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Abstract An erroneous response is not always accompanied
by the conscious perception of the error being made. We ex-
amined whether increased response interference on a manual
task improved the conscious perception of erroneous eye
movements on a concurrent oculomotor task. In the first ex-
periment, we examined whether a correlate of response inter-
ference, increased task difficulty alone, could improve percep-
tion of errors. We found no effect of task difficulty on self-
monitoring. Results from a second experiment suggested that
participants’ ability to monitor their eye movements improved
with increased response interference, but post hoc analyses
indicated that this was due to a decrease in corrective behav-
iors. Experiment 3 required participants to report directly on
whether they had made an eye movement error, and we found
that response interference perturbed, rather than improved,
participants’ ability to report on their errors. Together, these
findings contribute to models of error monitoring, revealing
little support for the view that general increases in response
interference or task difficulty are signals that contribute to the
conscious detection of errors.

Keywords Visual awareness - Executive control - Dual-task
performance

The ability to detect one’s own erroneous behavior is a pre-
requisite for adaptive behavioral adjustment. However, the
detection of erroneous responses is not always accompanied
by the conscious recognition of error commission. In this
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article, we attempted to identify factors that differentiate errors
that are consciously detected from those that are not.

Current models of behavior monitoring liken error detec-
tion to a decision process that is based on the accumulation of
evidence over time, starting from the initial programming of
an erroneous response (e.g., Rabbitt, 1968). Information that
may be weighed in the evaluation of a response includes the
predicted motor signal sent following the planning of a re-
sponse, or efference copy. Discrepancies between an efference
copy and the perceived action outcome could signal that an
error has occurred (Peterburs et al., 2011).

Other researchers have proposed that response interference
may be another source of evidence that contributes to the
conscious detection of errors (Yeung, Botvinick, & Cohen,
2004). According to this conflict monitoring view, a single
conflict-monitoring mechanism may be sensitive to signs that
cognitive control may need to be upregulated. Such a conflict-
monitoring loop may be triggered by instances of response
interference, which occurs when multiple motor representa-
tions are coactivated and compete with processing of goal
relevant information (e.g., MacLeod, 1991; Simon, 1969).
Formally, response interference is modelled as the product of
two coactivated incompatible response units (weighted by the
strength of the inhibitory link between them), where greater
values reflect increased response conflict. An erroneous re-
sponse may be viewed as an instance of response interference
because, following response execution, the representation of
the incorrect response competes with the representation of the
correct motor plan. If a single regulatory system does not
discriminate between input generated from increased response
interference and input generated from erroneous responses,
response interference may facilitate conscious error detection
by disambiguating evidence that an error has occurred if other
sources of information (e.g., goal-relevant motor representa-
tions) are degraded. Some recent studies have found support
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for shared neural correlates of processing elicited by response
interference and the conscious perception of errors (for a
recent review, see Klein, Ullsperger, & Danielmeier, 2013).

Studies have focused on one neural correlate of response
conflict, that is, the error-related negativity (ERN), to address
the question of whether changes in ERN amplitude can predict
levels of error awareness. Results from these studies have
been inconsistent (for a review, see Wessel, 2012). The link
between response conflict and ERN amplitude remains con-
troversial, however, so even strong evidence for a relationship
between ERN amplitude and error awareness (or lack of such
arelationship) would fail to elucidate the relationship between
response interference and error awareness (Steinhauser,
Maier, & Hubner, 2008).

In this set of experiments, we examined directly how gen-
eral increases in response interference influence the conscious
perception of errors. Previous studies examining this have
relied on single-task paradigms. Instead, we used a dual-task
paradigm in which we examined how error perception on one
task changed as a function of different response interference
levels on a second task. We reasoned that this approach direct-
ly addresses the question of whether general, non-task-
specific increases in response interference contribute to error
awareness. In addition, using a dual-task design eschews sev-
eral limitations of using a single task. For instance, many tasks
that evoke high levels of response interference (e.g., manual
flanker task) produce low rates of undetected erroneous re-
sponses. In contrast, standard tasks where the rate of undetect-
ed responses is high (e.g., antisaccade task) do not allow the
researcher to manipulate response interference in a systematic
fashion. To avoid the limitations of using a single task, we
used a dual-task paradigm in which we coupled the
antisaccade and the flanker task. Note that examining how
response interference affects error awareness cross-modally
also eliminates alternative explanations based on interference
at the point of peripheral (response execution) rather than
central (response selection) stages.

We chose the antisaccade paradigm (Hallett, 1978) because
people tend to have high error rates on this task, and a large
proportion of errors (as high as 50%) are not consciously
detected (Mokler & Fischer, 1999). In traditional variants of
the antisaccade task, people are instructed to fixate on a stim-
ulus presented in the center of a computer screen. After a brief
delay, a sudden onset appears to the right or left of the fixation
marker. Instead of orienting toward the abrupt onset, people
are instructed to shift their gaze to the opposite, mirror location
of'the peripheral cue. Despite these instructions, on some trials
people are unable to inhibit a prepotent prosaccade to the
peripheral cue (Hallett & Adams, 1980). Furthermore, on ap-
proximately 50% of such erroneous prosaccade trials, people
are unaware of their erroneous prosaccades. This contrasts
with other forced-choice manual-response tasks, where con-
scious error perception is quite high (usually above 90%). The
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high misreport rate makes the antisaccade task a prime para-
digm for examining possible determinants of the conscious
perception of errors.

In the flanker task, response competition is manipulat-
ed by the presentation of stimuli associated with congru-
ent or incongruent response mappings. In this study, the
flanker stimulus was a letter string in which the central
letter and flanking letters were associated with a compat-
ible or incompatible button press (Eriksen & Eriksen,
1974). Response competition on the flanker task is
reflected in slower reaction times and lower accuracy
scores on response incompatible relative to response com-
patible trials. Neural evidence has shown that this is due
to the automatic coactivation of brain regions correspond-
ing to motor programming of both action plans on re-
sponse incompatible, but not response compatible trials
(DeSoto, Fabiani, Geary, & Gratton, 2001). Successful
completion of the flanker task requires the suppression
of activity triggered by the flanking targets and the selec-
tive biasing of the correct, instruction-designated action
plan (Nee, Wager, & Jonides, 2007). Similar dynamics
of control processing are invoked in the antisaccade task,
in which people must suppress the dominant tendency to
look toward a peripheral onset and generate a novel action
plan to look to the side contralateral to the peripheral
target. Models of antisaccade performance share the as-
sumption that the generation of a correct antisaccade re-
flects a competitive process, or race, between the execu-
tion of reflexive and voluntary eye movements (Hutton &
Ettinger, 2006). The generation of correct antisaccades
thus reflects higher activation of the voluntary
antisaccade, and down regulation of activity of the reflex-
ive prosaccade. The existence of competition between
these two motor programs is indexed in part by the gen-
eration of fast corrective saccades, which follow errone-
ous prosaccades on some proportion of trials (Bowling,
Hindman & Donnelly, 2012). Such corrective saccades
occur too quickly to be programmed serially after the
erroneous prosaccade and thus point to parallel processing
of the reflexive and voluntary eye movement.

