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Cognitive action control has been extensively studied using conflict tasks such as
the Simon task. In most recent studies, this process has been investigated in the
light of the dual route hypothesis and more specifically of the activation-suppression
model using distributional analyses. Some authors have suggested that cognitive action
control assessment is not specific to response modes. In this study we adapted the
Simon task, using oculomotor responses instead of manual responses, in order to
evaluate whether the resolution of conflict induced by a two-dimensional stimulus
yielded similar results to what is usually reported in tasks with manual responses.
Results obtained from 43 young healthy participants revealed the typical congruence
effect, with longer reaction times (RT) and lesser accuracy in the incongruent condition.
Conditional accuracy functions (CAF) also revealed a higher proportion of fast errors
in the incongruent condition and delta plots confirmed that conflict resolution was
easier, as the time taken to respond increased. These results are very similar
to what has been reported in the literature. Furthermore, our observations are in
line with the assumptions of the activation-suppression model, in which automatic
activation in conflict situations is captured in the fastest responses and selective
inhibition of cognitive action control needs time to build up. Altogether, our results
suggest that conflict resolution has core mechanisms whatever the response mode,
manual or oculomotor. Using oculomotor responses in such tasks could be of
interest when investigating cognitive action control in patients with severe motor
disorders.
Keywords: cognitive control, conflict task, activation-suppression, distributional analysis, eye-movement

Abbreviations: RT, Reaction times; CAF, Conditional accuracy functions.
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INTRODUCTION

an inappropriate behavioral response is actively suppressed by
selective inhibition mechanisms. In case of conflicting response
tendencies, an incorrect activation has to be canceled in favor
of the correct response. However, suppressing and overcoming
this incorrect response activation takes time. The activationsuppression model makes two important assumptions. When
the response is too fast in incongruent situations, there is a
higher probability of impulsive actions captured by the irrelevant
dimension, and thus, a higher probability of error. The other
phenomenon predicted by the model is that the cost of the
congruence effect in terms of RT decreases when the time
taken to respond is greater since effective inhibition builds up
gradually.
The assumptions of this model can be tested using a
distributional analysis. Recent studies have used conditional
accuracy functions (CAF) for both congruent and incongruent
trials, and delta plots which enable the representation of the level
of accuracy and the congruence effect, respectively, as a function
of RT (Ridderinkhof, 2002; Wylie et al., 2009a,b, 2010). More
precisely, CAF are used to assess automatic response capture,
whereas delta plots give insights into the effectiveness of the
selective inhibition process. In the Simon task, these analyses
typically show that rapid responses are more error-prone in the
incongruent condition and that the congruence effect is less
pronounced in slower responses as predicted by the activationsuppression model (van den Wildenberg et al., 2010). An
alternative account to explain the decreasing congruence effect
in the Simon task is that this decrease might result from a passive
decay of the automatic activation (Hommel, 1993). However,
strong arguments from electrophysiological studies support the
view of an active selective inhibition mechanism (Hasbroucq
et al., 2001; Burle et al., 2002). Eventually, the activationsuppression model and distributional analysis of conflict task
results have been of great help in investigating cognitive control
in both healthy and pathological populations in the recent years
(Forstmann et al., 2008b; Wylie et al., 2009a,b, 2010, 2012;
Fluchère et al., 2015). For instance, Wylie et al. (2009b) studied
the effects of Parkinson’s disease on cognitive action control
using a Simon task which was analyzed with CAF and delta plots
according to the activation-suppression model.
Although most conflict tasks rely on manual responses
(button presses; Ridderinkhof, 2002; Egner et al., 2007;
Forstmann et al., 2008b), some studies have focused on the
saccadic Stroop effect (Hodgson et al., 2009; Hermens and
Walker, 2012). For instance, Hermens and Walker (2012)
presented colored words at the center of the screen and
participants had to make a saccade towards a peripheral colored
patch. Incongruent situations arose when the meaning of the
word indicated a different location than its color. They found
the same congruence effect on RT and errors than in manual
tasks. These results are in line with the study of Eimer and
Schlaghecken (2001) using a priming paradigm who suggested
that the dual route and the activation-suppression model were
not specific to response mode and could be investigated using
oculomotor responses. Further, a study from Sullivan and
Edelman (2009) using a Simon task with both manual and
saccadic responses showed the typical congruence effect in both

