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Influential theories on error processing assume that when we make errors, adaptive processes are
triggered to improve our behaviour. These processes appear to be more effective after participants
have detected an error. Therefore, the assessment of error awareness, allowing a differential analysis
of detected and undetected errors, and behavioural adjustments have gained increasing attention in
the field of cognitive control over the past decades. A common methodological challenge in studies
investigating error detection is that the number of undetected errors is usually relatively low. Here,
we introduce a new experimental task that pursued the primary goal to generate a high error rate
including many detected and undetected errors which is stable over the time on task. Study 1 (n=21
adults) clearly showed the task was successful in producing those indented error rates. Exploratory
analyses of study 1 further suggested that post-error adjustments (measured as post-error slowing and
post-error accuracy) are unrelated to error awareness in the current study. Based on findings of study
1, study 2 (n=20 adults) used the experimental task to test whether error awareness could specifically
be manipulated within one experimental session by changing a single task feature. As expected, the
modulation affected error detection, but did not affect the total error rate. Potential applications of
the Speeded Inference Task (short SIT) are discussed. With this newly developed paradigm, we wish
to lay the foundation for future research to better understand (neural) processes associated with error
awareness.
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The assessment of error awareness in the context of cognitive control and behavioural adjustments is essential
and has gained more and more attention in the past decades. Research questions in this field are usually
investigated by a combination of brain activity (e.g., electroencephalography, EEG) and behavioural response
parameter (e.g., RT, error rates)! 3. Influential theories on error processing assume that when we make errors,
adaptive processes are triggered to improve our behaviour and prevent errors in the future*’. These processes
occur even when we are unaware of the incorrect action®’, but they appear to be more effective after aware
than unaware errors®. Commonly used measures of behavioural adaptations after errors are slowing of response
times (post-error slowing, PES) or increases in accuracy (post-error accuracy, PEA)°. While PEA represents
an immediate performance improvement, the functional significance of PES is still under debate. PES might
indicate an adaptive adjustment (e.g., a more cautious, hence slower, response in the trial following an error
to increase the chance of stopping or changing the action successfully;”!?. Alternatively, PES could merely
represent a (maladaptive) by-product of the occurred error (e.g., processing the infrequent error results in a
delay or disruption of the forthcoming processes resulting in slower responses in the trial following an error;! 12,

One methodological challenge posed on all studies investigating error processing is to employ an
experimental task that results in many errors for all participants (i.e., a high error rate). A gold standard for
excluding participants from error-related analysis (especially relevant for EEG studies) is a cut-off below six
error trials based on reliability analyses'>!%. Even though this might not sound much, post-hoc reductions in
sample size are often problematic in studies examining neural parameters of error processing but also for the
post-error behavioural parameter. In the past, several methods have been used that increase task difficulty and
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consequently the error rate (e.g., reduce stimulus contrast to induce perceptual conflict or increase the number
of distracting stimuli;'>!. However, caution is advised because too many errors due to high task difficulty
might lead to frustration and disengagement from the task and whenever participants disengage from a task,
they no longer process their errors thoroughly!”!8. Besides this issue, it is important to consider that, if studies
investigate error awareness, it is not only necessary to generate many errors in each participant, but ideally many
detected and undetected errors, because bases on the research question the error types will be preferably analysed
separately. A quite balanced number of the two error types would also be helpful for contrasting the conditions
using specific statistical models on EEG data (e.g. multivariate pattern analyses') or behavioural data (e.g.,
computational modelling?) to investigate the underlying mechanisms properly. In reality, however, the number
of undetected errors is usually very low>?!-23, Please note that we want to clarify that when we use the term error
awareness, we refer to the conceptual process of being conscious of the incorrect action. In contrast, when we use
the term error detection, we refer to the operationalisation of awareness in the sense that participants volitionally
reported their awareness. Past attempts to provoke more undetected errors, for instance, reduced the visibility
and processing time of the stimulus?*?>, leading to perceptual uncertainty and reduced error detection rates?.
Another approach was to increase task duration, resulting in fatigue and more undetected errors, especially
at the end of the experimental session?’. Yet, as stated above, errors due to fatigue differ from errors due to
other sources with respect to the underlying cognitive processes. Thus, to better understand the underlying
mechanisms as well as influences of error awareness on the performance, it is essential to implement tasks that
produce many errors, especially many undetected ones, without causing a lack of motivation, frustration, fatigue
or an (almost) unsolvable task.

While the above-described procedures indeed resulted in a larger number of undetected errors, it is
questionable whether the participants in the first place could have adequately detected the observed errors. Rather,
these experimental manipulations most likely prevented adequate evidence accumulation?, i.e., the collection of
sufficient (sensory) information about a stimulus that is necessary for deciding on the correct response. Thus, a
prerequisite for participants to become aware of their errors is accumulating enough evidence and generating a
mental representation of the correct response®>*. Thus, the applied methods may have triggered mere guessing.
If so, differences between the processing of detected and undetected errors would happen by chance rather than
result from differential underlying mechanisms. Support for the hypothesis that undetected errors are processed
differently than detected errors comes from studies assessing measures of the autonomic nervous system (e.g.,
pupil dilation). These studies claim that undetected errors result from reduced task engagement and reduced
autonomic reactivity compared to detected errors!>3!32,

In addition to the still unknown origin of the emergence of error awareness, behavioural consequences are
likewise unknown. While it might be intuitive to expect stronger adjustments after detected errors, findings
are inconsistent’. Results of previous studies might be difficult to compare due to, for example, differences in
task design, but also, the choice of measure for behavioural adjustments matters. For instance, Kirschner and
colleagues (2021) report an effect of error awareness on PES, but no effect on PEA. Likewise, Dali, Orr and
Hester (2022) found a weak association between PES and error awareness without any influence on PEA.

A final aspect that needs to be considered is the participants’ motivation not to commit errors. If errors are
irrelevant for participants, the motivation to adapt one’s behaviour is usually low®. Meaningful errors are coupled
with emotional appraisal, and the affective response triggered by errors is assumed to result in more robust
adaptive processes (e.g., larger PES*. One of many ways to increase motivation is by making experimental tasks
more appealing to participants®. A recent successful attempt showed that for instance a gamified stop-signal
task produced a similar behavioural pattern as a classical stop-signal task, but with elevated motivation levels®®.
As this study did not examine error awareness and further evidence is sparse, it remains unknown whether and
how motivation is related to error awareness. A first hint that high motivation is also relevant for error awareness
comes from Di Rosa and colleagues (2021), who compared the performance on a standard error awareness task
to a motivational version and unexpectedly found that in the motivational task, participants made significantly
more errors, which were (at least descriptively) more often undetected.