Together, extant data support the view that the antisaccade
and flanker tasks invoke similar components of an executive
control network that operates in the resolution of conflict at
the response selection stage of behavioral control (van Veen &
Carter, 2002). Note that we are not assuming that eye move-
ments (in the antisaccade task) and hand movements (in the
flanker task) interfere with each other during response execu-
tion, but rather that cross-task interference occurs at a more
central locus. The combination of these two paradigms allows
us to examine whether systematic changes of response inter-
ference on the flanker task affects conscious error detection on
specific action outcomes of the antisaccade task. By present-
ing the flanker string at fixation, we ensured that response
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competition was evoked by the flanker stimulus at the start of
each trial (Beck & Lavie, 2005), and thus overlapped with
control processing relevant to the completion of the
antisaccade task. Following each trial we collected measures
of conscious error monitoring by asking participants to report
on the direction of their first eye movement. Of interest was
whether conscious error perception of antisaccade perfor-
mance would be higher when the concurrently performed
flanker task generated high (response incompatible) as op-
posed to low (response compatible) levels of response
interference.

One complication with our approach is that it is possible
that the error monitoring system does not search solely for
response conflict signals, but rather that increased response
conflict is only one of several sources of information that
contribute to error detection. According to an account given
by Brown and Braver (2005), response interference may sig-
nal error likelihood because modulating conflict between
competing action plans is inherently more difficult, and thus
more likely to lead to error commission. A non-mutually-
exclusive view is that response interference leads to an in-
crease in general physiological arousal and might contribute
to the detection of errors through global neural changes that
modulate attention networks necessary for the conscious de-
tection of errors (Wessel, Danielmeier, & Ullsperger, 2011;
Ullsperger, Harsay, Wessel, & Ridderinkhof, 2010). Both of
these accounts predict that task difficulty, rather than response
interference per se, may improve conscious etror detection.

To address these possibilities, before examining the effect
of response interference on error perception, we wanted to
determine whether task difficulty alone improves error per-
ception in the absence of response interference. To this end,
in Experiment 1 we coupled the antisaccade task with a mental
rotation task in which participants had to judge the handedness
of letter stimuli (i.e., whether they were normal or mirror re-
versed) presented at different orientations. Previous work has
shown that this is a difficult and time-consuming task because
of the need to imagine the stimulus rotating to the upright
before its handedness can be determined (e.g., Cooper &
Shepard, 1973). The response demands themselves are mini-
mal, however, and thus seem unlikely to conflict with saccade
execution. Accordingly, we expected that instructing partici-
pants to complete the mental rotation task and the antisaccade
task simultaneously would impose high levels of mental de-
mand (Irwin & Carlson-Radvansky, 1996) without creating
response conflict per se. Within the mental rotation task, we
manipulated task difficulty by varying stimulus orientation.
On the basis of previous data, we classified trials where initial
stimulus orientation was 0°, 90°, and 270° as low-difficulty
trials, and where initial stimulus orientation was 180° as high-
difficulty trials (Irwin & Brockmole, 2000). If task difficulty
alone influences conscious error perception, then we expected
participants to be more aware of their errors on the antisaccade

task on high-difficulty mental rotation trials than on low-
difficulty trials.

Experiment 1

Prominent accounts of error detection hold that conscious er-
ror detection requires the maintenance and comparison of the
intended action plan and information regarding the likelihood
that an erroneous response was produced or not. This type of
metacognitive judgment may induce an additional memory
demand (e.g., maintenance of intended action plan, and com-
parison of the enacted and intended action plan) that is not
present if participants are simply asked to report on the action
that they produced. Thus, to increase our sensitivity to possi-
ble effects of task difficulty on action monitoring, on each trial
we asked participants to report on the perceived direction of
their first eye movement instead of asking them to report
whether they had made an error or not. Participants responded
by fixating a box on the left or right side of the screen and,
while fixating, pressing a button on a controller to register
their eye position.

Method

Participants We conducted a power analysis using the statis-
tical software G*Power 3.0.10 (Faul, Erdfelder, Lang, &
Buchner, 2007) to determine a minimum sample size with
which we could detect a moderate effect size (d, = 0.65) with
80% power (ox = 0.05). This analysis revealed that we would
need a minimum of 32 participants. In total, 35 participants
(three were excluded from analyses, as explained below) from
the University of Illinois community participated in two 50-
minute sessions in exchange for 12 dollars. Participants re-
ported normal or corrected-to-normal vision and were naive
as to the purpose of the experiment. The study was approved
by the university’s Institutional Review Board.

Stimuli and procedure Stimuli were presented on a 21-inch
computer monitor (ViewSonic G810 CRT) with a refresh rate
of 85 Hz. Eye movements were recorded with an Eyelink II
video-based eye tracker (SR Research Ltd., Mississauga,
Ontario, Canada) with temporal resolution of 500 Hz, spatial
resolution of 0.1°, and pupil-size resolution of 0.1% of pupil
diameter. The participants’ heads were stabilized with a chin
rest, fixed at 49 cm from the computer monitor. All stimuli
were presented on a white background (luminance = 86.3 cd/
m?). Participants made manual responses by pressing buttons
on a Microsoft Sidewinder digital game controller interfaced
with the eye-tracking computer.

Each block of trials began with a five-position calibration
procedure in which the edges and center of the screen were
fixated. Participants’ button presses were followed by a 506-
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ms delay to reduce the effects of masking from the drift cor-
rection dot. After this delay, a letter (0.8° x 0.8°) and an eye-
movement cue (0.8° x 0.8° black cross) were simultaneously
presented on the computer screen. The letter was presented at
the center of the screen, and the cue was presented to the left or
right (10° away from the center of the screen), and was verti-
cally aligned with the letter. Participants were instructed to
make an eye movement, as quickly as possible, to the oppo-
site, mirror location of the cue in the periphery. To encourage
fast eye movements, the letter was presented for only 200 ms.
While making their eye movement, participants were also
instructed to respond, as quickly and accurately as possible,
to the handedness of the letter shown in the center of the
computer screen. On half of the trials, the image of the letter
was normal, and on the other half of the trials, the image of the
letter was mirror reversed. Within each handedness condition,
the letter was rotated 0° (1/6 of trials), 90° (1/6 of trials), 270°
(1/6 of trials), or 180° (1/2 of trials). On the basis of previous
data, we classified trials where initial stimulus orientation was
0°, 90°, and 270° as low-difficulty trials, and where initial
stimulus orientation was 180° as high-difficulty trials (Irwin
& Brockmole, 2000). Trials were sequenced randomly
throughout the experimental session.

Following their letter response on each trial, participants
were presented with two squares, one on the left and one on
the right side of the computer screen. We did not instruct
participants to fixate back toward the center before the onset
of the self-report screen because we were concerned that
instructing participants to generate a new eye movement
might override oculomotor information from the antisaccade
task. Participants were asked to report on the direction of their
first eye movement (i.e., left or right) by looking at the appro-
priate box and pressing the center button on the controller. A
trial would not advance past the self-report screen unless par-
ticipants fixated within an interest region defined by the area
within one of the two boxes and pressed the center button. The
next trial began after a 2-s intertrial interval. The experiment
began with 15 practice trials that were followed by 272 exper-
imental trials. Thus, participants completed 544 trials across
the two experimental sessions. Participants were given an op-
tional break and recalibrated after every 68th trial. An example
of the sequence of events is shown in Fig. 1.

