz), low beta (12–20 Hz), and high beta (20–30 Hz)
frequency bands to confirm findings from this confound-
minimized design. The gamma frequency band (30–
100 Hz), which is primarily associated with bottom–up
processing (Buschman & Miller, 2007), was excluded
from the analysis, as the study focus was solely on top–
down cognitive control. Finally, a general analysis of oscil-
latory activity was conducted to validate the decoding
analysis. We hypothesized that if conflict is resolved by
enhancing attention toward task-relevant color informa-
tion (Notebaert&Verguts, 2008),modulationwould occur in
the alpha frequency band, which has been strongly associ-
ated with attentional modulation (Peylo, Hilla, & Sauseng,
2021; Schneider, Herbst, Klatt, & Wöstmann, 2022; Foster
& Awh, 2019; Van Diepen, Foxe, & Mazaheri, 2019; Thut,
Nietzel, Brandt, & Pascual-Leone, 2006). If Simon-type con-
flict is resolved by suppressing task-irrelevant location infor-
mation, specifically the automatic route from task-irrelevant
dimensions to response (Stürmer et al., 2002), modulation
should appear in thebeta frequencyband, as beta oscillations
are closely linked to responsemodulation (Schmidt et al.,
2019; Spitzer & Haegens, 2017; Pavlidou, Schnitzler, &
Lange, 2014; Engel & Fries, 2010). Lastly, if modulation
occurs in the theta frequency band, it may imply that con-
flict is resolved beyond simple inhibition or facilitation, as
theta oscillations have been associated with working mem-
ory (Riddle, Scimeca, Cellier, Dhanani, &D’Esposito, 2020),
episodic memory (Nyhus & Curran, 2010), and episodic
retrieval (Frackowiak et al., 2004).

METHODS

Participants

The sample size was determined using G*Power 3.1 (Faul,
Erdfelder, Buchner, & Lang, 2009). On the basis of the
experiment conducted by Lee and Cho (2023; Experiment
2), where ηp

2 = .212, a repeated-measures ANOVA was
conducted to examine the two-way interaction between
Previous-Trial Congruency (congruent or incongruent)
and Current-Trial Congruency (congruent or incongru-
ent). The statistical power (1–β) set at .95 and the alpha
level at 5% were applied. Our estimation indicated that a
minimum sample size of 26 would provide 96% power to
observe a CSE between two tasks.
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Thirty participants (14 female, 16 male; mean age =
23.8 years) from Korea University participated in the
experiment. All participants self-reported as right-handed
and no deficit in visual acuity or color vision. Before the
experiment, all participants provided informed consent
and received compensation of KRW 50,000 (about $37)
after their participation. The experiment was approved
by the institutional review board of Korea University
(KU-IRB-16-142-A-1).

Stimuli and Apparatus

The experiment was conducted using MATLAB software
(Version 2015a; The MathWorks) and the Psychophysics
Toolbox Version 3. Visual stimuli were presented on a
24-in. (16:9) LCD monitor positioned approximately 55 cm
from the participants. The sequence of displays and time
course for the Simon tasks are illustrated in Figure 2A. A
white (red [R]= 255, green [G]=255, blue [B]= 255) cross
(0.3° × 0.3° of visual angle) served as the fixation point,
appearing at the center of the display. The experiment con-
sists of vertical and horizontal Simon tasks. For the horizontal

Simon task, a blue (R = 0, G = 0, B = 255) or yellow (R =
255, G = 255, B = 0) square (approximately 1.51° × 1.51°)
was presented to either the left side or right side of the fixa-
tion cross. For the vertical Simon task, a red (R= 255, G= 0,
B= 0) or green (R=0,G=255, B=0) squarewas presented
either above or below the fixation cross. The target stimulus
appeared at an equal distance from the center of the dis-
play (approximately 5.4°). All stimuli were displayed on
the gray background (R = 128, G = 128, B = 128).

Responses were recorded with a standard 101-key com-
puter keyboard. The “4,” “6,” “8,” and “2” keys on the
numeric keypad were used as directional responses, indi-
cating “left,” “right,” “up,” and “down,” respectively. The
“5” key or home key was used as the starting position.

Task Design

A confound minimized design was employed (Lim & Cho,
2021a; Kim & Cho, 2014; Schmidt & Weissman, 2014). To
avoid bottom–up feature integration, horizontal and verti-
cal color Simon tasks were alternated in a trial-by-trial man-
ner (Figure 2A). Horizontal stimulus (i.e., blue and yellow)

Figure 2. Task paradigm and behavioral results. (A) An example of task sequence and response keys. Horizontal and vertical Simon tasks were
presented alternatively in a trial-by-trial manner. Participants were asked to respond to the color of the square while ignoring the location of the
square. Thus, the task-relevant information was color (blue, yellow, green, and red), and the task-irrelevant information was location (left, right, up,
and down). (B) A diagram for response method. Participants were instructed to keep pressing the home key and release it when they decided their
response. Once they release the home key, they were asked to press a response key. TT was separated into IT and MT. IT is the temporal duration
from the target onset to the release of the home key. MT is the duration from the release of the home key to the pressing of an actual response key.
(C) Behavioral results of TT, IT, MT, and PEs. Left: Bar graphs for the averaged data for the four conditions (i.e., cC, cI, iC, and iI). Right: CSE,
calculated as (cI − cC) − (iI − iC), for individual participants.
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and response sets (i.e., left and right) were presented in
odd trials, whereas vertical stimulus (i.e., red and green)
and response sets (i.e., up and down) were presented in
even trials, thereby preventing stimulus and response rep-
etition in consecutive trials. To avoid contingency learning
confounds, eight unique stimuli (i.e., blue–left, blue–right,
yellow–left, yellow–down, red–up, red–down, green–up,
green–down) were presented exactly 10 times in each
block.

To ensure that the horizontal and vertical dimensions
of the stimulus and response were equally salient during
the Simon task, we adopted the aimed-movement
response method proposed by Lim and Cho (2021b).
The “4” and “6” keys were used as directional keys for
the horizontal Simon task, whereas the “8” and “2” keys
were used for the vertical Simon task. Tomaintain consis-
tency across the spatial dimensions, all responses started
from the “5” home key. Participants were instructed to
keep pressing the home key until they had decided on
their response. Once they made their decision, they
pressed the corresponding directional key and then
returned to the home key.

This method provides an advantage over conventional
RT measures by allowing total RT (TT) to be decomposed
into initiation time (IT) and movement time (MT) for a
more refined examination. IT is defined as the time from
the target onset to the moment the home key is released,
whereas MT is the time from home key release to pressing
the directional key. If a CSE is observed in IT, it suggests
that conflict resolution occurs at an earlier stage of infor-
mation processing (e.g., stimulus identification to
response selection). In contrast, if a CSE appears in MT,
it implies that conflict resolution takes place at a later
stage (e.g., movement execution).