In a situation of conflicting response tendencies, we must be able
to override activation of the inappropriate response and select the
correct one. This process, often named cognitive action control,
has been extensively studied via conflict tasks (Ridderinkhof
et al., 2011). Several different conflict tasks have been used for this
purpose, including the Eriksen flanker task, the Stroop task and
the Simon task (Stroop, 1935; Simon, 1969; Eriksen and Eriksen,
1974; Wöstmann et al., 2013).
The use of two-dimensional stimuli is a common feature
of some of these tasks such as the Stroop task or the
Simon task. These stimuli contain both a relevant information,
giving instructions on how to achieve the desired action,
and an irrelevant information that might induce inappropriate
responses in conflicting situations. In the Simon task, for
instance, participants are presented with stimuli in the form
of two colors that are displayed on a screen either on the
left or the right side. Heeding the relevant-color information
and ignoring the irrelevant-location information, participants
have to choose a response by pressing one of two buttons as
fast and as accurately as possible. In the congruent condition,
both the relevant-color and the irrelevant-location information
activate the same response. Conversely, in the incongruent
situation, color and location induce opposite responses. These
incongruent situations increase reaction times (RT) and decrease
response accuracy, whereas congruent situations facilitate
response. In the Stroop task the major difference is that
both stimulus dimensions overlap (the color of the word’s
ink and the meaning of the word are identical or not)
whereas in the Simon task the stimulus irrelevant dimension
(location) overlaps with the location of the response key.
Nevertheless, it seems that both paradigms induce conflict
in response selection (for a review, see Lu and Proctor,
1995).
In most studies, the difference between the congruent and
the incongruent situations is known as the congruence effect
(van den Wildenberg et al., 2010). This congruence effect is
commonly explained by the dual-process hypothesis. It states
that stimulus processing follows two parallel routes converging
towards a given response activation: a direct route that leads
to a fast and fairly automatic activation, and an indirect and
controlled route that is slower and selects the most appropriate
program to engage (Kornblum et al., 1990; De Jong et al.,
1994; Eimer, 1995). An important property of the direct
route is that it is activated according to overlearned stimulusresponse associations, whereas response activation selected by
the controlled route depends on intentions. When both direct
and controlled routes lead to the same activation (congruent
situation), the program first selected by the direct route is carried
out rapidly. However, when the response selected by automatic
activation mismatches the one selected by the controlled route
(incongruent situation), the former has to be suppressed to allow
correct response selection.
Ridderinkhof (2002) took this theory further and
integrated cognitive action control into a dynamic model:
the activation-suppression model. According to this model,
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modes. Moreover, Wijnen and Ridderinkhof (2007) reported
similar mechanisms and dynamics for response inhibition in
manual and oculomotor conflict tasks. In a variation of the
oculomotor capture task, participants were asked to respond to
a target in one hemifield while ignoring a salient distracting
stimulus that could appear in the other hemifield with either
a saccade or a button press. The authors showed that it
was possible to study the congruence effect and the selective
inhibition mechanism using oculomotor responses. Using the
same task, the authors also showed that it was possible to assess
automatic activation using the oculomotor mode (Wijnen and
Ridderinkhof, 2000). Using CAF analysis of the eye movements,
they confirmed that most errors were present in the fastest
responses (first bin of the distribution). These data suggests
a common top-down inhibition process in conflict resolution,
whatever be the response mode. However, the analysis of conflict
resolution induced by a two-dimensional stimulus such as in
the Simon Task has not yet been performed, using both the
oculomotor mode and distributional analyses. With this in mind,
we chose to develop an adaptation of the Simon task, as this
task has been extensively used and is known to yield sensitive
results regarding cognitive action control (van den Wildenberg
et al., 2010). We presented young healthy participants with a
two-dimensional stimulus, one of which was relevant (color)
and the other irrelevant (location). Participants had to effect a
saccade toward the target side and to resolve conflict when the
two dimensions required opposite responses. We interpreted our
results on the basis of the activation-suppression model using
distributional analysis.