Objectives

Here, we introduce a new experimental paradigm for assessing error awareness that aims to overcome some of
the described methodological limitations. The benefits and characteristics of the paradigm will be described in
detail, making it easy to use and adjustable to individual needs. Several features were implemented to make the
testing situation appealing to participants, hoping to increase their intrinsic motivation. Those features aimed at
a challenging but achievable task and included amongst others a realistic set of stimuli (e.g., birds or ice cream
rather than abstract geometric forms), relatively simple instructions (e.g., participants only had to apply one of
two hierarchical rules), an individually adjusted task difficulty and a reward system.

The overarching objective of the present work was to establish the new paradigm and inspect the resulting
behavioural patterns, primarily focusing on the amount of detected and undetected errors. The first goal of study
1 was to proof that the speeded inference task (SIT) would be able to achieve a minimum of six trials per error type
per participant to reach the necessary criterion for reliably investigating error processing in EEG research!>!4,
The second goal was to obtain a stationary error rate across the experimental session, which was intended to be
achieved by an adaptive algorithm. Finally, in the first study, we explored highly relevant parameters in the field
of error processing by means of post-error adjustments (i.e., PES and PEA) and their associations with error
awareness. If researchers wish to use the SIT, it is important to know what patterns of post-error adaptation can
be expected. The literature so far reported inconsistent results on error awareness and behavioural adaptation
- some found adaptation after undetected errors while others did not’. With the potentially higher number of
undetected errors, we aimed to identify potential correlations between the error detection rate and PES and PEA
to improve our understanding of the functional/behavioural relevance of these post-error adjustments.
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Based on descriptive results from study 1 showing that the error detection rate, but not the general error
rate, was influenced by the presented rule, the major goal of study 2 was to test whether it was possible to
specifically manipulate the error detection rate within one experimental session by changing a single task feature
(the ratio of the two rules). If successful, this systematic manipulation would reveal further applications of our
new paradigm for the research on error awareness.

General methods

This study was performed in line with the principles of the Declaration of Helsinki. Approval was granted by the
Ethics Committee of the Deutsche Gesellschaft fiir Psychologie (DGPs; reference number EN 042018). Before
starting with the experiment, participants gave written informed consent. The paradigm and the experimental
parameters of the two studies were identical, with one exception (i.e., rule frequency, see below). Thus, the
following descriptions apply to both studies.

Participants

We recruited young, healthy, right-handed (Edinburgh Handedness Inventory, EHI;*” ) participants without any
history of neurological or psychiatric diseases via mailing lists amongst students and employees at the Research
Centre Juelich. Participants were paid 10 € per hour for compensation. Task instructions and questionnaires
were provided in German or English (i.e., participants had to be fluent in German or English). In addition, all
participants stated to have intact colour vision.

For study 1, 21 participants were recruited (twelve female, nine male; mean age and standard deviation was
26.8+3.8 years, ranging from 20 to 34 years). For study 2, we recruited a fresh sample of 20 participants (ten
female, ten male participants; mean and SD age 25.1 +5.4 years, ranging from 18 to 35 years). All participants
gave written informed consent. As the SIT is a novel task and the to-be achieved goals were descriptive in nature
for study 1, a calculation of a sample size estimation was not possible. The sample size of study 2 was kept
comparable to the sample size of study 1 to allow a fair comparison of the replication (i.e., part 1 of study 2).

Experimental paradigm

Task. The experimental paradigm is a speeded hierarchical decision-making task with two stimulus dimensions
and four response options - and is called the Speeded Inference Task (SIT)!. The goal for participants was to
identify on each trial the correct target out of a constant set of four targets (ball, bird, ice cream, chair) based on
specific rules (see below). The targets were mapped to four spatially congruent response buttons, which should
be pressed with the left and right middle and index fingers (Fig. 1A). Thus, the most left target was assigned
to the left middle finger, while the most right target was assigned to the right middle finger. The four targets
were defined by a colour-category match that remained constant throughout the experiment. A possible target
constellation is shown in Fig. 1 (blue ball, green ice cream, red chair, and yellow bird).

Stimulus material. The two presented stimuli were drawn from seven different exemplars of each target
category. Thus, the participants had to respond to the concept, e.g., “ball’, and not to the specific stimulus
exemplar. The four target exemplars were constant for all participants. They were deliberately chosen because they
were most representative of that category. The 28 exemplars used for the stimuli were shown to the participants
before the experiment to prepare participants for the stimulus diversity (see Supplementary Material 1). The
objects in the stimuli were variable in size (reduction up to 60% possible compared to the picture’s original size)
and orientation (tilted for +40 degrees). The stimuli changed in every trial in form, colour, size and inclination.

Rule Types. A stimulus appeared above the targets on each trial and showed two items representing a mixture
of the target features (see Fig. 1B, examples for the two rules). Participants were instructed to apply two rules
in a hierarchical order to identify the correct target based on a given stimulus. The first rule implies that if one
of the two items represents the same category AND the same colour as one of the targets, this target should be
chosen (see Fig. 1B top, example rule 1: green ice cream). If the first rule is not applicable, the participants should
apply the second rule. In that case, participants should search for the target whose category and colour are both
NOT represented in the two items of the stimuli, i.e., the target that differed in both colour and category when
compared to the two stimulus items (see Fig. 1B bottom, example rule 2: blue ball). In each trial, the participants
had to identify from the presented stimuli which of the two rules should be applied (i.e., there was no explicit
cue indicating the appropriate rule was given).

Performance evaluation. After a target was chosen, participants were asked to evaluate the correctness of
their decision. A rating screen appeared, asking “Was the chosen target correct?”. Participants could answer
by using the same four response fingers. They could choose to answer “yes” (left middle finger) or “no” (right
middle finger), and in addition, we allowed the expression of uncertainty in their evaluation and hence also
provided the potential answers “maybe yes” (left index finger) or “maybe not” (right index finger, see Fig. 1D).
The response was assumed to reflect the degree of error awareness resulting from continued internal evaluation
of the trial, unbiased by any form of direct performance feedback.