However, the distinction between response selection
and execution is not always clear-cut, and some studies
suggest that these processes may overlap, allowing
responses to be initiated even before response selection
is fully completed (Lee & Cho, 2024; Calderon, Gevers,
& Verguts, 2018; Buetti & Kerzel, 2008, 2009; Hommel,
2009; Resulaj, Kiani, Wolpert, & Shadlen, 2009; Erlhagen
& Schöner, 2002). Therefore, although separating IT and
MT provides insights into the temporal dynamics of con-
flict resolution, it does not provide absolute evidence that
these stages are functionally independent. In particular, IT
may not accurately reflect the speed of response selection
if the response selection is still executed during the
response execution period despite participants being
instructed to release the home key only after deciding
on their response. To mitigate this issue, our study incor-
porated the methods developed in previous studies
(Rubichi & Pellicano, 2004; Smith & Carew, 1987). In the
task, the target stimulus disappeared immediately upon
home key release, motivating participants to delay move-
ment initiation until response selection was completed
(Smith & Carew, 1987). In addition, in the analyses, trials
with extreme deviations in either IT or MT were excluded

because RT measures in those trials might be conflated
by the trade-offs between response selection and
response execution. For similar reasons, trials in which
MT was longer than IT and trials where the home key
was released before target onset were removed as errors.
These methods ensured that IT and MT more accurately
reflect the speed of response selection and response
execution.
Counterbalancing was implemented to ensure that

decoding focused exclusively on task-relevant color attri-
butes, without being influenced by specific response asso-
ciations. Furthermore, because neuroimaging data can be
highly variable across individuals due to anatomical, func-
tional, and cognitive differences (Dubois & Adolphs,
2016), counterbalancing was employed within partici-
pants. This approach ensured that each participant expe-
rienced different stimulus–response (S–R) mappings,
thereby controlling for individual differences and increas-
ing the sensitivity to detect true effects. Thus, participants
completed the tasks twice, with a week between sessions,
each session with different S-R mappings (i.e., blue–left,
yellow–right, red–up, green–down, or blue–right,
yellow–left, red–down, green–up). The order of S-R map-
pings varied across participants. To minimize potential
confounding factors, each session was conducted on the
same day of the week (e.g., every Monday), at the same
time (e.g., at 2 p.m.), and under the same environmental
conditions.

Procedure

After providing informed consent, participants performed
the tasks in a dimly lit sound-proof chamber. The partici-
pant’s body midline and the numeric keypad were aligned
with the center of the monitor. Participants were
instructed to press one of the directional response keys
on the numeric keypad depending on the color of the tar-
get stimulus as quickly and accurately as possible. The
instructions also informed of the four S-R mappings. On
each trial, when the fixation cross was presented, partici-
pants were instructed to press the home key with their
right index finger and to keep pressing the key until they
decided their response to the target after it was presented.
Five hundred milliseconds after the home key was
pressed, a target stimulus was presented for 250 msec or
until the home key was released. After the target display, a
blank display was presented for 1750 msec. Participants
were instructed to press one of the four direction keys
depending on the color of the target stimulus. All
responses were executed using the right index finger. If
the release of the home key occurred before target pre-
sentation, a visual feedback message was displayed, say-
ing “Press the home key.” Each time a participant
responded incorrectly or failed to respond within
2000 msec after the target onset, a 150-msec beep sound
was played as feedback.
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After a practice block of 34 trials, participants completed
eight blocks of 82 trials, with 1-min breaks between
blocks. The four sequential trial types—congruent trial
followed by a congruent trial (cC), congruent trial followed
by an incongruent trial (cI), incongruent trial followed by
a congruent trial (iC), and incongruent trial followed by
an incongruent trial (iI)—were presented with equal fre-
quency in both the horizontal and vertical Simon tasks.
The congruency for the first and second trials of each
block was randomly determined.

Behavior Analysis

In the behavioral analyses, the following trials were
excluded: practice trials, the first two trials of each block,
outliers (defined as trials that deviated by more than 3 SDs
from the conditional mean for each participant), trials fol-
lowing an outlier, incorrect trials, trials in which MT was
longer than IT, and trials where the home key was released
before the target stimulus appeared. These exclusions
accounted for approximately 3.28% of the total trials. Fol-
lowing these exclusions, the individual mean correct TTs,
ITs, MTs, and percentage errors (PEs) were calculated sep-
arately for the combination of previous-trial congruency
(congruent, incongruent) and current-trial congruency
(congruent, incongruent). Two-way repeated-measures
ANOVAs were conducted on mean TTs, ITs, MTs, and
PEs with those variables as within-subject variables.

EEG Recording and Preprocessing

EEG signals were recorded using SynAmps RT NeuroScan
64-channel EEG system (NeuroScan Compumedics) with
a pass-band of 0.01–200 Hz. The ground electrode was
positioned between the FPz and Fz electrodes. Signals
from two additional electrodes (M1 and M2) attached to
the left and right earlobes were used as the reference elec-
trodes. Eye movements were measured with VEOG and
HEOG. VEOG electrodes were positioned above and
below the left eye, whereas HEOG electrodes were posi-
tioned 1 cm lateral to the outer canthi of each eye. Electro-
cardiogram signals were recorded to exclude the effects of
cardiac (ECG) signals (Park, Correia, Ducorps, & Tallon-
Baudry, 2014) with two electrodes placed approximately
2 cm below the left and right collarbones. In the EEG sys-
tem with 64 channels, two channels were designated as
ground and reference. In addition, separate electrodes
used as bipolar channels (HEOG and VEOG) for eyemove-
ment monitoring, reference electrodes (i.e., M1 and M2),
and a bipolar channel for recording cardiac signals (ECG)
were excluded. Channel impedances were maintained
below 15 kΩ.
The preprocessing of the signals was conducted using

the EEGLAB Toolbox (Delorme & Makeig, 2004) and the
ERPLAB Toolbox (Lopez-Calderon & Luck, 2014). Scalp
EEG signals were offline referenced to the average of the
left and right earlobes. All signals were band-pass filtered

(noncausal Butterworth impulse response function, half
amplitude cutoffs at 0.1 and 80 Hz, 12 dB/oct roll-off )
and resampled at 250 Hz. Any EEG signals containing sig-
nificant muscle artifacts or extreme voltage offsets were
automatically and manually identified and removed. The
independent component analysis was subsequently
applied on the scalp EEG for each participant to identify
and remove components associated with blinks ( Jung
et al., 2000) and eye movements (Drisdelle, Aubin, &
Jolicoeur, 2017). Following independent component
analysis correction, the EEG data were segmented for each
trial from−500 to +1200 msec relative to the onset of the
stimulus (i.e., baseline: [−500, 0]; stimulus presentation:
[0, 250]; blank: [250, 1200]). Standard artifact rejection
procedures (Luck, 2014) were then implemented to elim-
inate epochs containing miscellaneous artifactual voltage
deflection. The average percentage of rejected trials was
7.52%. After removing artifacts, the counterbalanced data
for each participant were concatenated.

It has been suggested that EEG decoding is susceptible
to movement-related artifacts, making it essential to con-
trol motor activity during recording (Jansen et al., 2012;
Luck, 2012). Moreover, analyzing EEG signals during
movement execution can reduce the signal-to-noise ratio,
leading to ambiguous decoding results (Luck, 2012).
Given that the primary goal of the present decoding anal-
ysis was to track the temporal dynamics of task-relevant
and irrelevant information, we time-locked EEG signals
to stimulus onset, focusing on the period between stimu-
lus presentation and response execution.