Results

For each comparison we report means, standard error of
the mean (in parentheses), and the absolute value of the
effect size. For comparisons that were nonsignificant, we
also report a Bayes factor based on a Cauchy distribution
prior scaled at » = 1.0 (JZS BF), which quantifies evi-
dence in favor of the null conditionalized on the observed
data and sample size (Rouder, Speckman, Sun, Morey, &
Iverson, 2009).
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Participant and trial exclusion criteria Three participants
(out of 35) were excluded because their accuracy on the
antisaccade task fell below 50% correct.

We excluded all trials on which participants’ RTs on the
mental rotation task fell below 200 or above 2,200 ms (8.8%),
on which first saccade latencies were below 80 or above
1,200 ms (5.6%), on which participants’ first fixation deviated
more than 2° from the central fixation presented at the start of
each trial (2.7%), on which participants failed to make a sac-
cade (1.0%) and on which participants made a button press
before an eye movement (4.4%). All analyses, except those of
accuracy scores on the mental rotation task, excluded trials on
which participants made an incorrect response on the mental
rotation task (9.3%). By these exclusion criteria, 13,501 trials
were left for analysis.

Performance on the antisaccade task First, we examined
whether our paradigm produced typical effects on partic-
ipants’ performance in the antisaccade task. We found that
7.3% of all eye movements were erroneous prosaccades.
There was a significant difference between prosaccade
and antisaccade latencies where prosaccade latencies
(443 (35) ms) were longer than antisaccade latencies
(403 (30) ms), #29) = 2.25, p=.032, d, = 0.41; note that
the degrees of freedom are less than expected because not
all subjects produced erroneous prosaccades. Mean erro-
neous prosaccade amplitude (10.2° (0.55)) was signifi-
cantly shorter than that of correct antisaccades (14.4°
(0.64)), #29) = 6.04, p < .001, d, = 1.01. We also found
that people were more likely to misreport on the direction
of their first eye movement when they made an erroneous
prosaccade than when they made a correct antisaccade,
#29) =591, p < .001, d, = 1.08, correctly reporting only
on 50% (6) of all prosaccades and 93% (3) of all
antisaccades. Finally, the percentage of correct self-
reports was significantly lower on trials in which partici-
pants made a corrective saccade back toward the
antisaccade target following their erroneous prosaccade
(40% (7)) than when they did not make a corrective sac-
cade back towards the antisaccade target (88% (4)), #(18)
= 6.57, p < .001, d, = 1.56. In addition, self-report accu-
racy was higher on prosaccade trials when participants
made a slow (50% (8)) versus a fast (<200 ms) (35%
(6)) corrective saccade, #23) = 2.37, p = .027, d, =
0.48. These results are generally consistent with those of
previous antisaccade studies (e.g., Mokler & Fischer,
1999; Taylor & Hutton, 2011; Unsworth, Schrock, &
Engle, 2004), except that erroneous prosaccade latencies
are usually faster than antisaccade latencies. The lack of
such an effect in Experiment 1 was presumably due to the
demanding nature of the mental rotation task, which may
have caused subjects to delay saccade programming until
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Drift correction

| Blank screen (506 ms)

Stimulus presentation

(200 ms)

| Blank screen (until response)
| Blank screen (506 ms)

Self-report screen
(until fixation and
button press)

Prompt

Prompt on self-report screen:
"In which direction do you think you
moved your eyes first, left or right?”

Fig. 1 Example sequence of events from Experiment 1

the letter stimulus had been identified (we elaborate on
this discrepancy below).

Performance on the mental rotation task Next, we examined
participants’ performance on the mental rotation task.
Comparisons revealed typical patterns of performance on the
mental rotation task. Specifically, we found a significant effect
of task difficulty on RTs, #31) = 9.18, p < .001, d, = 1.62, and
accuracy, #31)=6.77, p=.001, d, = 1.2, showing slower reaction
times on high than on low-difficulty trials (1,168 (33) and 990
(30) ms, respectively) and lower accuracy scores on high than on
low-difficulty trials (88% (1) and 96% (1) correct, respectively).

Effect of mental rotation on eye movements Having
established that our paradigm generally produced typical patterns
of performance on both interference tasks, we examined whether
mental rotation condition interacted with behavioral performance
on the antisaccade task. Our analyses revealed no effect of task
difficulty on the programming of either the percentage of erro-
neous prosaccades made (low-difficulty = 7.3% (1.3), high-
difficulty = 6.9% (1.4)), #(31)=0.5, p = .62, d, = 0.09; JZS BF
in favor of null hypothesis = 6.46, or the percentage of corrective
antisaccades made on erroneous prosaccade trials (low-difficulty
= 73.1% (6.0), high-difficulty = 71.8% (6.2)), 127) = 0.34, p =
734, d, = 0.07; JZS BF in favor of null hypothesis = 6.48.
However, we did find that antisaccade latencies were significant-
ly shorter on low-difficulty (394 (26) ms) than on high-difficulty
trials (424 (33) ms), #31) = 3.43, p=.002,d, = 0.61.

Effect of mental rotation on self-report Most importantly for
present purposes, we did not find a significant difference in par-
ticipants’ self-report accuracy (i.e., awareness of their initial sac-
cade direction) between high and low-difficulty conditions (see
Fig. 2). Participants were accurate on 51% (6) of prosaccade trials
in the low-difficulty condition and on 46% (7) of prosaccade trials

in the high-difficulty condition, #27) = 0.85, p = 401, d, = 0.16;
JZS BF in favor of null hypothesis = 4.85.

Supplementary analyses: Effect of prosaccade latency on
self-report We were concerned by the finding that participants’
overall prosaccade latencies were longer than antisaccade laten-
cies. Although this finding was unexpected we speculate that it is
potentially relevant to previous evidence that attentionally de-
manding tasks may have opposite effects on prosaccade and
antisaccade latencies. Specifically, Kristjansson, Chen, and
Nakayama (2001) found that a difficult visual attention
(discrimination) task slowed prosaccade latencies, while also in-
creasing the speed of antisaccade latencies. The authors argued
that prosaccades are not attentionless eye movements (a view
consistent with other evidence; Godijn & Kramer, 2006), but
rather that the capture of attention requires attentional resources.
Accordingly, taxing attention at the time at which people are
presented with a sudden onset may increase saccade latencies
toward that onset because attentional resources are not available