Timeout. One build-in feature was a sudden abortion of a running trial. In these cases, before the participant
responded, the stimulus was replaced by the word ‘“TIMEOUT (written in red ink; see Fig. 1C bottom). Timeouts
were signals for too-slow responses and in these cases, the software randomly chose one of the targets. This
randomly chosen target could be correct or incorrect. Unbeknownst to the participants, the temporal threshold
for timeouts was constantly adjusted based on the past accuracy of the participants (see “Further task features”).

! The experiment was scripted in PsychoPy [38,39], and the open-source code and a short video for illustrations can be
found on GitHub (https://github.com/EvaNiessen/Speeded-Inference-Task).
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Fig. 1. Display during the task and example trials. Only one of the displays included in B and C (inside grey
background) are shown in each trial, but otherwise, the course was identical for all trials. (a) Four targets are
shown constantly throughout the experiment (here: a blue ball, a green ice cream, a red chair, and a yellow
bird). Targets should be chosen by pressing the corresponding response button (RB; left middle finger for the
blue ball, left index finger for green ice cream, etc.). (b) On each trial, a stimulus appears above the targets
representing two mixtures of the target dimensions. Rule 1 or rule 2 had to be applied depending on the
stimuli. Top: Example of a trial applying rule 1, where the correct target would be the green ice cream because
green ice cream is part of the stimulus. Bottom: Example of a trial applying rule 2, where the correct target
would be the blue ball. One or more features of the other targets are present in the stimuli, but neither the
colour blue nor a ball is present in the two stimulus items. (c) Top: After a response is given by selecting one
of the targets, this target is highlighted (here: the blue ball, which is an error). Bottom: When no response is
given until the deadline, the word ‘Timeout’ replaces the stimulus, and the software chooses a random target.
The highlighting of the chosen target is identical to the top scenario and is followed by a black screen. (d) An
evaluation screen asks participants to rate the previous decision on a four-point scale using the same four RB
as in the main task.

Trial course. Figure 1 illustrates the sequence and time course of a trial. Each trial started with presenting
the four targets and a small square representing a fixation point in the centre above the targets. After a random
interval of 600-1000 ms, the stimuli appeared above the targets. The stimuli disappeared when a response was
given, and for 700 ms, the chosen target was highlighted (Fig. 1C top) by a turquoise frame surrounding the
chosen target, whereas the transparency of the three not-chosen targets was increased. This layout was identical
for self-chosen targets and the automatically chosen targets after a timeout (additionally marked by the word
‘TIMEOUT’; Fig. 1C bottom). A black screen appeared for another 1000 ms before the rating screen to evaluate
the response was presented. After participants had chosen an evaluation response or no response was given after
4000 ms, the inter-trial interval (see above 600-1000 ms) started, including the presentation of the targets and
the fixation square.

Procedure

In a quiet room with dimmed illumination, participants were seated in front of a black screen (LCD monitor,
60 Hz) at a distance of approximately 70 cm. Responses were measured with temporally precise response pads
(LumiTouch, Burnaby, Canada). The experimental paradigm started with two training sessions, followed by the
main task. The content of the self-paced instructions, by which participants were asked to respond as quickly
and accurately as possible, can be found in Supplementary Material 2. It was assumed to be beneficial to practise
the target-finger mappings in order to avoid errors due to difficulties in mapping targets and response fingers.
Therefore, we included two training sessions, which could be repeated until participants felt comfortable, and the
experimenter was satisfied with the performance (minimum was 8 trials per training session). More specifically,
participants were only allowed to continue when they showed automation using the four response buttons (i.e.,
learned the target-response mapping) and when they were not frequently interrupted by timeouts (i.e., they
responded as quickly as desired). The first training session was mainly intended to introduce participants to the
task layout and familiarise them with the stimuli and targets. There was no speed limit, and trial-wise feedback
should help to become acquainted with the task and the two rules. The second training session resembled the
main task (i.e., no feedback was given, and the timeout was used); only the timeout threshold was not adjusted.
On average, one experimental session (including instruction, experimental task, questionnaires and debriefing)
lasted between 50 and 60 min.
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Further task features

Adaptive algorithm. The adaptive algorithm was implemented to keep the difficulty level comparable across
participants and avoid ceiling or floor effects. The threshold for timeouts started at 2000 ms. The threshold was
adjusted after 16 trials (thus twice per block). When the average accuracy of the last 16 trials was below 60%,
the threshold was increased by 10%. When the average accuracy of the last 16 trials was higher than 90%, the
threshold was reduced by 10%. The timeout threshold remained unchanged when accuracy lay between 60 and
90%. Please note that it was not the intention to obtain a fine-tuned error rate (e.g., as could be gained by a
staircase procedure), but rather to have a comparable and high error rate per participant. Participants were not
informed about the temporal adjustments.

Scoring System. Another feature was a scoring system that provided participants with an indication of their
performance during the breaks between the blocks. Notably, we avoided trial-based feedback as behavioural
adaptation should not rely on external feedback. Participants could gain 10 points for each correct response on
the main task and a further 3 points for correct evaluations. A good performance on the main task was most
important, but the evaluations also required the participants’ attention. The points for the correct evaluations
were given independent of the certainty of the evaluation (e.g., the answers ‘yes’ and ‘maybe yes’ as well as ‘no’
and ‘maybe no were treated identically). Importantly, participants were instructed to also rate the automatically
chosen target in timeout trials. Thus, participants could earn 3 points in such a trial by correctly evaluating the
randomly chosen target. This allowed us to assess the participants’ awareness of these automated decisions.
During breaks, participants were presented with the maximum score that could have been reached up to that
moment and the score participants had reached. Further, participants were informed about a guaranteed reward
for the best participant in the current sample. Therefore, the final score of the best participant was shown in all
breaks to increase the motivation of the participants to beat this highscore. The intention was to prevent fatigue
and boredom at the end of the experimental session and obtain a good performance throughout the entire
session.

Controlling procedures. We balanced the target colour-category matching across participants, precluding
an unwanted colour-based bias (e.g., red could attract more attention); thus, each colour could be assigned to a
different finger. The categories were always allocated to the same spatial positions.

Further, the correct target-response assignment frequency was equally distributed within each block; thus,
within one block (32 trials), each of the four targets was the correct response eight times. Perfectly balancing
the timeout displays was impossible as the number of timeouts varied between participants. We defined a set
of eight targets (each target twice), and in case of a timeout, the displayed target was drawn randomly (without
replacement) from this set - thus controlling for a similar number of chosen targets independent of the
correctness of that target in the given trial. When more than eight timeouts occurred, the set was filled again
with eight targets, and the random drawing began anew.