Decoding

The preprocessed data set was first categorized based on
the congruency of the previous trial and then further
divided according to the color or location attributes of
the current trial. As a result, the data set was classified into
four groups: color information following a congruent trial,
collapsed across locations; location information following
a congruent trial, collapsed across colors; color informa-
tion following an incongruent trial, collapsed across loca-
tions; and location information following an incongruent
trial, collapsed across colors. Importantly, because each
trial contains both color and location information, the
training data for color and location remain identical within
the samecongruency condition.However, thekey difference
lies in the labeling approach. That is, although the input data
remains the same, the classification targets differ, allowing
the model to independently learn patterns associated with
color and location. Consequently, for color decoding, trials
were labeled according to the color of the presented square
(e.g., blue-1, yellow-2, red-3, green-4), whereas for location
decoding, trials were labeled based on the spatial position
of the square (e.g., left-1, right-2, up-3, down-4).

In the decoding analysis, data were divided into two
conditions (trials after congruent and trials after incongru-
ent). Current congruency was intentionally collapsed
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within the data set to avoid redundancy between the color
and location data sets. If the data were divided into four
conditions (cC, cI, iC, and iI), trials that are current congru-
ent (e.g., a blue square on the left side either in cC and iC)
would result in identical markings for both color and loca-
tion data sets (e.g., both being labeled as “1”). This overlap
would reduce the independence needed for effective anal-
ysis. To maintain a clear distinction between the color and
location data sets, the data were divided based on previous
congruency, while collapsing current congruency. This
approach prevents the issue of identical labeling that
would occur when mixing congruent and incongruent
current trials. Similar methods of collapsing current con-
gruency to focus on the effects of previous experiences
have been applied in previous neuroimaging research
(Pastötter, Dreisbach, & Bäuml, 2013; Fan et al., 2007).

For the decoding analysis, the Amsterdam Decoding
and Modeling toolbox (Fahrenfort et al., 2018) was used
on the preprocessed EEG data. Before classification, the
EEG data were resampled to 50 Hz to reduce computation
time. To ensure that the training of the classifier was not
biased across classes, an undersampling method was
applied. This involved randomly selecting trials from the
conditions with more trials to balance them with the con-
ditions having fewer trials, resulting in an equal count of
subsequent congruent and subsequent incongruent trials
within each class. Training and testing were performed on
the same data set for each condition separately using a
fivefold cross-validation procedure. The data set was
divided into five equal-size groups of trials; four out of
these groups were used for training, and the remaining
fifth was reserved for testing. Linear discriminant analysis
(LDA) classifiers were adopted for each category of infor-
mation, with each classifier trained to differentiate
between one attribute versus the others. For example, in
color decoding, models classified one color (e.g., red) ver-
sus the other colors, whereas in location decoding, the
model classified one location (e.g., left) versus the other
locations. The trained models were then employed to pre-
dict the color or location of each test data point reserved
for testing. This process was repeated five times until all
data were tested. Classifier performance was then aver-
aged across folds. The decoding analysis was conducted
using data from all 62 scalp channels.

It is important to note that the LDA classifier is unlikely
to misinterpret color signals as location signals because
location attributes are mixed within each color attribute
and vice versa. In addition, the LDA classifier is unlikely
to decode color or location attributes based solely on hor-
izontal or vertical information, as both dimensions are
integrated within each attribute. Although some stimulus
attributes are associated with specific dimensions (e.g.,
horizontal with blue and yellow, vertical with red and
green), it is improbable that the classifier would differen-
tiate attributes based purely on this. Even if dimensional
information were used, the classifier would still need to
detect distinct features within each dimension to

accurately differentiate stimulus attributes. Finally, it is
unlikely that the evidence for color decoding is con-
founded with response decoding, given that the mapping
of colors to responses was strictly counterbalanced.
The area under the curve (AUC) per time point, derived

from the signal detection theory, was used as a measure of
classification accuracy. t Tests were conducted across par-
ticipants against a 50% chance level. Although the model
classifies one out of four attributes, the ADAM toolbox
computes AUC for multiclass problems by averaging the
AUC across all pairwise comparisons between classes
(Fahrenfort et al., 2018). As a result, the chance AUC per-
formance is consistently 50%, regardless of the number of
classes being analyzed. Differences in classification accu-
racy between previous congruent and previous incongru-
ent conditions were then calculated for both color and
location accuracy. Cluster-based permutation tests ( p <
.05, 1000 iterations) were then used to perform
multiple-comparison correction for these t tests over time
(Cohen, 2014; Maris & Oostenveld, 2007; Nichols &
Holmes, 2002). The null distribution of the cluster size
under random permutation was determined based on
the observed cluster size, and p values for the clusters
were calculated using this comparison. Because the neural
representation of color or location starts from target onset
and ends when the response is made, the analysis period
for the decoding AUC was set from 0 to 600 msec. This
duration was determined based on the average TT, which
was 508 msec (Table 1). This AUC reflects the accuracy of
machine learning in discriminating stimulus attributes,
which, in other words, indicates the strength of the stim-
ulus representation in the brain. Finally, this decoding
accuracy was calculated in different frequency bands: in
theta (4–8 Hz), alpha (8–12 Hz), low beta (12–20 Hz),
and high beta (20–30 Hz).

Time–Frequency Analysis

Time–frequency analysis was conducted to determine
whether consistent results could be observed in compari-
son to the decoding outcomes. The data were decom-
posed into frequency bands using complex Morlet wavelet
convolution, following the method described by Cohen
(2014). The wavelets’ frequencies ranged from 2 to
40 Hz, comprising 60 linearly spaced wavelets. Complex

Table 1. Mean of TT, IT, MT, and PEs

N-1 Congruency N-0 Congruency TT IT MT PE

Congruent Congruent 486 368 117 2.1

Incongruent 526 396 130 4.9

Incongruent Congruent 495 376 118 2.2

Incongruent 525 398 126 4.3

Average 508 384 123 3.3
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Morlet wavelets were created by multiplying a Gaussian
(e−t2/2s2, where s is the width of the Gaussian) with sine
waves (ei2π ft, where i is the complex operator, f is
frequency, and t is time). The Gaussian width was set
as s = δ/(2πf ), where δ represents the number of cycles
of each wavelet, logarithmically spaced between 4 and
40 to have a good tradeoff between temporal and
frequency precision. Frequency-domain convolution
was applied, that is, applying the fast Fourier transform
to both the EEG data and the Morlet wavelets, multiplying
them, and converting the result back to the time domain
using the inverse fast Fourier transform. The squared
magnitude of these complex signals was taken at each
time point and each frequency to acquire power, that
is, [real(Z2

t ) + imag(Z2
t )]. Power was then decibel-

normalized [dB Powertf = 10*log10(Powertf / Baseline
Powerf)], where baseline is the frequency-specific average
of power values over −300 to −100 prestimulus time
period.
Normalized power data were averaged based on the