100

90 -
80
70

60 - I ns '
50 -
40

30 -
20 A
10

% of correctly detected prossacades
—

0 —
Low Difficulty High Difficulty
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Fig. 2 Percentage of correctly detected prosaccades as a function of
mental rotation condition. Average number of trials per cell in each
condition is reported in parentheses
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for its processing. Furthermore, requiring participants to make a
voluntary antisaccade shortly after taxing attention may decrease
antisaccade latencies because participants are no longer required
to inhibit the prepotent prosaccade eye movement. Although
these authors did not find that prosaccade latencies were longer
than antisaccade latencies (rather prosaccade latencies increased
relative to a baseline condition and antisaccade latencies de-
creased relative to a baseline condition), it is likely that our men-
tal rotation task was substantially more difficult than the discrim-
ination task used by Kristjansson et al., and thus may have ac-
centuated the reversed difference between prosaccade and
antisaccade latencies. This interpretation is not entirely consistent
with our finding that antisaccade latencies increased (rather than
decreased) as a function of difficulty condition. We also found no
effect of difficulty condition on prosaccade latencies, F(1, 29) =
0.15, p = .812, whereas one might expect that prosaccade laten-
cies would get longer with increasing load. However, it is possi-
ble that this effect on attention reflects a general dual-task cost,
rather than the effects of mental rotation difficulty per se.
Regardless of the cause for this difference in latencies be-
tween prosaccades and antisaccades, it is possible that the
additional load imposed by the mental rotation task leads to
a fundamentally different type of erroneous response than
what is traditionally observed on the antisaccade task.
Although this is not necessarily problematic in the context of
our research goal, which is to examine whether task difficulty
affects the detection of any type of error, we wanted to exam-
ine more systematically whether self-report accuracy differed
as a function of difficulty under conditions where performance
is more like what is typically observed in the antisaccade task.
To this end, we used a median split analysis (based on median
prosaccade latencies calculated separately for each partici-
pant) to compare error awareness between trials where partic-
ipants made relatively fast (<median) or relatively slow (>me-
dian) erroneous prosaccades. We found that prosaccade laten-
cies of the fastest (<median) portion of prosaccades (292 (24)
ms) were substantially faster than those of antisaccades (389
(33) ms), #(27) = 4.84, p < .001, d, = 0.91. Thus, as we
intended, this analysis helped isolate those prosaccades that
are traditionally observed in the antisaccade task. An ANOVA
with mental rotation condition and prosaccade latency (fast
versus slow, based on median split analysis) as the two
within-subjects factors and self-report accuracy on prosaccade
trials as the dependent variable, revealed no effect of
prosaccade latency, F(1, 27) = 0.001, p = .984, no effect of
mental rotation condition, F(1,27)=0.612, p =.441, and most
importantly, no interaction between prosaccade latency and
mental rotation condition, F(1, 27) = 0.62, p = .437, on error
awareness. Self-report accuracy was 54.9% (7) and 53.1% (7)
correct when prosaccades were fast—that is, below individual
median, in the low and high difficulty conditions, respectively,
and 57.1% (6) and 51% (7) correct when prosaccades were
slow—that is, equal to or above individual median, in the low
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and high difficulty conditions, respectively. In sum, these sup-
plementary analyses suggest that the lack of effect of difficulty
on self-report is likely not due to the fact that completing the
mental rotation task led participants to commit fundamentally
different types of errors on the antisaccade task.

Discussion

In sum, Experiment 1 revealed no support for the view that
increased task difficulty affects conscious error perception.
Some authors have proposed that response interference may
improve error detection indirectly because it makes a task
more difficult and thus signals increased likelihood of error
commission. According to this account, it is difficulty that
contributes to the conscious perception of errors rather than
response interference per se. Increasing the difficulty of the
mental rotation task interfered with antisaccade performance
by increasing antisaccade latencies, but had no effect on sub-
jects” awareness of their eye movements. Thus, our data sug-
gest that in the absence of response interference, task difficulty
by itself may not improve error detection.

Experiment 2

Having found no evidence that increased task difficulty alone
improves error detection, we turned to our primary research
question, that is, whether response interference increases error
awareness. To address this question we modified the design
from Experiment 1 by replacing the mental rotation task with
the flanker task.

Method

Participants Thirty-six participants (four were excluded from
analyses, as explained below) from the University of Illinois
participated in two 50-minute sessions in exchange for 12
dollars. Participants reported normal or corrected-to-normal
vision and were naive as to the purpose of the experiment.
None had participated in Experiment 1.

Stimuli and procedure The apparatus was the same as in
Experiment 1. Each block of trials began with a five-
position calibration procedure in which the edges and center
of the screen were fixated. Following the first calibration,
participants completed a training sequence of 160 trials to
become familiar with the stimulus-response mappings that
would be used in the experimental phase of the study.
During this training sequence, participants were instructed to
press specified triggers when presented with certain letters in
the center of the computer screen: When shown the letters S or
M, participants pressed the right trigger with the index finger
of their right hand; when presented with the letters P or H,
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participants pressed the left trigger with the index finger of
their left hand. Participants were instructed to respond as
quickly and accurately as possible on each trial. Trials did
not advance until participants made a correct response and
participants were given auditory feedback for every incorrect
trigger press. The auditory feedback was a low tone lasting 1 s.

During the experimental phase of the study (Fig. 3), partic-
ipants began each trial by fixating on a drift-correction point at
the center of the screen and pressing the center button of the
controller. Participants’ button presses were followed by a
506-ms delay to reduce the effects of masking from the drift
correction dot. After this delay, five letters (size of letter string:
3.7° x 0.8°) and an eye-movement cue (0.8° x 0.8° black
cross) were simultaneously presented on the computer screen.
The letter string was presented at the center of the screen and
the cue was presented to the left or right (10° away from the
center of the screen) and was vertically aligned with the letter
string. Participants were instructed to make an eye movement,
as quickly as possible, to the opposite, mirror location of the
cue in the periphery. To encourage fast eye movements, the
central letter string was presented for only 200 ms. While
making their eye movement, participants were also instructed
to respond, as quickly and accurately as possible, to the center
(target) letter of the five-letter string. Participants were
instructed to ignore the two flanking letters presented on each
side of the target letter. The flankers consisted of identical
letters. Target and flanker letters could range in similarity,
reflecting one of three possible flanker interference condi-
tions, as explained next. On No Interference (NI) trials, the
flanking letters matched the target letter (e.g., SSSSS); on
Perceptual Interference (PI) trials, the flanking letters were
perceptually different from the target letter but were mapped
onto the same response (e.g., SSMSS); and on Response
Interference (RI) trials, the target and flanker letters were
mapped onto incongruent responses (e.g., SSPSS).

Drift correction

Both experimental sessions included 160 training trials, 15
practice trials, and 272 experimental trials (totaling 544 experi-
mental trials for each participant across the two experimental
sessions). Participants were given an optional break, and
recalibrated after every 68th trial. Out of the 272 experimental
trials, 50% were No Interference, 25% were Perceptual
Interference, and 25% were Response Interference trials. These
proportions are based on previous literature showing that the
amount of conflict due to stimulus and response interference is
modulated by the overall context of the experimental task, and
that a relatively greater proportion of congruent trials increases the
effects of both stimulus and response interference (e.g., Lindsay &
Jacoby, 1994; Logan & Zbrodoff, 1979). During the experimental
phase, the antisaccade cue was presented equally often on each
side (left or right) of the computer screen. The type of flanker
condition and antisaccade cue location were sequenced randomly
across trials. Following their response on each trial, participants
were presented with two squares, one on the left and one on the
right side of the computer screen. Participants were asked to report
on the direction of their first eye movement (i.e., left or right) by
looking at the appropriate box and pressing the center button on
the controller. A trial would not advance past the self-report screen
unless participants fixated within an interest region defined by the
area within one of the two boxes and pressed the center button.
The next trial began after a 2-s intertrial interval.

Results

Participant and trial exclusion criteria Three participants
did not show up for the second experimental session and were
excluded from analyses. A fourth participant was excluded
because he or she made antisaccades on fewer than 50% of
trials.

We excluded all trials on which participants’ RTs fell below
200 or above 2,200 ms (2.1%), on which first saccade

| Blank screen (506 ms)

Stimulus presentation

+ SSPSS

(200 ms)

| Blank screen (until response)
| Blank screen (506 ms)

Self-report screen
(until fixation and
button press)

Prompt

Prompt on self-report screen:
"In which direction do you think you
moved your eyes first, left or right?"”