FIGURE 1 | Experimental task. Participants had to make a left or right eye
movement according to the color of the target stimulus while ignoring its
location. When the side indicated by the color matched the location of the
target, the trial was congruent. When color and location did not match, the
trial was incongruent and a conflict arose.

the cues (Figure 1). The color side of these cues was pseudorandomly reversed across participants. The target of each trial
was a blue or a yellow square (0.6 cm in height and width)
presented at a 12◦ visual angle either on the left or on the
right. The targets were displayed pseudo-randomly, with an
equal number of 2 (color) × 2 (location) combinations. The
task was divided into five 3.5 min blocks, each containing 60
trials, making a total of 300 trials. The blocks were separated
by short breaks to prevent tiredness. Each trial started with the
presentation of the central fixation point and the contiguous
rectangles (cues) for 875–1250 ms (pseudorandom 125 ms steps).
The target was then displayed for 1000 ms, either on the left
or the right side of the screen. The trial ended with a black
screen, which was displayed for 1250 ms before the next trial
started. A practice run of 16 trials was performed before the
experimental phase, in order to familiarize participants with the
task.

MATERIALS AND METHODS
Participants
The participants were 43 healthy volunteers (mean age ± SD =
23.7 ± 3.5 years; 27 women). Most of them were students from
the University of Rennes (France), with a mean education level
of 15.4 ± 1.4 years. Interviews were carried out prior to the task
to ensure that the participants had no history of psychiatric or
neurological disorders and no recent history of drug use. All
participants reported normal or corrected-to-normal vision and
provided informed consent in accordance with the Declaration
of Helsinki. The experiment was conducted in accordance with
the local Ethics Committee of Rennes University Hospital.

Stimuli and Apparatus
Participants were sitting 60 cm away from of a 22-inch screen
(screen frequency: 60 Hz). The whole task was conducted in
the dark, to ensure the quality of the eye movement recordings,
with dim light interruptions during the inter-block intervals. The
task was designed using MeyeParadigmr Software (Version 1.18,
e(ye)BRAIN1 ). The stimuli were displayed on a black ground. A
central white square (0.6 cm in height and width) was used as
a fixation point, flanked by two contiguous rectangles (5 cm in
height and 1 cm in width), one blue, one yellow, representing

Task and Procedure
Participants were asked to make a left or right eye movement
according to the color of the target (relevant information),
ignoring its location (irrelevant information). They were
instructed to perform the eye movement as fast and as accurately
as possible. When the blue cue was on the left (for half of
the participants), they were to effect a saccade to the left
when the stimulus was blue and a saccade to the right when
it was yellow (Figure 1). The instructions and the sides of
the cues were reversed for the other half of the participants.

1 www.eye-brain.com
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Color-response mapping was balanced across participants, with
half of them performing the task with blue indicating a left
response and the other half performing the task with yellow
indicating a left response. The cue rectangles on either side
of the central fixation point remained on the screen when
the stimulus was displayed, in order to keep the instructions
available and avoid a heavy working memory load. The presence
of this cue is similar to the color coding of the response
keys in the Hedge and Marsh version of the Simon task that
has been recently used with distributional analyses (Hedge
and Marsh, 1975; Wylie et al., 2010, 2012). One could argue,
as Simon et al. (1981) did, that in this case, conflict might
arise from correspondence of the display (blue stimulus on
the opposite side of the blue cue for example). However, such
discussion does not seem of major concern since several studies
suggested that conflict in the Simon task occurred whenever the
response is spatially coded (for a review, see Lu and Proctor,
1995).
In our design, the automatic over-learned response consisted
in eye movement toward the location of the target, whereas the
controlled response was to direct the eyes toward the location
indicated by the color of the target. Thus, the location and the
color of the target induced two conditions: a congruent one,
when the stimulus was located on the side corresponding to the
saccade direction dictated by its color (a blue square displayed
on the left side in our example) and an incongruent one when it
appeared on the opposite side (a yellow square on the left).