Study 1

Methods - specifics of study 1

In Study 1, the task consisted of 14 experimental blocks with 32 trials (i.e., 448 trials in total). Between each
block, there was a break with a self-chosen duration (minimum break duration was 3 s). Both rules had to be
applied similarly often within each block, hence 50% of the time.

Data and statistical analysis. The general response rates are going to be presented on a descriptive level.
To investigate the changes in the different response rates across time, repeated-measures analyses of variance
(RM ANOVA) were employed with the within-subject factor block (block 1-14) and as dependent variables,
either correct rate, error rate, timeout rate, or error detection rate. The correct rate, error rate, and timeout rate
correspond to the proportion amongst all trials that were responded to either correctly, incorrectly, or where
a timeout had occurred. For the calculation of the error detection rate (number of detected errors/ all errors),
detected errors were defined as those errors which were rated as being incorrect (i.e., rating question ‘Was the
chosen target correct?’ answered with ‘No’ and ‘Maybe not’). Undetected errors, consequently, were those errors
rated as being correct (i.e., rating question ‘Was the chosen target correct?” answered with ‘Yes’ and ‘Maybe yes’).
For the influence of rule type, we conducted paired-sample t-tests for the error rate comparing rule 1 versus rule
2 trials [i.e., number of errors for rule 1 or 2 / 224 (224 is the sum of trials applying one rule type)]. The same was
done for the error detection rates (e.g., number of detected errors for rule 1 / number of all rule 1 errors). Then,
to assess a potential differential performance improvement due to the two rules, we conducted two 2x 14 RM
ANOVAs with the factors rule and block for the dependent variables error rate and error detection rate.

Response times (RT) were examined with a paired-sample t-test comparing RT of errors and correct
responses. RT changes throughout the experiment were tested with a 2x14 RM ANOVA with the factors
accuracy and block. Finally, RT differences for rule 1 and rule 2 trials were tested with a 2x2 RM ANOVA with
the factors rule and accuracy.

Behavioural adaptations were assessed regarding post-error slowing (PES) and post-error accuracy (PEA).
We followed a recent recommendation® to base the calculation of PES on the absence or presence of RT
fluctuations in the dataset. Using the Augmented Dickey-Fuller Test, we assessed in each participant whether
the RT data followed a trend over time. RTs did not change significantly across time-on-task in any participant
(the Augmented Dickey-Fuller Test was significant for all participants, all p < .05). Therefore, following the
recommendations by Pfister and Foerster, PES was calculated by the traditional method, i.e., mean post error RT,
while post-correct slowing (PCS) was defined as mean post correct RT**>3. Only those post-response trials were
included, in which no timeout occurred (otherwise, there would be no RT on that trial). Paired-sample t-tests
were conducted to compare PES with PCS. In addition, we investigated the influence of error detection on PES
by splitting errors into detected and undetected errors and compared the respective PES using a paired-sample
t-test. The same logic was applied to the analysis of PEA. First, the accuracy after errors (PEA) was statistically
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compared to the post-correct accuracy (PCA) using a paired-sample t-test, followed by a differentiation of PEA
into PEA after detected errors and PEA after undetected errors.

Results study 1

Unless stated otherwise, all results are expressed as the mean *standard deviation (SD). Statistical tests were
Bonferroni-corrected if applicable, and the Greenhouse-Geisser correction was used when sphericity was
violated. Missing values were excluded from the analysis. Reported effect sizes are Cohen’s d (d) for paired t-tests
and generalized eta-square (n’;) for repeated measures analyses.

The mean task duration was 37.4+2.8 min and varied individually because trial durations varied with
performance (e.g. timeouts, breaks). Here, we focus on correct and error responses. For more information about
timeouts (e.g., descriptive statistics, behavioural adjustments after timeouts), please see Supplementary Material
3a.

Response rates

Descriptive statistics. As shown in Table 1, the mean error rate was 18.3% (which, in absolute terms, means,
on average, 82 error trials per person, range 51-144 errors), and few trials were disrupted by a timeout (8.7%).
In only 4% of all ratings, one of the maybe options were used. Therefore, for the definition of detected and
undetected errors, we collapsed the ‘Yes’ and ‘Maybe yes’ ratings to represent undetected errors and the ‘Maybe
not’ and ‘No’ ratings for detected errors®. As a result, the mean error detection rate was 69.1% (meaning, on
average, 27 undetected errors per participant, range 7-95; and, on average, 55 detected errors, range 33-87).
Participants were able to reliably evaluate their correct responses, which was reflected in a very high correct
detection rate? of 98.2+2.9%.

Response rate variations across blocks. First, we tested the effectiveness of the applied adaptive algorithm,
which was based on the aggregated previous accuracy of the participants. The error rate did not differ across
blocks throughout the task (Fig. 2A, red line). This was confirmed by the RM ANOVA, yielding a non-significant
effect of the factor block [F(13,260) = 1.002, p = .449, n’, = 0.033]. Intriguingly, the detection of errors was also
unchanged across the experiment [Fig. 2A, yellow line; F(13,260) =1.152, p = .317, n°;, = 0.043]. On the other
hand, it was evident that participants’ performance got better with time, illustrated by a significant increase in
correct responses [Fig. 2A, green line; F(13,260)=8.906, p < .001, n’; = 0.274], which could be explained by a
reduction in the occurrence of timeouts throughout the course [Fig. 2A, black line; F(13,260)=17.370, p <.001,
7’ = 0.389].

GInﬂuence of rule type. We expected that errors made on trials demanding the rule 1 and rule 2 could
potentially differ in terms of behavioural response pattern. Therefore, we compared the number of errors that
occurred when rule 1 should have been applied with errors occurring in trials when rule 2 had to be applied.
Interestingly, the error rates did not differ significantly for the two rules [errors when rule 1 applied =43.8 £16.7%,
errors when rule 2 applied=56.2+16.7%; t(20) = -1.70, p = .106, d=-0.370]. We observed great individual
differences in the error rates split according to the two rules (see Supplementary Material 4), but these eventually
balanced out on the group level. In terms of error detection, the two rules differed substantially [t(20) = -7.220,
p <.001, d = -1.58]: While most errors on rule 2 were detected (87.1+16.0%), the rating was at chance level for
errors on rule 1 (48.7+16.8%). Importantly and in contrast to the error detection rate, there was no difference in
the correct detection rate between the two rules [99.1 +1.4% and 97.2 +5.9%, respectively for rule 1 and rule 2;
#(20) =1.488, p = .152]. This supports the specific role of awareness for errors, because the awareness of correct
responses was not influenced by rule type.