Fig. 3 Example sequence of events in Experiment 2
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latencies were below 80 or above 1,200 ms (1.8%), on which
participants’ first fixation deviated more than 2° from the cen-
tral fixation presented at the start of each trial (3.4%), on
which participants failed to make a saccade (0.1%) and on
which participants made a button press before an eye move-
ment (2%). All analyses, except those of accuracy scores on
the flanker task, excluded trials on which participants made an
incorrect response on the flanker task (4%). By these exclu-
sion criteria, 15,504 trials were left for analysis.

Performance on the antisaccade task First, we examined
whether our paradigm produced typical effects on participants’
performance in the antisaccade task. We found that 5.2% of all
eye movements were erroneous prosaccades. The mean latency
of erroneous prosaccades (306 (17) ms) was shorter than that of
correct antisaccades (325 (14) ms), #31) = 2.05, p = .048,d, =
0.36. Mean erroneous prosaccade amplitude (10.5° (0.5)) was
significantly shorter than that of correct antisaccades (13.3°
(0.5)), (31) = 8.3, p<.001, d, = 1.47. We also found that people
were more likely to misreport on the direction of their first eye
movement when they made an erroneous prosaccade than when
they made a correct antisaccade, #31)=5.77, p <.001,d,=1.02,
correctly reporting only on 65% (5) of all prosaccades and 95%
(1) of all antisaccades. The percentage of correct self-reports was
significantly lower on trials in which participants made a correc-
tive saccade back toward the antisaccade target following their
erroneous prosaccade (49% (6)) than when they did not make a
corrective saccade back towards the antisaccade target (99%
(0.2)), (129) = 8.91, p <.001, d,=1.63). Furthermore, self-report
accuracy on prosaccade trials was lower when participants made
a fast corrective saccade (<200ms) (54% (7)) than when they
made a slow corrective saccade (79% (5)), #27) = 4.20, p <
.001, d, = 0.78. All of these findings are consistent with other
studies that have examined conscious awareness of performance
in the antisaccade task (e.g., Mokler & Fischer, 1999).

Performance on the flanker task Next, we examined partic-
ipants’ performance on the flanker task. A repeated-subjects
ANOVA, with flanker condition as the single factor, revealed a
significant effect of factor compatibility, F(2, 62) = 104, p <
.001. We found no significant difference in accuracy between
NI (97% (1)) and PI (97% (1)) trials, #31) = 1.87, p = .072, d,
= 0.33; JZS BF in favor of null hypothesis = 1.45, but a signif-
icant difference in accuracy between NI (97% (1)) and RI (95%
(1)) trials, #31)=3.17, p = .004, d, = 0.56, and PI (97% (1)) and
RI (95% (1)) trials, #(31) = 3.59, p = .001, d, = 0.63. We also
found a significant effect of flanker compatibility on RTs, F(2,
62) = 30.8, p < .001. RTs were slightly slower on NI (827 (38))
than PI trials (815 (36)), #31) = 2.30, p = .028, d, = 0.41. Most
important, RTs were slower on RI (865 (37)) than on NI
(827(38)) trials, #31) = 4.89, p < .001, d, = 0.86, and on RI
(865 (37)) than on PI (815 (36)) trials, #(31) = 7.34, p < .001,
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dz = 1.30. This pattern of results replicates standard response
congruency effects on the flanker task (Eriksen & Eriksen, 1974).

Effect of flanker compatibility on eye movements Having
established that our paradigm produced typical patterns of per-
formance on both interference tasks, we examined whether flank-
er condition interacted with behavioral performance on the
antisaccade task. We did not make predictions about the direction
of this effect because we supposed that if cross-task interactions
existed, performance on the antisaccade task could be either hurt
by increased response interference on the flanker task (e.g., be-
cause both tasks recruit a single resource), or improved by in-
creased response interference on the flanker task (e.g., due to up-
regulation of controlled processing). Once again, a single-factor
within-subjects ANOVA revealed a significant effect of flanker
condition on the proportion of erroneous prosaccades made, F1(2,
62) = 12.3, p < .001. The results are shown in Fig. 4. Because
these analyses were not confirmatory, we used Bonferroni-
corrected ¢ tests (critical p value = .016). These revealed no
statistically significant difference between NI (94% (1)) and PI
(96% (1)) trials, #31) = 2.44, p = .021, d, = 0.43. Furthermore,
we found that participants made significantly fewer antisaccades
on RI (93% (1)) than on NI (94% (1)), #31)=2.83,p=.008,d, =
0.50, and on RI (93% (1)) than on PI (96% (1)) trials, #31) =
438, p = .001, d, = 0.77. Together, these results indicate that
increased response interference on the flanker task interferes with
response selection on the antisaccade task. The finding that par-
ticipants made fewer antisaccades on NI than on PI trials is
somewhat unexpected in this context. However, this difference
was not significant with a correction for multiple comparisons in
this exploratory set of analyses. Furthermore, in Experiment 3,
we replicated the effect of RI on the proportion of correct
antisaccades, but not the difference in antisaccades between NI
and PI trials. We found that the proportion of corrective saccades
made also differed as a function of flanker condition, F(2, 50) =

% of antisaccades
wn
o

No Interference Perceptual Response
(8,256) Interference Interference
(3.680) (3.552)

Fig. 4 Percentage of antisaccades as a function of flanker condition (* =
significant difference between conditions). Average number of trials per
cell in each condition is reported in parentheses
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7.25, p = .002. Pairwise comparisons revealed a significant
difference in the proportion of corrective antisaccades made
between NI (78% (5)) and RI (61% (6)) trials, #(25)=3.03 p =
.006, d, = 0.59, and between PI and R trials, #(25)=2.8, p =
.01, d, =0.55, but not between NI (78% (5)) and PI (80% (6))
trials, #25)=0.73, p=0.47,d, = 0.14; JZS BF in favor of null
hypothesis = 5.12. We also found an effect of flanker condi-
tion on antisaccade latencies, F(2, 62) = 5.85, p = .005.
Antisaccade latencies were faster on NI (322 (13) ms) than
on RI (330 (15) ms) trials, #(31) = 2.83, p = .008, d, = 0.50,
and marginally faster on PI (324 (14) ms) than on RI (330 (15)
ms) trials, #31) = 2.53, p = .017, d, = 0.45. Antisaccade
latencies were not different between NI (322 (13) ms) and PI
(324 (14) ms) trials, #(31) = 1.03, p = .313, d, = 0.18; JZS BF
in favor of null hypothesis = 4.39.