these parameters, 0.9% of the whole dataset was removed from
the analyses.
To assess automatic response capture elicited by the
irrelevant dimension, we used CAF providing accuracy levels
according to RT (Ridderinkhof, 2002). To this end we
plotted accuracy against RT distribution for congruent and
incongruent trials. For each participant, RT were rank-ordered
and split into seven bins (septiles) containing an equal
number of trials, and the mean accuracy was plotted for
each bin. To visualize the dynamics of selective suppression,
we then created delta plots to show the interference effect
(difference between congruent RT and incongruent RT in
correct trials) as a function of RT. RT were split into seven
bins (septiles), as we did for the CAF, and mean delta values
were calculated and plotted against the RT distribution for
each bin.

Statistical Analysis
Data management and statistical analysis were performed using
R© Software (Version 3.1.0) with the nlme (José Pinheiro, 2014;
S version) and lme4 (Bates et al., 2014) packages.
RT were compared between congruence conditions using a
linear mixed model, considering a fixed effect of congruence and
a random participant effect. Since accuracy is a binary parameter,
it was compared using a nonlinear mixed model (with the same
fixed and random effects). These models allowed us to work
on the whole dataset and avoid the loss of power that occurs
with averaging data, while taking inter-individual variability into
account. The CAF analysis was performed according to the same
nonlinear mixed model, to which we added a ‘‘bin’’ fixed effect,
corresponding to the RT distribution septiles. This resulted in
a 2 (congruence) × 7 (bins) analysis. Delta plots were analyzed
using a linear mixed model on delta values with a fixed effect
‘‘bin’’ and a random participant effect. Post hoc Tukey tests
were used for further analyses when significant effects were
found. The adjusted p-values were obtained using the Tukey
glht function from the multcomp package which uses individual
z-test (Hothorn et al., 2008).

Eye Movement Recording
Eye movements were recorded using an EyeBrain T2r
head-mounted eyetracker (e(ye)BRAINr2 ) at a sampling rate
of 300 Hz and an angular resolution of 0.5◦ . Horizontal
saccades were analyzed off line with MeyeAnalysisr Software
(e(ye)BRAINr2 ). This software automatically detected the
onset and offset of the saccade using a detection algorithm
adapted from Nyström and Holmqvist (2010). We could thus
automatically extract RT (i.e., saccade latency) and saccade
direction for each trial.

RESULTS

Data Analysis
We considered the very first eye movement after stimulus
presentation as the participants’ response, whether it was
toward or away from the target. We analyzed the results using
a distributional analysis based on the activation-suppression
model (Ridderinkhof, 2002). When a participant performed a
saccade according to the color of the target (blue or yellow), and
not its location (left or right side), it was counted as a correct
response. Both the direction and the latency of eye movements
were studied. We excluded saccades with an amplitude below
2◦ (to discard any micro-movements around the central fixation
point), a latency below 100 ms (to discard any anticipated
saccades; for a review, see Leigh and Zee, 1999) or above 1000
ms (corresponding to the target duration), and outlier latencies
more than three standard deviations from the mean RT. With

RT and Accuracy
As in the Simon task, and as commonly observed in other
interference tasks, RT were strongly influenced by congruence,
F (1,11491) = 308.67, p < 0.0001. Participants were 25 ms slower in
the incongruent trials (Figure 2A). Accuracy was also affected
by congruence, F (1,12753) = 114.09, p < 0.0001, with a 5%
difference in accuracy between congruent and incongruent trials
(Figure 2B).

Distributional Analysis: Conditional
Accuracy Functions
Conditional Accuracy Functions
Accuracy differed according to congruence and according to bin,
as shown when accuracy was plotted against RT distribution and
congruence in CAF (Figure 3). Accuracy decreased markedly

2 www.eye-brain.com
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FIGURE 4 | Delta plots showing delta RT of correct responses
(incongruent [IC] RT—congruent [C] RT) according to RT distribution.