We further explored this by assessing changes in error rate and error detection rate for the two rules separately
across the experiment. For the error rate in general, the 2 x 14 RM ANOVA with the factors rule and block did

2 Correct detection rate was calculated as correct responses rate das correct divided by the overall number of correct
responses.

Correct (%) | Error (%) | Timeout (%) | Detection (%)

73.0+3.9 183456 |8.7+4.0
[71.2-74.8] | [15.8-20.9] | [6.9-10.5]

Exp.1 Part 1 67.7+4.1 187+7.6 |13.6+6.8
(50% rule 1) [65.7-69.9] | [16.7-23.2] | [9.6-14.9]

76.1£3.1 155+6.1 8.4+£5.1
[74.7-77.4] | [12.8-18.1] | [6.2-10.7]

Overall Exp. 1 69.1+15.2[62.1-76.0]

65.6+15.7[57.5-73.4]

Overall Exp. 2 68.4+15.5[60.9-75.9]

Exp. 2 Part 1 710570 | 16381 |127+7.0
(50% rule 1, baseline) | [67.7-743] | [12.5-20.1] | [9.4-15.9] | 63-8%22:2[53.5-74.2]
Exp. 2 Part 2 73839 | 17.6+62 |87+62
(25% rule 1) [71.9-75.6] | [147-205] | [5.8-115] | /63%19:1[674-85.2]
Exp. 2 Part 3 834+37 | 12557 |4.0+42
(75% rule 1) [81.7-85.1] |[9.9-152] | [2.1-6.0] 63.5+21.8[53.3-73.7]

Table 1. Descriptives of task performance for studies 1 and 2. Group mean + SD are shown. Square brackets
include the 95% confidence interval. Detection = error detection rate (i.e., amount of detected errors/ all
errors).
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Fig. 2. Mean + standard error of the four response rates for each block of study 1 (A) and study 2 (B). Green
line = correct rate; red line = error rate; black line =timeout rate; yellow line =error detection rate.
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Fig. 3. Detection rates of errors (mean + standard error) conducted at trials demanding rule 1 (solid line)
and rule 2 (dashed line) are shown for study 1 (A) and study 2 (B). In study 1, these did not change across the
course of the experiment. Mean detection of errors in rule 2 was better than for errors in rule 1.

not show a differential development of the two rules [non-significant interaction: F(13,260)=1.070, p = .297,
n’; = 0.014]. Regarding error detection, the RM ANOVA revealed only a significant main effect of rule due to
higher error detection rates for errors on rule 2 than rule 1 [F(1,488)=171.816, p < .001, r]ZG = 0.260]. There
was no significant main effect of block [F(13,488) =0.912, p = .541, )’ = 0.024], indicating no general change
in error detection. Finally, there was also no significant interaction [F(13,488)=1.061, p = .391, n°, = 0.027],
meaning that even though the detection of errors on the second rule was generally better, this did not result in a
differential change over the experiment (see Fig. 3A).

Response time

The RT of errors was significantly slower than RT of correct responses [correct=1398.5+123.9 ms;
error=1672.4+157.1 ms; t(20) = -15.763, p < .001, d = -3.44]. When inspecting the development of RTs across
the experiment, the RM ANOVA revealed a main effect of accuracy [F(1,20) =257.254, p < .001, r]zG =0.346] and
a significant main effect of block [F(13,260) =7.327, p < .001, n°; = 0.118]. This is in line with our interpretation
above, arguing that participants became better on the task by avoiding timeouts and decreasing overall RTs.
However, there was no significant interaction between block and accuracy [F(13,260)=2.110, p = .150, r]zG
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= 0.017], indicating that the RTs became faster similarly for errors and correct responses (see Fig. 4A). For
information about how RT was related to accuracy and rule type, please see Supplementary Material 3b.

Behavioural adjustments
A paired-sample t-test showed that PES was significantly larger (1476 + 137 ms) compared to post-correct slowing
[PCS; 1446126 ms; t(20)=2.151, p < .05, d = 0.469]. We then investigated whether PES differed between
detected and undetected errors. Differentiating errors into detected and undetected errors did, however, not
result in significant differences in PES [PES detected errors = 1465+ 144 ms, PES undetected errors= 1485+ 158
ms; t(20) =-0.826, p = .42, d=-0.180]. Figure 5 illustrates the sequence of RTs surrounding error trials, which
reveals that in the SIT, pre-error speeding is nearly absent, and the post-error slowing is similar for detected and
undetected errors. In contrast to the PES calculations, the error surrounding trials in the figure are only correct
responses (cf.%0.

Then, we inspected the post-error accuracy (PEA) and found similar effects as for PES. While we did observe
a significant difference in PEA (71.3+6.0%) compared to post-correct accuracy [PCA, 74.4+4.2%; t(20) =
-2.854, p < .01, d=-0.584], PEA again did not significantly differ between detected and undetected errors [PEA
of detected errors: 72.6 +7.0%; PEA of undetected errors: 68.8 +9.0%, t(20)=1.770, p = .09, d = 0.386]. Thus,
also in terms of PEA, the awareness of an error did not influence behavioural adjustments (despite a small
trend indicating that PEA might be larger after detected than undetected errors). For information about the
development of PES and PEA across time, please see Supplementary Material 3c.

Discussion study 1

First and foremost, we succeeded in creating an experimental task that produces a large number of undetected
errors (more than six errors per error type per person) in an efficient way (i.e., in a short amount of time). The
overall error rate was stable across the experiment, which was anticipated given that the adaptive algorithm was
adjusted based on the past error rate. Participants generally improved their performance, but this improvement
was grounded in RT decreases and avoidance of timeouts — and thus not at the expense of a reduced error
rate. This suggests that using the past error rate for adjusting the adaptive algorithm is a promising approach.
Moreover, the task also resulted in a stable error detection rate. Importantly, this feature of the current task could
be valuable, because an equal distribution of detected and undetected errors throughout the experiment might
reduce potential systematic biases (e.g., habituation effects at the beginning of the task or fatigue effects at the
end of the task).