conditions: cC, cI, iC, and iI. The calculation for condition
subtraction was based on the formula: CSE = (cI− cC)−
(iI − iC). Statistics were performed by one-sample t tests
against zero, and multiple comparisons were corrected
through cluster-based permutation testing. In the permu-
tation test, condition labels were randomly shuffled for
each data point, and t values were recomputed. The sum
of t values within the largest cluster was recorded into a
distribution of summed cluster t values. This process was
repeated 1000 times, generating a distribution of maxi-
mum cluster sizes under the null hypothesis. Any clusters
in the true data that were greater than or less than 95% of
the null distribution (i.e., p< .05) were considered statis-
tically significant.
Time–frequency ROI analysis was further adopted to

elucidate the difference between the conditions. The
time–frequency ROI windows were selected based on
the location of the cluster and decoding results, with the
time window set at 400–500 msec. Power was then
calculated separately for the combination of Previous-
Trial Congruency (congruent, incongruent) and
Current-Trial Congruency (congruent, incongruent).
Two-way repeated-measures ANOVAs were conducted
on mean power with the above variables as within-subject
variables.
The selection of electrodes was conducted indepen-

dently of any potential variations across task conditions
or frequency bands, ensuring an unbiased approach. First,
we hypothesized that conflict resolution wouldmost likely
be observed at electrodes frequently cited in the literature
for top–down conflict resolution, such as the frontocentral
electrode FCz (Duprez, Gulbinaite, & Cohen, 2020; Wang,
Du, Hopfinger, & Zhang, 2018; Hoppe, Küper, &Wascher,
2017; Gulbinaite et al., 2014; Cohen & Donner, 2013; van
Driel, Ridderinkhof, & Cohen, 2012; Spapé et al., 2011)
and the central electrode Cz (Rey-Mermet, Gade, &
Steinhauser, 2019; Li et al., 2015; Tang, Hu, & Chen,

2013; Clayson & Larson, 2011; Frühholz, Godde, Finke,
& Herrmann, 2011; Larson & Clayson, 2011; Chen &
Melara, 2009). However, previous studies have also
reported conflict resolution activity in other regions,
including frontal, central-parietal, and posterior areas
(Kałamała, Ociepka, & Chuderski, 2020; Eder, Leuthold,
Rothermund, & Schweinberger, 2012; Chen & Melara,
2009). Because the effects related to cognitive control
were observed across multiple electrode sites, we first
conducted a whole-channel analysis to determinewhether
the observed patterns were specific to certain channels
or reflected a more widespread phenomenon. This analy-
sis included ROI analysis as well as cluster-corrected per-
mutation tests. Moreover, the evaluation was performed
in different frequency bands: theta (4–8 Hz), alpha (8–
12 Hz), low beta (12–20 Hz), and high beta (20–30 Hz).
The results revealed that Cz was the only electrode to
exhibit a significant CSE and confirmed by cluster-
corrected permutation testing. As a result, FCz was
excluded from further analysis, and Cz was selected for
subsequent time–frequency analyses. The lack of signifi-
cant differences at FCz may be attributed to individual
anatomical differences (Ignatiadis, Barumerli, Tóth, &
Baumgartner, 2022) or ethnic variations in cranial shape,
such as brachycephaly (short-headed) and dolichocephaly
(long-headed; Ball et al., 2010), which could cause slight
variations in vertical electrode placement.

RESULTS

Behavioral Results

Total Time (TT)

The main effect of Previous-Trial Congruency was signifi-
cant, F(1, 29)=9.59, p= .004,mean squared error (MSE)=
46, η2p = .248, with the mean TT significantly greater after
incongruent trials (M = 510 msec) than after congruent
trials (M = 506 msec). A significant Simon effect was
observed, as the main effect of Current-Trial Congruency
was significant, F(1, 29) = 153.14, p < .001, MSE = 242,
η2p= .840. The mean TT was greater on incongruent trials
(M = 525 msec) than congruent trials (M = 490 msec).
There was a significant interaction between Previous-
Trial Congruency and Current-Trial Congruency, F(1,
29) = 27.91, p < .001, MSE = 28, η2p = .490, indicating
a CSE (Figure 2C). The magnitude of the Simon effect was
reduced after incongruent trials (30 msec), F(1, 29) =
124.91, p< .001,MSE=108,η2p= .811, compared with after
congruent trials (40 msec), F(1, 29) = 149.72, p < .001,
MSE= 163, η2p = .837. To test whether distractor interfer-
ence was reduced, we conducted a one-way ANOVA with
Previous-Trial Congruency (congruent, incongruent) as a
within-subject variable, focusing on trials where the cur-
rent trial was incongruent (i.e., the difference between
cI and iI). The analysis revealed no significant difference
between the cI and iI conditions, F(1, 29) < 1.
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Initiation Time (IT)

The main effect of Previous-Trial Congruency was signifi-
cant, F(1, 29) = 18.03, p= .002,MSE= 36, η2p = .383, with
the mean IT significantly greater after incongruent trials
(M = 387 msec) than after congruent trials (M =
382 msec). The main effect of Current-Trial Congruency
was significant, F(1, 29) = 111.62, p < .001, MSE = 162,
η2p = .793. The mean IT was greater on incongruent trials
(M = 397 msec) than congruent trials (M = 372 msec).
The interaction between previous-trial congruency and
current-trial congruency was significant, F(1, 29) = 8.87,
p= .005,MSE= 25, η2p= .234 (Figure 2C). Themagnitude
of the Simon effect was reduced after incongruent trials
(21 msec), F(1, 29) = 106.56, p < .001, MSE = 67, η2p =
.786, compared with after congruent trials (27 msec),
F(1, 29) = 92.47, p < .001, MSE = 121, η2p = .761. How-
ever, the difference between cI and iI was not significant
F(1, 29) = 1.73, p = .19. Moreover, as the iI (M =
398 msec) was not faster than cI (M = 396 msec), this is
not a typical pattern of the CSE (Figure 1).

Movement Time (MT)

The main effect of Previous-Trial Congruency was margin-
ally significant, F(1, 29) = 3.26, p= .081,MSE= 5.85, η2p =
.101. ThemeanMTwas slightly lower after incongruent tri-
als (M = 122 msec) than after congruent trials (M =
123 msec). The main effect of Current-Trial Congruency
was significant, F(1, 29) = 60.36, p < .001, MSE = 55,
η2p = .675. The mean MT was greater on incongruent trials
(M = 128 msec) than congruent trials (M = 117 msec).
The interaction between previous-trial congruency
and current-trial congruency was significant, F(1, 29) =
19.8, p < .001, MSE = 8.8, η2p = .405, indicating a CSE
(Figure 2C). The magnitude of the Simon effect was
smaller after incongruent trials (8 msec), F(1, 29) =
40.82, p< .001,MSE= 24, η2p= .584, than after congruent
trials (13 msec), F(1, 29) = 63.47, p < .001, MSE = 40,
η2p = .686. Moreover, a significant difference was found
between the cI and iI conditions, F(1, 29) = 17.74, p <
.001, MSE = 8.71, η2p = .379, with distractor interference
significantly reduced on iI compared with cI, suggesting
that conflict experience contributed to a reduction in
distractor interference in the MT data.

Percentage Errors (PEs)

The main effect of Previous-Trial Congruency was not sig-
nificant, F(1, 29) = 2.14, p = .15. The main effect of
Current-Trial Congruency was significant, F(1, 29) =
21.03, p < .001, MSE = 8.66, η2p = .420. PE was higher on
incongruent trials (4.66%) than congruent trials (2.20%).
Interaction between previous-trial congruency and

current-trial congruency was not significant, F(1, 29) =
1.9, p = .178 (Figure 2C).