Effect of flanker compatibility on self-report Having found
cross-task interactions at the behavioral level (confirming that
we successfully increased cross-task response interference) we
examined the effects of flanker condition on awareness of errors
in the antisaccade task. An ANOVA revealed a significant ef-
fect of flanker condition on participants’ awareness of errors.
Follow-up ¢ tests revealed no difference in participants’ aware-
ness of errors in the antisaccade task between flanker NI (63%
(7)) and PI (56% (7)) trials, #25) = 1.39, p = .177, d, = 0.27;
JZS BF in favor of null hypothesis = 2.68, but a significant
difference between PI (56% (7)) and RI (71% (5)) trials, #25)
=2.17, p = .04, d, = 0.43. Furthermore, although the difference
between NI (63% (7)) and RI (71% (5)) flanker trials was not
significant, #25) = 1.46, p = .155, d, = 0.28; JZS BF in favor of
null hypothesis = 2.45, the data trended in a direction consistent
with the prediction that response interference may improve er-
ror awareness. Together, this pattern of results provides tenta-
tive support for the view that response interference may im-
prove error awareness (see Fig. 5).
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Fig. 5 Percentage of correctly detected erroneous prosaccades as a
function of flanker condition (* = statistically significant difference
between conditions). Average number of trials per cell in each condition
is reported in parentheses

No Interference
(442)

Effect of corrected errors on self-report We were con-
cerned that the impact of response interference on the
self-report of eye-movement behavior might have been
indirect. In particular, it seemed possible that participants
were “better” at detecting erroneous prosaccades on RI
trials because they made fewer corrective eye movements
on such trials. A failure to program and enact a corrective
saccade may have improved discriminability of erroneous
prosaccades because participants were less likely to con-
fuse representations of an intended correct response and
an incorrect response during action evaluation (Blakemore
& Frith, 2003). Furthermore, recall that the way we
assessed self-report accuracy was by having subjects fix-
ate a box on the side of the screen toward which they had
directed their initial saccade. Because subjects were less
likely to make a corrective eye movement on RI trials,
their self-report accuracy on RI trials may have been in-
flated because they would be fixating the location where
they had first moved their eyes when the self-report
screen appeared. In contrast, on trials in which a correc-
tive antisaccade was made (which was more likely to be
on NI and PI rather than on RI trials), subjects would
have to saccade back to the opposite side of the display
to fixate the self-report screen corresponding to the loca-
tion of their initial saccade, and if they failed to do this,
their self-report would be judged to be in error. In other
words, in some sense the finding that self-report of erro-
neous prosaccades was higher on RI than on NI and PI
trials may have been a consequence of the way that we
measured self-reports.

To address this concern, we conducted additional sup-
plementary analyses to test whether the effects of self-
report were qualified by participants’ tendency to make
a greater proportion of corrective antisaccades on NI and
PI than on RI trials. To this end, we compared self-report
accuracy between flanker conditions separately for trials
in which participants did make a corrective antisaccade,
and for trials in which they did not make a corrective
antisaccade. We reasoned that, if response interference
has a direct effect on conscious error perception, we
should see high self-report accuracy both on trials in
which participants made a corrective antisaccade and on
trials in which they did not make a corrective antisaccade.
Instead, we found that on trials when participants did not
make a corrective antisaccade there was no, F(2, 46) =
0.410, p = .666, effect of flanker condition on self-report
accuracy. Furthermore, we found no difference in self-
report accuracy on trials when participants did make a
corrective saccade after making an erroneous prosaccade,
(F(2,16) = 0.367, p = 0.698 (see Fig. 6). Levels of accu-
racy on trials when participants did not make a corrective
antisaccade suggest that self-report accuracy is at ceiling
in all three flanker conditions, most likely because
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Fig. 6 Percentage of detected prosaccades as a function of whether
participants made a corrective saccade and flanker condition. Average
number of trials per cell in each condition is reported in parentheses

participants continue to maintain fixation at the initial saccade
position until the onset of the self-report screen. Because partic-
ipants made fewer corrective antisaccades on RI than on NI and
Pl trials, participants’ overall self-report accuracy was thus inflat-
ed in the RI condition relative to the NI and PI condition.
Together, these results indicate that differences in self-report of
eye-movement behavior were likely not directly driven by in-
creased response interference, but rather by a reduction in partic-
ipants’ tendency to produce corrective responses on RI trials.

Discussion

Results from Experiment 2 revealed an influence of response
interference in the flanker task on the generation of eye move-
ments in the antisaccade task. That is, we found that partici-
pants made fewer voluntary antisaccades and fewer corrective
antisaccades on trials in which they had to produce a manual
response to a response incompatible flanker stimulus. This
indicates that we successfully increased response interference
using our dual-task paradigm. In addition, we found that par-
ticipants’ self-report accuracy was higher when they had made
an erroneous eye movement in the RI than in the NI and PI
conditions. Follow-up analyses indicated, however, that re-
sponse interference affected self-report indirectly by decreas-
ing the frequency of corrective antisaccades on RI trials.
Specifically, participants were less likely to make a corrective
antisaccade on RI trials and instead maintained fixation at the
location where they had first moved their eyes until the onset
of the self-report screen, thereby inflating self-report accuracy
on Rl trials. Supplementary analyses that examined self-report
accuracy conditionalized on whether a corrective antisaccade
was made or not showed no differences between RI and NI or
PI trials, indicating that response interference may have affect-
ed self-report accuracy only indirectly. We examined this pos-
sibility further in Experiment 3.
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Experiment 3

Our findings from Experiment 2 suggest that instead of
introspecting on their errors on some portion of trials, partic-
ipants tended to simply remain fixated at the location where
they looked last. This strategy offloads the requirements of
having to keep in memory the spatial direction of their first
eye movement and compare it to the direction of their
intended eye movement. That is, if participants did not make
a corrective eye movement after making an erroneous
prosaccade, then they could simply leave their eyes where
they landed initially to make their self-report instead of having
to evaluate whether their eyes had moved in the intended
direction. The aim of Experiment 3 was to eliminate this strat-
egy by requiring subjects to engage error-detection processes
of memory and comparison. To this end, we applied the de-
sign from Experiment 2, but changed the nature of the self-
report. Instead of having subjects fixate on the side of the
screen toward which they had made their initial saccade, we
instructed participants to report, by pressing a response button,
on whether they thought they had made an erroneous eye
movement or not. Specifically, on a trial-by-trial basis, partic-
ipants were instructed to press one button if they thought they
made an erroneous prosaccade and a different button if they
thought they did not make an erroneous prosaccade. It is
worth noting that this manipulation introduces two differences
between the procedure used in Experiment 2. First, partici-
pants no longer reported with an eye movement, and therefore
had to explicitly assess, or recall, the position of their first eye
movement to complete the self-report portion of the task.
Second, participants could no longer report on the spatial di-
rection (left or right) where they had made their first eye
movement. Thus, participants could no longer base their judg-
ment solely on their eye position; instead, they had to maintain
the representation of their initial eye movement and evaluate it
against the intended eye movement (i.e., antisaccade).

Method

Participants Thirty-six participants (four were excluded from
analyses, as explained below) from the University of Illinois
participated in two 50-minute sessions in exchange for 12
dollars. Participants reported normal or corrected-to-normal
vision and were naive as to the purpose of the experiment.
None had participated in either of the first two experiments.

Procedure Experiment 3 was identical to Experiment 2 ex-
cept participants were instructed to report on error awareness
by pressing one button on a hand-held response device if they
thought they made an erroneous eye movement (i.e.,
prosaccade) and a different button if they thought they cor-
rectly made an antisaccade.
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Results

Participant and trial exclusion criteria Four participants did
not show up for the second experimental session and were
replaced, yielding a final sample size of 32 participants.