Further, the task comprised two hierarchical rules, which had to be applied in 50% of the trials. This reduced
surprise effects through infrequent events used in many standard tasks such as Go/Nogo or Flanker tasks. It can
be argued that as these two rules had to be memorized, the mnemonic load could negatively impact performance.
However, this was the only information that had to be memorized, as stimuli and targets were constantly shown
on the screen. In addition, with the extensive training before the start of experiments, it can be assumed that the
mnemonic requirements of the task were rather low. While errors occurred similarly often, the errors due to rules
1 and 2 differed in terms of RT pattern and error awareness. While most errors due to rule 2 were detected, errors
due to rule 1 were only detected in approximately 50%, i.e., at chance level. We hypothesised that this difference
in error detection might have had differential impacts (e.g., better error awareness leads to a reduction in error
occurrence). However, this hypothesis was not supported as the error rate and the error detection rate for both
rules did not show a differential course throughout the experiment (see Fig. 3A). The reasons underlying the
increased number of undetected errors due to rule 1 are going to be further explored in study 2.

A) Study 1 B) Study 2
1800 1800 Baseline/ Part 2 Part 3
Part 1
1600 1600 I I\
W I

g g [\I/JX#}\}\ _ Response
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Fig. 4. Response times (mean + standard error) for errors (red line) and correct responses (green line) across
all blocks are shown for study 1 (A) and study 2 (B). Generally, RTs are slower for errors than correct responses
and are modulated by the rule frequency manipulation in part 2 of study 2.
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Fig. 5. Post-error slowing is represented for detected and undetected errors. Mean + standard error of response
times of three pre- and post-error trials are plotted. Those trials were all correct trials (cf. Dutilh et al., 2012)
and due to this constraint, only 14,1% of all error trials could be used for plotting. The figure reveals that (i)
RTs of errors are significantly slower than RTs of correct responses, (ii) pre-RTs are relatively stable and a pre-
error speeding is nearly absent, and (iii) post-error RTs (E + 1) are slower than pre-error RTs (E-1) and this

is similar for both error types. Due to the non-representative subset of error trials that could be used for this
figure, no further analyses were performed on the depicted pre-error trials even though there appears to be a
descriptive difference in RTs before detected and undetected errors.

Finally, behavioural adjustments in terms of PES and PEA and its relationship with error awareness were
explored. As expected, we found a slowing of RTs after errors (i.e., larger PES than PCS), potentially representing
adaptive, cautious responding after errors*. This pattern, however, was not mirrored in the accuracy measures.
We did not observe a better accuracy after errors, which would have been expected due to adaptive, slower
responses. Reasons for this observation will be discussed in the general discussion. Interestingly, we could not
find an influence of error awareness on any of these behavioural adjustments. With the high statistical power
concerning the comparison of detected and undetected errors, we cannot support the claim that error awareness
leads to stronger behavioural adjustments®. If at all, results showed a small, non-significant effect of larger PEA
in the case of detected errors, which is in line with previous accounts”® but likewise in contrast to others*'*!, The
potential association between behavioural adjustments and error awareness is an important topic in cognitive
control research that should be addressed in future studies.

Study 2

Objective. The SIT uses two hierarchical rules, of which one has to be applied on each trial. The first rule implies
that a match between stimuli and targets has to be searched (i.e., same category and colour). If no match is
present in a given trial, the second rule should be used and implies that the searched target is not represented at
all in the stimuli. Study 1 revealed that errors occurring on trials which demanded the application of either of
the two rules differed substantially from each other. Importantly, when errors were separated based on the two
rules, different levels of error detection were observed (higher detection rates for errors on rule 2 compared to
rule 1 errors). The second study was set to explore whether this feature of the SIT could be used to specifically
manipulate error detection performance.

Methods - Specifics of Study 2 While in Study 1, the rules occurred equally often, the frequency of the rules
was systematically varied in Study 2. Fifteen experimental blocks with 32 trials were presented (i.e., 480). In
the first five blocks, both rules were again equally distributed (50% each rule, “baseline”). For the following five
blocks, 75% of the trials demanded applying rule 2 and 25% of the trials the application of rule 1. Finally, this
distribution was reversed for the final five blocks (75% rule 1, 25% rule 2). A constant order for every participant
was used as piloting work revealed lower error rates when most trials demanded rule 1 (i.e., here, part 3). Hence,
the low error rate in these blocks would have resulted in a very low temporal threshold for the timeout. Thus,
participants would have been forced to react quickly in these blocks with 75% application of rule 1. If these
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blocks (with 75% application of rule 1) had preceded the (more challenging) blocks, in which most of the trials
demanded rule 2 (i.e., here, part 2), many timeouts would have occurred due to the low temporal threshold
based on the previous part. However, we achieved a reasonable temporal threshold in all three parts by keeping
the order fixed. In addition, we expanded the output file of the SIT for Study 2 so that more detailed analyses
of single trials could be conducted (i.e., outputs included colour and category information about the presented
stimuli on each trial).

Data and statistical analysis. As a first step, we compared the response rates of the second study with
response rates from the first study to test whether the observed behavioural pattern was replicable (especially for
the frequency of detected and undetected errors). For that, we averaged the correct rate, error rate, timeout rate,
and error detection rate, as well as RTs for correct and errors for the first five blocks of each experiment. In these
blocks, the rule frequency was 50:50 in both studies, and thus the comparison was based on the same number of
trials collected under similar circumstances (e.g., time on task, habituation, fatigue). The four response rates and
RT measures were statistically compared with Welch two-sample independent t-tests.

The next step was to examine whether manipulating the rule frequency led to changes in performance
compared to the 50:50 rule distribution. Therefore, we used the first five blocks of the second study as a baseline
condition (containing the original 50% rule frequency) and contrasted the response rates of the baseline to the
two manipulation conditions. The response rates were averaged for the three parts [i.e., block 1-5 (=baseline,
part 1), block 6-10 (part 2) and block 11-15 (part 3)] to evaluate the influence of rule frequency. Paired-sample
t-tests were carried out between the baseline and part 2 and the baseline and part 3 for either correct rate, error
rate, timeout rate or detection rate.

Results study 2

For brevity, we only report the results of response rates and RTs here, but please see Supplementary Material 5
for additional results (e.g., behavioural adjustments), which demonstrate further replications of the behavioural
patterns observed in study 1. Please note that we refer to Table 1 for all descriptive values corresponding to the
below analyses. For visual comparison, the course of response rates and RTs across all blocks can be found in
Figs. 2B, 3B and 4B, respectively.