Decoding Results

Theta (4–8 Hz)

The color decoding accuracy began to rise above chance
level after the target onset and gradually decreased after
reaching its peak at approximately 200 msec but
remained significant for the rest of the analysis period
for both after congruent (cluster-corrected p < .05)
and after incongruent trials (cluster-corrected p < .05;
Figure 3A left).
Similarly, the location decoding accuracy began to rise

above chance level after the target onset and gradually
decreased after reaching its peak at approximately
200 msec but remained significant for the rest of the
analysis period for both after congruent (cluster-
corrected p < .05) and after incongruent trials (cluster-
corrected p < .05; Figure 3A right). However, there was
no significant AUC difference between after congruent
and incongruent trials in both color and location decod-
ing ( p > .05).

Alpha (8–12 Hz)

The color decoding accuracy began to rise above chance
level after the target onset and gradually decreased after
reaching its peak at approximately 200 msec but
remained significant for the rest of the analysis period
for both after congruent (cluster-corrected p < .05)
and after incongruent trials (cluster-corrected p < .05;
Figure 3B left).
Similarly, the location decoding accuracy began to rise

above the chance level after the target onset and gradually
decreased after reaching its peak at approximately
200 msec but remained significant for the rest of the anal-
ysis period for both after congruent (cluster-corrected p<
.05) and after incongruent trials (cluster-corrected p< .05;
Figure 3B right). However, there was no significant AUC
difference between after congruent and incongruent trials
in both color and location decoding ( p > .05).

Low Beta (12–20 Hz)

The color decoding accuracy began to rise above
chance level after the target onset and gradually
decreased after reaching its peak at approximately
250 msec but remained significant for the rest of the
analysis period for both after congruent (cluster-
corrected p < .05) and after incongruent trials (cluster-
corrected p < .05; Figure 3C left).
Similarly, the location decoding accuracy began to rise

above chance level after the target onset and gradually
decreased after reaching its peak at approximately
200 msec but remained significant for the rest of the
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Figure 3. Decoding results.
Color and location decoding
AUCs were measured from
target onset to response
execution across different
frequency bands: (A) theta
(4–8 Hz), (B) alpha (8–12 Hz),
(C) low beta (12–20 Hz), and
(D) high beta (20–30 Hz).
Thicker lines represent time
windows where classification
performance was statistically
significant ( p < .05, cluster-
corrected). Here, “n1-cn”means
previous congruent, “n1-in”
means previous incongruent,
and “diff” means the accuracy
differences between previous
congruent and previous
incongruent conditions. (E) The
left figure shows location
decoding accuracy of previous
congruent and previous
incongruent trials in high beta
frequency band (20–30 Hz)
from 400 to 520 msec. The
right figure shows individual
congruency effect (i.e., previous
congruent – previous
incongruent) within the
selected time and frequency
window.
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analysis period for both after congruent (cluster-corrected
p < .05) and after incongruent trials (cluster-corrected
p < .05; Figure 3C right). However, there was no signifi-
cant AUC difference between after congruent and
incongruent trials in both color and location decoding
( p > .05).

High Beta (20–30 Hz)

There was significant above chance color decoding that
was observed in previous congruent trials (approximately
from 350 msec to 505 msec, cluster-corrected p < .05;
Figure 3D left). No other significance was observed in
color decoding including the difference between previous
congruent and incongruent trials.

For location decoding, after congruent trials, the accu-
racy began to rise above the chance level at 100 msec
after the target onset and gradually decreased after
reaching its peak at approximately 200 msec. The accu-
racy rerise and reach its peak again at approximately
480 msec and remained significant for the rest of the
analysis period (cluster-corrected p < .05; Figure 3D
right). Whereas after incongruent trials, the location
decoding accuracy began to rise above the chance level
at 100 msec after the target onset and gradually
decreased after reaching its peak at approximately
200 msec but remained significant for the rest of the
analysis period (cluster-corrected p < .05). Importantly,
there was a significant difference between AUC after con-
gruent and incongruent trials (from 400 msec to
520 msec, cluster-corrected p = .017), suggesting signif-
icantly lower decoding accuracy after incongruent trials
compared with after congruent trials. To further confirm
the result in the univariate analysis, we extracted data
from the significant interval (i.e., from 400 msec to
520 msec) and averaged in each individual to conducted
one-way ANOVA with Previous-Trial Congruency (con-
gruent, incongruent) as a within-subject variable. We
found a significant difference in Previous-Trial Congru-
ency, F(1, 29) = 13.83, p < .001, MSE < .001, η2p =
.322 (Figure 3E), indicating a significant conflict modula-
tion was observed in location decoding, particularly in
high beta oscillations at 400–520 msec.

Time–Frequency Results

Theta (4–8 Hz)

Electrodes FC1, FC2, F6, and FC6 showed statistically sig-
nificant condition-related differences ( p< .05; Figure 4A).
To further explore the interaction pattern, we grouped
FC1 and FC2 together, as well as F6 and FC6, based on
the contour lines observed in the topographical map.
For the FC1 and FC2 group, the main effect of Current-
Trial Congruency was not significant, F(1, 29) < 1. However,
a significant interaction between Previous-Trial Congruency
and Current-Trial Congruency was observed, F(1, 29) =

9.55, p = .004, MSE = 13.12, η2p = .247. The difference
between cI and iI was significant F(1, 29) = 4.3, p =
.047, MSE = 20.89, η2p = .129. Similarly, for the F6 and
FC6 group, the main effect of Current-Trial Congruency
was not significant, F(1, 29) < 1, but a significant interac-
tion between Previous-Trial Congruency and Current-Trial
Congruency was found, F(1, 29) = 5.73, p = .023, MSE =
9.81, η2p = .165. The difference between cI and iI was not
significant F(1, 29) < 1. As depicted in Figure 4A, both
interactions did not follow the typical pattern of the CSE
(Figure 1). Furthermore, no significant clusters were
found in any of the electrodes.

Alpha (8–12 Hz)

Electrode Cz exhibited statistically significant condition-
related differences ( p < .05; Figure 4B). The main effect
of Current-Trial Congruency was not significant, F(1, 29) <
1. However, a significant interaction between Previous-
Trial Congruency and Current-Trial Congruency was
observed, F(1, 29) = 5.68, p = .023, MSE = 19.16,
η2p = .163. The difference between cI and iI was signif-

icant F(1, 29) = 7.11, p = .012, MSE = 21.17, η2p = .197.
As shown in Figure 4B, this interaction did not follow
the typical pattern of the CSE (Figure 1). Furthermore,
no significant clusters were found in the alpha frequency
domain.