As before, we excluded trials on which participants’ RTs
fell below 200 or above 2,200 ms (3.7%), on which first sac-
cade latencies were below 80 or above 1,200 ms (2.8%), on
which participants’ first fixation deviated more than 2° from
the central fixation presented at the start of each trial (2.1%),
on which participants failed to make a saccade (1.3%) and on
which participants made a button press before an eye move-
ment (1.9%). All analyses, except those of accuracy scores on
the flanker task, excluded trials on which participants made an
incorrect response on the flanker task (3.4%). By these exclu-
sion criteria, 15,026 trials were left for analysis.

Performance on the antisaccade task We found that 5.6% of
all eye movements were erroneous prosaccades. There was a
marginally significant difference between mean latencies of
erroneous prosaccades (281 (16) ms) and correct antisaccades
(298 (13) ms), 1(31) =1.99, p =.056, d, = 0.35, and, as before,
mean amplitude of erroneous prosaccades (10.5° (0.5)) was
significantly shorter than that of correct antisaccades (13.7°
(14)), t31) = 6.93, p < .001, d, = 1.22. We also found that
people were more likely to misreport on the direction of their
first eye movement when they made an erroneous prosaccade
than when they made a correct antisaccade, #31) = 10.55, p <
.001, d, = 1.86, correctly reporting only on 42% (5) of all
prosaccades and 96% (1) of all antisaccades. All of these find-
ings are consistent with other studies that have examined con-
scious awareness of performance in the antisaccade task (e.g.,
Mokler & Fischer, 1999). Finally, unlike in Experiment 2,
correct self-report rates were significantly lower on trials in
which participants did not make a corrective saccade back
toward the antisaccade target following their erroneous
prosaccade (29% (8)) than when they did make a corrective
saccade back towards the antisaccade target (48% (6)), #(25) =
2.73, p = .012, d, = 0.54. Also unlike Experiment 2, partici-
pants were not significantly better at reporting on their erro-
neous eye movements when they made a slow (66% (6)) ver-
sus a fast (<200 ms) (57% (7)) corrective saccade, #(27) =
1.15, p = .258, d, = 0.22; JZS BF in favor of null hypothesis
= 3.60.

Performance on the flanker task Next, we examined partic-
ipants’ performance on the flanker task. We found an effect of
flanker condition on accuracy, F(2, 62) = 14.2, p < .001,
exhibited by a standard response compatibility effect, where
accuracy was worse on RI (93% (1)) than on NI (95% (1))
trials, #31) =3.61, p =.001, d, = 0.64, and lower on RI (93%
(1)) than on PI1(96% (1)) trials, #(31) = 4.24, p < .001, d,=0.75.
Furthermore, we found that accuracy was slightly worse on NI

(95% (1)) than on PI (96% (1)) trials, #(31) = 2.11, p = .043,
d,=0.37. Once again, we also found a significant effect of
flanker condition on RTs, F(2, 62) = 8.36, p < .001. RTs were
significantly lower on NI (870 (47) ms) than on PI (889 (49)
ms) trials, #(31) = 3.09, p =.004, d, = 0.55, and on NI than on
RI trials, #(31) = 3.84, p < .001, d, = 0.68. The difference
between PI (889 (49) ms) and RI (904 (46) ms) trials was
trending in the direction consistent with a response compati-
bility effect, that is, with RTs being slower on RI than on PI
trials, #(31) = 1.56, p = .128, d, = 0.28; JZS BF in favor of null
hypothesis = 2.33.

Effect of flanker compatibility on eye movements We found
a significant effect of flanker condition on the proportion of
antisaccades made, F(2, 62) = 13.4, p < .001. The results are
shown in Fig. 7. Replicating the effects of flanker response
congruency on eye movement programming that we found in
Experiment 2, participants made significantly fewer
antisaccades on RI (93% (1)) than on NI (95% (1)) trials,
t(31) = 4.58, p < .001, d, = 0.81, and fewer antisaccades on
RI(93% (1)) than on P1 (95% (1)) trials, #(31) = 4.18, p <.001,
d, = 0.74. There was no difference in the proportion of
antisaccades made between NI (95% (1)) and PI (95% (1))
trials, #31) = 0.11, p = .913, d, = 0.02; JZS BF in favor of
null hypothesis = 7.26. Once again, we found an effect of
flanker condition on the proportion of corrective antisaccades
made, F(2, 50) = 5.55, p < .001. Participants made fewer
corrective antisaccades on PI (79% (6)) than on NI (89%
(4)) trials, #(25) = 2.12, p = .044, d, = 0.4, and on NI (89%
(4)) than on RI (70% (4)) trials, #25) = 4.36, p < .001, d, =
0.84. The difference between PI (79% (6)) and RI (70% (4))
trials did not reach significance, #25)=1.33,p=.2,d,=0.26;
JZS BF in favor of null hypothesis = 2.89, but numerically the
data were consistent with an effect of response congruency on

% of antisaccades

No Interference

Perceptual Response
(8,000) Interference Interfe_rence
(3.552) (3.456)

Fig. 7 Percentage of antisaccades as a function of flanker condition (* =
statistically significant difference between conditions). Average number
of trials per cell in each condition is reported in parentheses
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corrective saccades. Finally, we found an effect of flanker
condition on antisaccade latencies, F(2, 62) = 7.19, p < .001.
Antisaccade latencies were faster on NI (295 (13) ms) than on
PI (299 (14) ms) trials, #(31) = 3.00, p = .005, d, = 0.53, and
faster on NI (295 (13) ms) than RI (302 (14) ms) trials, #31) =
3.27,p =.003, d, = 0.58. The difference between PI (295 (13)
ms) and RI (302 (14) ms) trials was not significant, but trended
in the direction consistent with an effect of response congru-
ency, #(31)=1.33,p=.194, d, = 0.24; JZS BF in favor of null
hypothesis = 3.15.

Effect of flanker compatibility on self-report We found an
effect of flanker condition on the percentage of accurate self-
reports on trials in which participants made an erroneous
prosaccade, F(2, 50) = 5.84, p = .005; however, unlike in
Experiment 2, participants were worse at detecting erroneous
eye movements on RI (34% (6)) than on NI (47% (6)) trials,
1(25)=2.77, p = .01, d, = 0.54, and worse at detecting erro-
neous eye movements on RI (34% (6)) than on PI (53% (8))
trials, #25) = 3.5, p <.002, d, = 0.68. The results are shown in
Fig. 8. There was no difference in the awareness of errors
between NI (47% (6)) and PI (53% (8)) trials, #25) = 0.82, p
= .418, d, = 0.16; JZS BF in favor of null hypothesis = 4.8.

Discussion

In Experiment 3, we replicated the effect of response interfer-
ence on eye movement programming that we found in
Experiment 2. Specifically, we found that participants made
more erroneous prosaccades on trials when the flanker stimu-
lus evoked response interference than on trials when it did not.
Most importantly, we found an effect of response interference
on participants’ ability to detect errors, but this time we found
that increased response interference perturbed participants’
ability to detect erroneous responses. These findings suggest
that the benefit of response interference found in Experiment 2
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was likely driven by the fact that participants were less likely
to make a corrective eye movement on RI than on NI and PI
trials. Consequently, in Experiment 2, participants were more
likely to report correctly on their initial eye movement simply
by maintaining fixation at the final landing position of their
first saccade. In Experiment 3, participants had to report ex-
plicitly on whether they thought they had made an error or not,
rather than on the direction of their initial eye movement, and
we found that this judgment was worse under conditions of
high response interference. This is inconsistent with the hy-
pothesis that general response interference aids conscious er-
ror detection.