Descriptive results (averaged across the three parts). Averaged across all blocks of study 2, the mean
error rate was 15.48+6.06% with an error detection rate of 68.37+15.48% (for correct and timeout rates,
see Table 1). Thus, on average, 23 undetected errors (range 6-59) per participant were available for statistical
analysis. Independent of the manipulation of rule frequency, errors again occurred similarly often for both
rules [46.0£13.1% errors due to rule 1; 54.0+ 13.1% errors due to rule 2; t(19) = -1.371, p = .186, d=—-0.307].
Importantly, we also observed a comparable behavioural pattern as in study 1 considering the error detection
rate for both rules: While the majority of errors due to the second rule were detected (87.4 +16.2%), the detection
of errors due to rule 1 was at chance level (48.0+21.2%) [t(19) = -8.042, p <.001, d = -1.80]. Lastly, considering
RTs, results from study 2 were similar to results from study 1 in the sense that correct responses (1394.5+50.1
ms) had faster RT compared to errors [1726.9+61.1 ms; t(19)=13.323, p < .001, d=2.98]. To summarize, the
overall/ averaged behavioural pattern regarding response rates and RTs was comparable between the two studies.
However, the comparison of performance between the three parts was most relevant for study 2.

Study 2 - Part 1 (Replication). Overall, the behaviour pattern obtained in study 2 was very similar to the
results obtained in study 1, and no significant group differences could be found for the four response types
[correct rate t(30.5) = -1.834, p > .071, d=—0.186; error rate t(38.6) = 0.954, p > .345, d = 0.147; timeout rate
t(38.8) =0.450, p > .655, d = 0.092; error detection rate t(34.1) = 0.288, p >.792, d = 0.038]. Thus, the performance
and error detection at the beginning of the two studies were similar.

Study 2 - Part 2 (Rule 1 applied in 25% of trials). The paired-sample t-tests contrasting part 2 with the
baseline revealed no significant differences in correct and the error rate [t(19) = -1.410, p > .174,d=-0.315 and
t(19) = -1.236, p > .231, d=-0.276, respectively]. The rate for timeouts was significantly lower in part 2 than
at baseline [t(19)=3.214, p < .005, d = 0.719]. This reduction in the timeout rate might be due to habituation
to the task requirements. More importantly, though, and in line with our expectations, we found a significant
difference in the error detection rate between part 2 and the baseline [t(19) = -3.330, p < .004, d=—0.745]. Thus,
while the correct and error rate were unchanged by the changes in rule frequency, decreasing the number of
trials demanding rule 1 led to a specific increase in error detection (see Fig. 6).

Study 2 - Part 3 (Rule 1 applied in 75% of trials). In contrast, when adjusting rule frequency in a way that
rule 1 should be applied in most trials, we observed the opposite pattern of effects. Compared to the baseline,
the correct rate significantly increased [t(19) = -7.562, p < .001, d = -1.69], the error rate significantly decreased
[t(19)=2.840, p < .010, d = 0.635], and the timeout rate was also significantly lower [t(19)=6.507, p < .001,
d=1.45]. Crucially, the error detection rate was not affected and thus not significantly different compared to the
baseline [t(19) = 0.062, p > .951, d = 0.014] (see Fig. 6).

Error sources
Due to the more differentiated information stored in the updated version of the SIT used in study 2, a more
detailed analysis of error sources was possible. During the practice sessions before the experiment, participants
were trained to apply the two rules hierarchically (i.e., rule 2 can only apply if rule 1 is not applicable). However,
there was no explicit cue about which rule should be used within a trial. In the second study, the distribution of
errors for the two rules was again similar, replicating results from study 1 despite differences in rule frequency
(note that over the whole experiment, independent of the different distributions in parts 2 and 3, both rules
again occurred 50% of trials).

At a closer look at potential stimuli for rule 1, it was noticeable that there is always one target whose features
are not represented at all in the stimuli - which is the decision criteria for correct targets on trials demanding
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timeout rate are represented as the percentage of all trials, whereas the error detection rate is the percentage of
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rule 2 (see, for example, the blue ball in Fig. 1B top). This, of course, only holds if the fact that the rules are
hierarchical is ignored. Thus, we wanted to assess how often participants made errors by applying the wrong
rule, i.e., rule 2 although rule 1 should have been applied. It turned out that 76.0 +10.9% of errors at rule 1 were
due to the inappropriate but eventually “correct” application of rule 2. This also explains many undetected errors
when rule 2 should have been applied since only a small fraction of these errors was detected by the participants
(36.1 £23.6%).

Discussion study 2

The first part of study 2 (baseline) had an identical task design as study 1 and the resulting behavioural pattern for
this part of study 2 (RTs of correct and error responses, response rates, behavioural adjustments) was similar to
that of study 1. This supports the efficacy of the SIT in producing many (undetected) errors in two independent
samples.

The main aim of study 2, however, was to test whether a manipulation of the error detection rate was possible
by implementing different frequencies of the rule type. In study 1, we observed that errors got less often detected
in trials where rule 1 should have been applied. Thus, we expected that by systematically increasing or decreasing
the number of trials applying rule 1, we might also specifically modulate the error detection rate while keeping
the error rate unchanged (because there was no difference in error rate between the two rules in study 1).
Results of study 2 supported our hypotheses: We could show that error detection was significantly modulated,
while at the same time, the error rate remained unchanged, underlining the specificity of the manipulation.
To demonstrate the effects of the manipulation, we compared behavioural changes induced by changing rule
frequency in comparison to a baseline (i.e., study 2 - part 1, which was identical to the design of study 1, namely
a 50:50 rule distribution). The above-described successful modulations occurred in part 2, where we increased
the frequency of rule 2.

In contrast, increasing the frequency of rule 1 (i.e., part 3 compared to the baseline) resulted in increased
correct responses and decreased errors but did not affect the error detection rate. The SIT was initially developed
to provoke many undetected errors, but as shown in study 2, the SIT can easily be adjusted to produce variations
of specific outcome variables and, for instance, provoke fewer undetected errors (if this outcome pattern is
desired). Another possibility to explain these results are related to task habituation or learning effects, which were
possible because of the implementation of a fixed sequence of the parts. Speaking against this argumentation,
however, is the fact there is no gradual decrease in the error rate and the increase in error detection vanished
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again in part 3. Independent of that, we observed that avoiding timeouts seemed to reflect general learning
processes throughout the task.