FIGURE 2 | Mean reaction times (RT; A) and accuracy (B) as a function
of congruence. Error bars represent the standard error of the mean.

vs. 93% in the congruent condition. This difference persisted
when congruence was compared for the second bin, but to a
lesser extent (z = 3.4, p = 0.03), with accuracy rates of 86%
(incongruent) vs. 91% (congruent). This effect disappeared when
we focused on the other five bins (all ps > 0.05). This confirmed
that most errors were made when participants responded very
quickly in conflict situations. Accuracy for congruent trials
remained above 90% across the RT distribution, meaning that
participants were equally accurate, whether they responded
quickly or slowly.

Delta Plots
Delta values between congruent and incongruent RT in correct
trials reflect the time needed to resolve conflict and delta plots
reveal the evolution of these values across the bins of the RT
distribution. The delta value between congruent and incongruent
RT decreased as the time taken to respond increased (Figure 4).
This was confirmed by the significant bin effect, F (6,252) = 16.122,
p < 0.0001.

DISCUSSION
FIGURE 3 | Conditional accuracy functions (CAF) plotted for
congruence as a function of RT distribution. Error bars represent the
standard error of the mean.

The purpose of this study was to analyze the resolution of conflict
induced by a two-dimensional stimulus, using an oculomotor
adaptation of the Simon task test and distributional analysis.
Our aim was to confirm that using the oculomotor mode
yielded results consistent with the assumptions of the activationsuppression model (Ridderinkhof, 2002).
In our modified Simon task, participants were presented
with a target stimulus featuring two dimensions: color and
location. Young healthy participants were required to make a
leftward or rightward eye movement based solely on the relevant
color information of the target, ignoring its irrelevant location
information. When the irrelevant and relevant information did