Low Beta (12–20 Hz)

Electrodes C5 and P8 exhibited statistically significant
condition-related differences ( p < .05; Figure 4C). On
the basis of the contour lines observed in the topo-
graphical map, we explored the interaction patterns of
C5 and P8 separately. For C5, the main effect of
Current-Trial Congruency was not significant, F(1, 29) =
2.05, p = .162. However, a significant interaction between
Previous-Trial Congruency and Current-Trial Congruency
was found, F(1, 29) = 8.46, p = .006, MSE = 11.87,
η2p = .225. The difference between cI and iI was not sig-
nificant, F(1, 29) < 1. However, a significant cluster was
observed across conditions (cluster-corrected, p < .05),
starting approximately 220 msec after stimulus presenta-
tion and continuing until 720 msec. Although a signifi-
cant cluster was identified at C5, the interaction
observed did not follow the typical pattern of the CSE
(Figure 1). For P8, the main effect of Current-Trial Con-
gruency was not significant, F(1, 29) < 1. A significant
interaction between Previous-Trial Congruency and
Current-Trial Congruency was found, F(1, 29) = 4.7,
p = .038, MSE = 14.02, η2p = .139. The difference
between cI and iI was significant, F(1, 29) = 6.96, p =
.013, MSE = 16.19, η2p = .193. However, no clusters were
observed at P8, and the interaction at this electrode also
did not follow the typical CSE pattern (Figure 1).

2578 Journal of Cognitive Neuroscience Volume 37, Number 12

D
ow

nloaded from
 http://direct.m

it.edu/jocn/article-pdf/37/12/2568/2530394/jocn.a.59.pdf by W
ashington U

niversity in St. Louis user on 05 D
ecem

ber 2025



High Beta (20–30 Hz)

Electrodes C5, Cz, C2, CPz, and CP2 exhibited statisti-
cally significant condition-related differences ( p < .05;
Figure 4D). On the basis of the contour lines observed
in the topographical map, we analyzed the interaction
patterns of C5 separately from the group of Cz, C2,
CPz, and CP2. For C5, the main effect of Current-Trial
Congruency was not significant, F(1, 29) = 2.88, p =
.100. However, a significant interaction between
Previous-Trial Congruency and Current-Trial Congru-
ency was found, F(1, 29) = 4.8, p = .036, MSE =
15.28, η2p = .142. The difference between cI and iI
was not significant, F(1, 29) = 1.2, p = .28. No signifi-
cant clusters were observed at C5, and the interaction
did not follow the typical pattern of the CSE (Figure 1).

For the group of Cz, C2, CPz, and CP2, the main effect
of Current-Trial Congruency was also not significant,
F(1, 29) < 1. However, a significant interaction between
Previous-Trial Congruency and Current-Trial Congruency
was observed, F(1, 29) = 21.38, p < .001, MSE = 4.32,
η2p = .424. The difference between cI and iI was signif-

icant, F(1, 29) = 6.88, p = .013, MSE = 7.63, η2p = .191.
Importantly, the interaction pattern closely followed the
typical CSE pattern (Figure 4D and Figure 1). In addi-
tion, a significant cluster was observed across conditions
(cluster-corrected, p < .05), beginning approximately
170 msec after stimulus presentation and continuing
until 580 msec. Given that Cz is the electrode most com-
monly associated with top–down cognitive control in
previous literature, we selected Cz for further time–
frequency analysis.

Figure 4. Time–frequency power results. Topographies show condition differences across different frequency bands: (A) theta (4–8 Hz), (B) alpha
(8–12 Hz), (C) low beta (12–20 Hz), and (D) high beta (20–30 Hz). Black dots indicate electrodes with significant condition-related differences ( p <
.05). Electrodes were grouped based on topographical contours for further analysis. The bar graphs to the right display averaged data for four
conditions (cC, cI, iC, and iI) in channels with significant effects from 400 to 500 msec. To enhance the intuitive interpretation of the CSE pattern, the
y axis was inverted in graphs where the power values for all conditions (cC, cI, iC, iI) were negative. In the high beta band, averaged data from
electrodes Cz, C2, CPz, and CP2 show a typical CSE pattern, indicating conflict resolution. Cz was ultimately selected for further analysis based on
these results and previous studies. (E) The cluster-based permutation test for Cz reveals a significant cluster on the z map, with cluster size
distribution shown alongside. (F) ROIs are highlighted within the raw condition differences (i.e., CSE). (G) Averaged power for each condition
(cC, cI, iC, and iI) from the ROI (left) and individual CSE results (right).
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Time–Frequency Analysis at Cz

In the cluster-based analysis, a significant reduction of
power was observed in the high beta band (20–30 Hz)
across conditions (cluster-corrected, p < .05; Figure 4E).
This reduction started approximately 150 msec after stim-
ulus presentation and continued until 640 msec. No other
clusters were found in other time and frequency domains.
For the ROI analysis, time–frequency windows were
selected from 400 to 500 msec at 20–30 Hz. The main
effect of previous-trial congruency was not significant,
F(1, 29) < 1. The main effect of current-trial congruency
was not significant, F(1, 29) = 1.17, p = .288. However, a
significant interaction was obtained between previous-trial
congruency and current-trial congruency, F(1, 29) =
14.06, p< .001,MSE= 9.85, η2p = .326, indicating a signif-
icant CSE was observed in high beta oscillations (Figure 4F
and G). Moreover, a significant difference was found
between the cI and iI conditions, F(1, 29) = 5.34, p =
.028, MSE = 9.88, η2p = .155. These results demonstrate
that the decoding findings were validated through global
time–frequency analysis.

Brain–Behavior Correlation

In exploratory analyses, we examined whether the EEG
measure (i.e., decoding and the pattern in time–
frequency analyses) might be correlated with the behav-
ioral measure of the CSE. For the decoding analysis,
we focused on location decoding within the 400- to
500-msec time window in the high beta frequency range
(20–30 Hz), where the difference in classification perfor-
mance (AUC) between previous congruent and incongru-
ent trials was most pronounced. Within this time window,
we calculated each participant’s mean AUC for both con-
gruent and incongruent conditions and then computed
the difference between these two values. For the
time–frequency analysis, we calculated each participant’s
mean ROI values for the cC, cI, iC, and iI conditions
within the same frequency and time window used for
the decoding analysis. On the basis of the differences
in ROI values across conditions, we then computed
the CSE. For behavioral outcomes, we calculated the
magnitude of the CSE for TT, IT, and MT. Finally,
Pearson correlation analyses were conducted by com-
paring individual differences in IT, MT, and TT with both
the decoding differences and the power differences
obtained from the time–frequency analysis. Across all
analyses, no significant correlations were observed (all
p values > .05). We speculate that the lack of correla-
tion might be driven, in part, by the smaller sample
size (n = 30) compared with the proposed sample size
for detecting a medium effect size (n = 84 for corre-
lation coefficient r = .3; Brysbaert, 2019). Future
research with a larger sample is necessary to examine
the relationship between EEG and behavioral mea-
sures of the CSE.