General discussion

In these studies we examined how response interference af-
fects people’s awareness of their own errors in the antisaccade
task. Before detailing how the manipulation of response inter-
ference in our paradigm may have led to the observed differ-
ences in self-report, we first review behavioral cross-task in-
teractions between the antisaccade task and the two manual
tasks.

First, we note that we replicated the classic patterns of
performance on the mental rotation task and of response in-
terference on both the flanker and antisaccade tasks. On the
mental rotation task, we found that people were slower to
judge the handedness of a letter, and made more errors, when
the orientation of the letter was 180° rather than 0°, 90°, or
270°. On the flanker task, response interference was reflected
in significantly slower reaction times on response incompati-
ble relative to response compatible trials, and significantly
lower accuracy scores on response incompatible relative to
response compatible trials. On the antisaccade task, we found
that out of all eye movements, approximately 6% were erro-
neous prosaccades. Out of these erroneous eye movements,
approximately 50% were undetected by participants.

In addition to these task-specific effects of response interfer-
ence, we found that participants’ antisaccade latencies were slower
on high-difficulty than on low-difficulty trials in the mental rota-
tion task. On the flanker task we found that participants made a
higher percentage of erroneous prosaccades on trials in which the
flanker stimulus elicited response conflict. These results are con-
sistent with previous evidence showing that some endogenous eye
movements are dependent on an amodal response selection bot-
tleneck (Pashler, Carrier, & Hoffiman, 1993). Neural evidence also
suggests that both the antisaccade task and manual flanker task
engage shared neural regions that are correlated with cognitive
control and performance monitoring (Leung & Cai, 2007). For
instance, evidence from studies on the error-related negativity (Ne)
and error-related positivity (Pe), indicate that these ERP compo-
nents are consistently evoked by both tasks (for review, see van
Veen & Carter, 2002). Thus, the fact we replicated
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behavioral cross-task interference in two different experiments is
in line with prior neural data. Participants’ tendency to make more
erroneous prosaccades on flanker incompatible trials but not on
high-difficulty mental rotation trials suggests that increased re-
sponse competition, but not increased task difficulty alone, may
perturb the initial programming of voluntary eye movements. The
mental rotation task was undoubtedly difficult, as shown by the
fact that mean mental rotation RT was approximately 200 ms
longer than mean RT in the flanker task.

Although we found behavioral cross-task interactions,
we did not find that either task difficulty or response inter-
ference improved participants’ ability to consciously detect
erroneous responses. Results from Experiment 1 showed
that a correlate of response interference, that is, increased
task difficulty, does not improve conscious error detection.
In Experiment 2, we found that response interference ap-
peared to improve participants’ ability to consciously mon-
itor their eye movements, but post hoc analyses indicated
that this effect was driven by participants’ tendency to make
fewer corrective antisaccades on flanker incompatible tri-
als. In Experiment 3, in which participants had to evaluate
their enacted eye movements against an intended action
plan, we no longer found that response interference im-
proved error detection. In fact, in this experiment we found
that participants’ ability to monitor their eye movements
was worse on response interference trials. As noted in the
introduction to Experiment 1, the type of metacognitive
judgment required of participants in Experiment 3 may in-
duce an additional memory demand (e.g., maintenance of
the intended action plan, and comparison of the enacted and
intended action plan) that is not present if participants are
simply asked to report on the action (i.e., saccade direction)
that they produced. Increased response interference may
interfere with some aspect of this metacognitive process.

Together, these findings help elucidate the role of response
interference in error detection. According to one application of
the conflict-monitoring model of error detection, conscious
error perception depends on a single mechanism that takes
input from activity generated by instances of response inter-
ference and the occurrence of erroneous responses (Yeung
et al., 2004). Formally, response conflict is modeled as the
product of two coactivated, incompatible response units
(weighted by the strength of the inhibitory link between
them), where greater values reflect increased response con-
flict. Presumably, if two tasks produce such signals simulta-
neously, this should lead to greater activation of the conflict
monitoring mechanism, which may in turn increase error
awareness. Therefore, under this account, response interfer-
ence on the flanker task would be expected to amplify a signal
that is used to determine the need for up-regulation of control
on the antisaccade task. In turn, this increase in signal strength
would contribute to participants’ decision process when eval-
uating the outcome of their performance on the antisaccade

task. Our data do not support such a link between general
response interference and conscious error perception, howev-
er. One possible objection to our approach is that our dual-task
paradigm manipulated response interference in one task (the
flanker task) to see whether this would lead to an increase in
error detection in a second task (the antisaccade task). We
assumed that this would be the case if the conflict-
monitoring model of error detection is correct because the
flanker task and the antisaccade task both rely on an executive
control network that operates in the resolution of conflict at
the response selection stage of behavioral control (van Veen &
Carter, 2002). It is possible, however, that response signals
from different tasks are encapsulated from one another, such
that response interference from one task would not lead to
increased error awareness in a second task.

Our results are also inconsistent with an alternative frame-
work, according to which response interference may increase
error detection by signaling an increased likelihood of error
commission. According to this account, increased task difficul-
ty should also lead to an increase in the conscious perception of
errors. Support for this view comes from research showing that
mental effort is positively correlated with tonic arousal
(Howells, Stein, & Russel, 2010) and some authors suggest that
an increase in general physiological arousal might contribute to
the detection of errors through global neural changes that mod-
ulate attention networks (Wessel et al., 2011). However, when
we increased task demands by instructing participants to per-
form a difficult mental rotation task while executing a saccade
we found no changes in error detection.

In sum, our study is the first to apply a dual-task design
to systematically examine the relationship between error
awareness and levels of response conflict and general task
difficulty. When participants were required to simply mon-
itor their actions (i.e., to indicate the direction of their initial
eye movement, as in Experiment 2), we found that response
interference improved action monitoring indirectly, that is,
by reducing corrective behaviors. In contrast, when partic-
ipants were asked to make a metacognitive judgment re-
garding whether they had committed an error or not (as in
Experiment 3), self-report accuracy was worse on response
interference than on response compatible trials. Although
our results are inconsistent with the hypothesis that general
response conflict improves awareness of errors, they are
consistent with recent findings that increasing executive
processing demands may perturb visual consciousness
(De Loof, Poppe, Cleeremans, Gevers, & Opstal, 2015)
and metacognition (Maniscalco & Lau, 2015). Maniscalco
and Lau (2015) found that increased working-memory load
selectively decreased metacognitive performance on a per-
ceptual discrimination task, and they connected these find-
ings to evidence that regions in the prefrontal cortex are
integral to metacognitive processes (e.g., Henson,
Rugg, Shallice, & Dolan, 2000). Consistent with this
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evidence, we found that the flanker task, which engages
prefrontal regions, interferes with participants’ awareness
of errors, whereas the mental rotation task, which has been
shown to engage parietal regions (e.g., Harris et al., 2000),
did not interfere with participants’ self-monitoring.
Although neuroimaging evidence suggests metacognition
and cognitive control may engage distinct regions within
the prefrontal cortex (e.g., Ridderinkhof, van den
Wildenberg, Segalowitz, & Carter, 2004), our behavioral
results suggest that tasks that tax cognitive control may also
disturb the awareness of one’s own actions.
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