in the incongruent situation, F (1,12741) = 125.144, p < 0.0001,
and was also significantly lower for the fast responses, as shown
by a significant bin effect, F (6,12741) = 110.160, p < 0.0001.
These two effects interacted significantly, F (6,12741) = 97.749,
p < 0.0001, and post hoc analysis showed that errors were
mostly associated with the fastest RT (first two bins) in the
incongruent condition. Accuracy was considerably lower in
situations of conflict for the first bin (z = 16.2, p < 0.01),
with an accuracy rate of 62% in the incongruent condition
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not indicate the same response the trial was incongruent. These
incongruent trials enabled us to assess the ability to suppress the
response activated by the irrelevant dimension of the stimulus in
favor of the one activated by the relevant dimension. Both the
RT and the direction of the first eye movement after the stimulus
presentation were used as the response.
Our results showed that when facing incongruent trials,
participants needed more time to make a correct response and
were more prone to making mistakes than in congruent trials.
This congruence effect on RT and accuracy has repeatedly
been reported in the literature across a range of conflict tasks
using push-buttons (Stroop, 1935; Simon, 1969; Wallace, 1971;
Eriksen and Eriksen, 1974; Hedge and Marsh, 1975; Egner
et al., 2007; Forstmann et al., 2008b; Wöstmann et al., 2013).
Furthermore, the size of the congruence effect on RT in our
study was of 25 ms and matched results from previous studies
that showed an effect of generally 20–30 ms (for a review,
see Lu and Proctor, 1995). The congruence effect on errors
seemed slightly higher in our study (5%) than in literature
where it is often less marked (Burle et al., 2002; Ridderinkhof,
2002; Forstmann et al., 2008a,b). This could be explained by
the use of oculomotor responses since it has been shown that
saccadic responses in a Simon task yielded more errors than
manual responses (Sullivan and Edelman, 2009). The results of
our task are therefore in line with the dual route hypothesis,
stating that response activation follows two parallel routes
(Kornblum et al., 1990). The position of our stimulus activated
the automatic route while its color activated the controlled
route. When the two routes led to different responses there
was a larger number of errors and correct responses were
delayed.
Distributional analyses gave insights into the evolution of
both the accuracy and the congruence effect according to
the time taken to respond. We used these analyses to assess
response capture and selective inhibition, respectively, as is
usually done in the activation-suppression model. Our results
on CAF showed that accuracy was strongly influenced by
both congruence and RT bins. Compared to congruent trials,
incongruent trials were more error-prone and most errors were
found in the fastest responses as seen for the first bin of the
CAF. When participants took more time to respond in the
incongruent situation, accuracy was higher and reached the same
level as with congruent trials by the end of the RT distribution.
These results are consistent with studies on cognitive action
control, using manual conflict tasks and distributional analyses
(van den Wildenberg et al., 2010). Delta plots showed that the
difference between congruent and incongruent RT decreased
when the time taken to respond increased. In other words, the
additional cost in terms of RT needed to give a correct response
was lower when responses were slower. This result has been
reported repeatedly in the literature for manual response modes
in conflict tasks (De Jong et al., 1994; Burle et al., 2002; Wylie
et al., 2009a,b).
All of our distributional analysis results are in line with the
predictions of the activation-suppression model (Ridderinkhof,
2002). When conflict arises, an automatic activation of the
incorrect response elicited by irrelevant information must be
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overruled in order to select the proper response. The model
states that selective inhibition of the incorrect activation takes
time to build up, with longer time being associated with stronger
inhibition. When response is fast, the selective inhibition
mechanism has not enough time to be effective and the
automatic response is ‘‘captured’’ (van den Wildenberg et al.,
2010). This was evidenced by the numbers of fast errors seen
on the first bin in incongruent trials of our CAF. Moreover,
on the delta plots we observed that the congruence effect
decreased as the time taken to respond increased, indicating
that the more time the participants took to respond, the less
the irrelevant dimension of the target stimulus affected their
response. This is in line with the assumption of the model that
the strongest selective inhibition is associated with the longest
RT.
However, it is important to note that the decreasing pattern
of the congruence effect that we found seems restricted to some
specific versions of the Simon task and is not observable in
all conflict tasks (for a review, see Proctor et al., 2011). For
instance, the arrow version of the Flanker task usually gives
similar results compared to the Simon task regarding mean
RT and accuracy but shows a different pattern of delta plot,
with values that rather increase when RT increases (Wylie
et al., 2009a). This increasing pattern has also been observed
in the Stroop task (Pratte et al., 2010). Regarding the Simon
task, the decreasing congruence effect only appeared in versions
with right and left visual stimuli. Auditory versions or Simon
tasks with vertical stimuli resulted in increasing congruence
effects (Wascher et al., 2001; Wiegand and Wascher, 2005).
Regarding these information, the activation-suppression model
is well appropriate for explaining decreasing congruence effects
but seems challenged when accounting for increasing patterns
observed in some tasks. Thus, the explanation for the changes
in the congruence effect across RT distribution is still a matter of
debate and further research is needed.
Our adaption of the Simon task using eye movements
reproduced the results of motor conflict tasks such as the
Simon task or the Eriksen flanker task, and thus supports the
assumptions of the activation-suppression model. The results
of this study support the assumption that there is at least
a partial common functioning of cognitive action control in
both manual and oculomotor response modes (Eimer and
Schlaghecken, 2001). This view has also been supported by
research using other tasks such as the Stop-signal task which
measures the inhibition of the ongoing response. Indeed, some
studies proposed both a manual and an oculomotor version of
the Stop-signal task (Logan and Irwin, 2000; Boucher et al.,
2007). In these studies, the participants had to make hand or
eye movements that had to be inhibited on some trials. The
authors showed that despite some quantitative differences (stopsignal RT were shorter with eye-movements), the mechanisms
involved in stopping the ongoing response were highly similar.
This shared process makes sense, since manual and oculomotor
control rely on common circuits involving structures such as
the basal ganglia and frontal areas of the cortex (Hikosaka
et al., 2000; McDowell et al., 2008; Ridderinkhof et al., 2011).
However, a direct comparison of our tasks results with those
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derived from a classic Simon task within the same group of
participants would be of great help in clarifying the similarities
and differences between the two types of response and thus
in clarifying the mechanisms of cognitive action control.

assessing patients with severe motor disorders, and difficulties in
performing on a classic manual version.
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to those commonly reported in the literature, we suggest that
this task could be useful in the investigation of cognitive action
control in both healthy and pathological populations. Indeed,
our results are fully consistent with the activation-suppression
model, which is increasingly used in studies focusing on cognitive
action control and its temporal dynamics. Furthermore, our
oculomotor adaptation of the Simon task could be of interest in
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