DISCUSSION

In this study, we investigated how cognitive control
resolves Simon conflicts and selectively processes infor-
mation following incongruent trials. We decoded human
scalp EEG data during Simon tasks to determine if brain
representations of goal and distractor information change
based on previous-trial congruency. In behavior analysis,
we found a significant CSE in RTs, indicating that top–
down cognitive control was heightened after incongruent
trials. In addition, a CSE was observed in MT, suggesting
that conflict resolution is more likely to occur at a later
stage of information processing. Presumably, this occurs
during the period from the release of the home key (aver-
aging approximately 384 msec; Table 1) to the moment
the actual response is made (averaging approximately
508 msec; Table 1). Decoding analysis demonstrated that
there was no difference in location decoding between the
two conditions (n1-cn and n1-in) during the first time win-
dow (0–300 msec), indicating that the neural representa-
tions of location were similar in both conditions. However,
in location decoding during the response phase (400–
520 msec), the decoding accuracy of the task-irrelevant
location significantly decreased after incongruent trials
compared with congruent trials, particularly in the high
beta frequency band (20–30Hz), suggesting a suppression
effect on task-irrelevant information following conflict.
Conversely, no such differencewas observed in the decod-
ing of task-relevant color information. Time–frequency
analysis revealed a significant CSE in the high beta fre-
quency band (20–30 Hz), further confirming that top–
down cognitive control for Simon conflict resolution is
associated with high beta oscillations. These findings
strongly support the idea that conflict resolution in Simon
tasks is closely linked to the inhibition of task-irrelevant
information processing and occurs during the movement
execution stage.
The CSE is a hypothesized marker of top–down cogni-

tive control, which has been served as an important
research tool for investigating the operation of the cogni-
tive control. By testing whether the CSE transfers across
different task conditions (e.g., conflict type, task sets, dis-
tractor type), researchers specify the scope of cognitive
control and infer the mechanism involved in cognitive
control processes (Braem, Abrahamse, Duthoo, &
Notebaert, 2014). Two different types ofmechanisms have
been proposed: (a) biasing stimulus processing and (b)
biasing response processing (Soutschek, Müller, & Schubert,
2013; Egner, Delano, & Hirsch, 2007). Egner and colleagues
(2007) suggested that these two types of conflict resolution
processes depend on the source of conflict. In their com-
bined Stroop–Simon color naming task, participants were
instructed to respond to the ink color of a word presented
to the left or right of fixation, while ignoring both the
word’s meaning (Stroop conflict) and its location (Simon
conflict). Notably, significant CSEs were observed within
the same conflict type but not across different conflicts.
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The author suggested that the absence of the CSE
between Stroop and Simon conflicts is due to indepen-
dent control processes resolving each type of conflict.
Specifically, Stroop conflict is resolved through early
stimulus-biasing, enhancing the processing of task-
relevant information, whereas Simon conflict is resolved
through late response-biasing, involving the suppression
of the task-irrelevant information processing. This distinc-
tion was further supported by fMRI findings, which
showed that the resolution of Stroop conflict was
associated with the recruitment of superior parietal
cortex, whereas the resolution of the Simon conflict
was associated with the recruitment of ventral premotor
cortex.
However, inconsistent with the source of conflict

account, Akçay and Hazeltine (2008) found that the
CSE was transferred across tasks only when the stimulus
and response alternatives for two Simon tasks displayed
on the same hemispace, but not when one Simon task
was presented in the left and the other presented in the
right hemispace. The authors suggested that the degree
to which participants perceive the Simon tasks as a sin-
gle or different tasks determines whether the conflict is
resolved by the same or different control processes. It
has been suggested that this task representation or
task-sets formed based on salient perceptual features,
such as task-relevant features (Braem et al., 2014) or
the sensory modality of task stimuli ( Yang et al.,
2017; Hazeltine, Lightman, Schwarb, & Schumacher,
2011), and the predictability of the task (Grant et al.,
2020). Therefore, if two tasks are separated in terms
of a salient feature, participants use this salient feature
to divide a complex task into two or more simpler
tasks, or different task-sets to aid task performance
(Grant & Weissman, 2023). This emerging view of the
CSE is known as the episodic retrieval account (Grant &
Weissman, 2023; Grant et al., 2020; Dignath, Johannsen,
Hommel, & Kiesel, 2019; Weissman, Hawks, & Egner,
2016). The account suggests that participants form
episodic memories of the task set, which includes
information about stimuli, responses, context-defining
features, and the relationships governed by task rules.
When any of these contextual features are repeated on
subsequent trials, they trigger the retrieval of the previ-
ous trial’s memory, leading control processes to adopt
the same settings. This results in a reduced congruency
effect following incongruent trials compared with con-
gruent trials.
However, Lee and Cho (2023) found that the CSE trans-

ferred across Simon tasks that were highly distinguished
by sensory modality, task predictability, and task-relevant
dimension, all of which are essential for differentiating a
task set. This indicates that differences in these salient fea-
tures do not determine the transfer of the CSE between
Simon tasks. Because the only components shared
between the tasks were the task-irrelevant dimension
and response mode, which are critical for response

suppression (Lim & Cho, 2021b; Kim, Lee, & Cho, 2015;
Lee & Cho, 2013; Stürmer et al., 2002), the authors con-
cluded that conflict resolution in Simon tasks primarily
occurs at the automatic route between the task-irrelevant
dimension and response mode. This conclusion was fur-
ther supported by Lee and Cho (2024), in which no trans-
fer of the CSE was found when the task-irrelevant spatial
dimensions differed across tasks (e.g., spatial word mean-
ing versus spatial location), indicating that cognitive con-
trol mechanisms in the Simon task operate on task-
irrelevant dimensions.

Consistent with these studies, our decoding results
revealed that decoding accuracy for task-irrelevant infor-
mation changed as a function of previous congruency,
whereas no such modulation was observed for task-
relevant information, indicating that conflict resolution
in the Simon task primarily occurs at the task-irrelevant
dimension. More importantly, decoding accuracy for
task-irrelevant information was significantly reduced after
incongruent trials compared with after congruent trials.
This suggests that conflict resolution operated by sup-
pressing the task-irrelevant information processing after
experiencing conflict. Thus, building on the previous
study that demonstrated the scope of conflict resolution
in the Simon task (Lee & Cho, 2023), our study is the first
to provide direct evidence of how Simon conflicts are
resolved through inhibition, which offers valuable insights
into the mechanisms underlying top–down cognitive
control.

Neural oscillations, often referred to as brain rhythms,
are periodic patterns of electrical activity in the brain that
arise from the synchronized activity of neurons (Fries,
2005). These oscillations are categorized into different fre-
quency bands, which are linked to distinct cognitive and
behavioral functions (Buzsáki, 2006). Among these brain
rhythms, oscillations in the beta frequency range (13–
30 Hz) are particularly associated with sensorimotor pro-
cessing (Schmidt et al., 2019; Spitzer & Haegens, 2017;
Pavlidou et al., 2014; Engel & Fries, 2010; Baker, 2007;
Pfurtscheller, Stancak Jr, & Neuper, 1996). During move-
ment preparation and execution, beta power decreases,
while an increase in beta power in sensorimotor areas
reflects active suppression of the motor system. For exam-
ple, modulations of sensorimotor beta power have been
observed during the observation of correct versus incor-
rect movements, with decreased beta power for incorrect
movements, suggesting that sensorimotor beta oscilla-
tions might be involved in evaluating observed movement
(Koelewijn, van Schie, Bekkering, Oostenveld, & Jensen,
2008). Moreover, increased beta power at frontal scalp
EEG electrodes is also associatedwithmovement stopping
(e.g., Swann et al., 2009, 2012). Using intracranial EEG,
studies have reported increases in beta band activity in
the right inferior frontal gyrus during successful stop trials
compared with unsuccessful trials. These findings suggest
that beta power may serve as a critical indicator of motor
suppression.
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Beyond its established role as a sensorimotor rhythm,
beta oscillations have been implicated in a wide range of
cognitive functions, primarily associated with top–down
controlled processing (Fries, 2015; Engel & Fries, 2010;
Wang, 2010; Buschman & Miller, 2007). According to
the status-quo theory proposed by Engel and Fries
(2010), beta oscillations are involved in maintaining a
motor and/or cognitive state. Specifically, the theory
proposed that the level of beta band activity remains
constant when there is no change in the cognitive or per-
ceptual set, increases when the current cognitive set has
to be maintained, and decreases when the current setting
is disrupted by a novel or unexpected event. Evidence
supporting this theory comes from Buschman and
Miller (2007), demonstrating a strong link between top–
down processing and beta-band activity. In their study,
monkeys were trained to find a target among distractors
using either a pop-out mode (where the target is easily
distinguishable from the distractors) or a serial search
mode (where the target shares some features with dis-
tractors and is thus less distinguishable). They found that
beta-band coherence between frontal and parietal
regions was prevalent during serial searches, which
required strong top–down processing. In contrast,
gamma-band coupling was more significant during pop-
out searches, which relied on bottom–up saliency of
the target. These results suggest that beta oscillations
are involved in endogenous top–down control, whereas
gamma oscillations convey exogenous bottom–up
signals. Consistent with this finding, numerous studies
have also linked beta oscillations to top–down cognitive
control (Cunillera et al., 2012; Axmacher, Schmitz,
Wagner, Elger, & Fell, 2008; Deiber et al., 2007; Gladwin,
Lindsen, & de Jong, 2006).

Our results further verify the strong association
between beta oscillations and top–down cognitive control,
specifically in terms of inhibition. The time–frequency
analysis (Figure 4G, left) revealed that when the current
trial was incongruent (i.e., n0-in), high beta power signifi-
cantly increased when the previous trial was incongruent
(i.e., n1-in) compared with when it was congruent (i.e., n1-
cn). This finding suggests that top–down control is
enhanced following conflict experience. In addition, loca-
tion decoding in high beta band was significantly
decreased following incongruent trials compared with
following congruent trials. Thus, by demonstrating
top–down cognitive control in the CSE within the
beta-frequency band in the context of a bottom–up
confound-minimized paradigm, our findings provide clear
evidence of this association. Importantly, because these
effects were observed in the Simon task, our study raises
the possibility that beta oscillations are specifically related
to inhibition. Together, we interpret beta frequency in our
task as the electrophysiological signature of the conflict
resolution process, specifically reflecting response sup-
pression activated by inhibitory control to prevent strong,
unwanted habitual behaviors.

The observed differences in the location decoding
between congruent and incongruent trials in high beta
band frequency may indicate that attention was more
evenly distributed between task-relevant and task-
irrelevant features following congruent trials and that
more attention was allocated to task-relevant information
following incongruent trials. However, our findings are not
consistent with this prediction because the color decoding
following incongruent trials was not better than following
congruent trials. In addition, the location decoding was
initially (i.e., 0–300 msec) comparable between the two
types of trials, suggesting no initial differences in atten-
tional allocation. Instead, the temporal dynamics of decod-
ing indicate that attention to location information was
maintained with some fluctuation after congruent trials
but gradually diminished after incongruent trials. These
results suggest that the cognitive control mechanism
inhibited the processing of task-irrelevant information,
consistent with the previous findings in conflict resolution
in the Simon task (Lee & Cho, 2013, 2023, 2024; Kim et al.,
2015; Soutschek et al., 2013; Egner et al., 2007; Stürmer
et al., 2002). However, we note that there is evidence that
cognitive control enhances the processing of task-relevant
information in the case of the Stroop effect (Purmann &
Pollmann., 2015; Notebaert & Verguts, 2008; Egner et al.,
2007; Egner & Hirsch, 2005). Therefore, we do not
completely rule out the enhancement of task-relevant
information following cognitive conflict. Instead, we con-
clude that the primary cognitive control mechanism for
resolving Simon-type conflict relies more on distractor
inhibition.
The absence of theta oscillation in the Simon task is

noteworthy, as it contrasts with the extensive literature
that emphasizes the importance of theta band activity
in conflict resolution. We propose two potential
explanations for this finding, primarily focusing on
differences in experimental paradigms. Our confound-
minimized design, in which no stimulus or response
attributes were repeated across trials, may have empha-
sized inhibition more than other cognitive control func-
tions, such as working memory and cognitive flexibility.
Because inhibition is closely tied to sensorimotor pro-
cessing, beta activity became more prominent in our
study. Another possible explanation is the response
method used in our task, which is more refined than
the traditional keypress method. Previous research has
shown that tasks responded with mouse-tracking-elicited
beta oscillations (Palmer, Auksztulewicz, Ondobaka, &
Kilner, 2019), which is similar to the present response
method that divides responses into IT, MT, and TT.
Thus, using an aimed movement method, which is rela-
tively more complex than the keypress method, may
have either consumed attentional resources toward the
goal or unintentionally enhanced inhibitory processing.
Although our aimed-movement approach, which

included maintaining pressure on the home key, might
have contributed to our results by depleting cognitive
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resources due to the effort required to resist the impulse
to release the home key, this alone does not fully explain
our findings. If this were the case, we would expect a gen-
eral increase in RTs or an overall weakening of the Simon
effect across both conditions (n1-cn and n1-in). However,
we found that themagnitude of the Simon effect wasmod-
ulated by the congruency of the previous trial, rather than
by a general performance decrement independent of the
previous trial’s congruency, which cannot be fully
explained by general resource depletion alone. Moreover,
previous studies replicated the CSE using a more cogni-
tively demanding method (i.e., aimed-movements with
mouse tracking) than simple keypresses (Ye & Damian,
2023), indicating that tasks with higher cognitive demand
do not necessarily undermine the observation of CSE. Sim-
ilarly, if home key maintenance indeed strengthened inhi-
bition, we should have observed an overall enhancement
of inhibitory effects. Yet, our study found a reduction in
the Simon effect following incongruent trials only. Lastly,
our findings (i.e., a reduced Simon effect following
incongruent trials) are consistent with findings from
previous studies that used a more typical RT measure
(Kim et al., 2015; Lee & Cho, 2013; Soutschek et al.,
2013; Egner et al., 2007). On the basis of these points,
we conclude that home key maintenance alone cannot
fully account for our key findings.
In conclusion, the present study demonstrates that

the CSE in top–down cognitive control inherently
involves inhibition, with its foundation resting on the
suppression of distractor processing. This modulation
is reflected in the beta activity, which is recognized for
its association with top–down cognitive control and
motor inhibition. It is important to note that the present
study does not claim to have completely ruled out other
cognitive control processes that also contribute to
sequential modulation in the Simon task. For instance,
working memory is also an important component that
influences Simon sequential modulation, depending on
specific attributes of a given paradigm. Nevertheless, our
findings highlight the important role of inhibition in the
CSE, suggesting that the suppression of distractor repre-
sentation is a key mechanism underlying Simon conflict
resolution.
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