Finally, study 2 led to further differentiation of error types. While in study 1, it was apparent that errors due
to rules 1 and 2 were fundamentally different, we further identified sources leading to (mostly undetected) errors
within the category of rule 1 errors: Rule 1 errors could be differentiated based on whether rule 2 was “correctly”
applied or not, i.e., whether the error was due to a misclassification about which rule should have been applied.
Depending on whether or not rule 2 was applied to errors due to rule 1, the error types differed in terms of
awareness and RTs (see Supplementary Material 5 for RT results). Knowing about the different error types and
possibilities of provoking or countervailing them is a valuable benefit of the presented task.

General discussion

We here presented a new paradigm for assessing error awareness. The Speeded Inference Task (SIT) overcomes
several weaknesses of past attempts with the main goal to provoke many undetected errors. In study 1, we
succeeded in generating a high, stable error rate with many undetected errors (more than six errors per errors
type per participant). The stability of the error rate suggests that errors did not primarily occur due to fatigue, but
rather due to cognitive conflict as intended by us. Another finding supporting this claim relates to the observed
longer RTs for errors than correct responses. While studies on cognitive control processes commonly report faster
RTs for errors and slower RTs for correct responses, recent studies implementing more cognitively challenging
tasks reported the opposite pattern. This discrepancy likely reflects differences in the underlying causes of errors.
In relatively simple tasks, such as two-choice flanker tasks, errors often result from fast, premature response
reflecting a failure of motor inhibition®”. In contrast, in more challenging tasks, errors could occur due to lapses
in memory, weakness in attention or deficits in evidence accumulation, which all might delay responses (i.e., RTs
close to the response deadline;*?~). Hence, when error RTs are prolonged as in our studies, this pattern speaks
in favour of cognitive processing deficits, rather than premature responding, underlying the observed errors.

In study 1, we further assessed behavioural adjustments in terms of PES and PEA as well as its relationship
with error awareness. First, we found a slowing of RTs after errors (i.e., larger PES than PCS), but unexpectedly no
better accuracy after errors. While this might seem counterintuitive at first sight, this finding can be explained by
the increased frequency of timeouts following errors. Due to the (relatively) short response deadline, a stronger
slowing of responses after errors leads to more occurrences of timeouts — which likewise leads to reduced post-
error accuracy. Thus, the initial behavioural adjustments in RT, therefore, might be adaptive, but due to the
specific features of the task (e.g., the changing, unpredictable temporal threshold of timeouts) eventually result in
worse performance in terms of post-error accuracy. On the other hand, we observed clear adaptive adjustments
in terms of speeding RTs after timeouts (details in Supplementary Material 3)!2. The source for a timeout is
obviously a too-slow response; hence to counteract these concrete error sources, the performance monitoring
system speeds up following responses.

Furthermore, there was no apparent relationship between error awareness and PES or PEA, except a non-
significant trend indicating that PEA might be larger after detected than undetected errors. If this were true, the
current findings would support the idea that error awareness and error processing are two independent processes
ina more general sense (e.g., automatic adjustments to errors)>*’. However, the results of behavioural adjustments
have to be treated with caution. Even though error awareness is commonly assessed by asking participants to
evaluate their performance on every trial®*'*3, this draws their attention towards error commission and might
disrupt post-error processes'?*. Thus, behavioural adjustments measured in the SIT are not comparable to
adjustments in everyday life situations and in tasks without awareness rating. However, the SIT was created
with a focus on error awareness (rather than post-error processing), and the difficult endeavour of establishing
a better way to reliably measure the relationship between error awareness and behavioural adjustments (cf.%!.
could be tackled in future studies.

A final interesting observation from study 1 was related to the occurrence of timeouts. The timeouts were
initially included in the SIT to induce time pressure and to implement the adaptive algorithm for adjusting the
task difficulty level. Timeouts occurred on average in 8% of all trials and are, by definition, too-slow responses
and, therefore, incorrect events. While the usage of timeouts also has disadvantages (e.g., loss of post-error
response limes in case of limeouts in rials after errors), it is a crucial feature of the current task?? to guarantee
a high and stable error rate. Also, it allowed a thorough analysis of behavioural adjustments in response to
timeouts: There was a descriptive difference in the magnitude of the RT adjustments, as they were twice as
large for timeouts (post-timeout speeding) compared to the RT changes after errors (post-error slowing). The
difference between the two conditions was that errors had to be detected by the participants, while timeouts
resulted in full awareness of unsuccessful trials, since the correct answer was explicitly shown. Thus, despite the
above-described missing relationship between error awareness and PES/ PEA, the current results on timeouts
might suggest that there could be a relationship (full awareness leading to large adjustment) that yet has to be
fully explored.

Study 2 generated a comparable behavioural pattern to study 1 by using the same design in a different sample
(related to part 1 of study 2), thus replicating the positive outcome of study 1. In addition, study 2 proved
that specific features of the task are relevant for error awareness and that changing these features (here rule
frequency) allows to modulate awareness in a within-subject manner. Interestingly, we observed that error
detection changed independently of the accuracy in part 2, while in part 3 the reverse pattern was observed,
i.e., accuracy changed, and the error detection rate remained unchanged. As discussed above, these results again
hint towards (at least in part) separate mechanisms supporting error processing and error awareness: While
error processing (including behavioural adjustments) might be associated with processes on a more global level,
eventually resulting in the accuracy of a person, the (error) awareness might be related to meta-cognition and/
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or processes on a higher cognitive level>*. Therefore, it seems that manipulation of one measure (error rate/
accuracy, error awareness) is possible without affecting the other.

Limitations and future directions

As we introduced a new paradigm, we observed benefits and disadvantages of this new approach. Therefore,
we discuss the limitations of the SIT here, so that these can be addressed. For instance, we created a paradigm
that should be challenging and, at the same time, not relying on too many mnemonic aspects. Therefore, it was
necessary to increase the complexity at several stages (e.g., four possible response buttons, implementation of
category-colour matches, and hierarchical rules). To counteract the complexity, we used comprehensive practice
sessions before the start of the main task to ensure an internalised category-colour matching.

After the experiments, participants anecdotally reported that they felt very motivated throughout the task
to perform well, especially towards the end of the task, which can be attributed to the invented scoring system.
While this was one of the goals for our new paradigm, the motivation of participants should be systematically
assessed in future studies. Besides, the rewarding scheme was intended to reward correct responses, but future
studies could explore whether an exponential rewarding scheme, i.e., rewarding faster correct RTs more than
slower correct RTs, is even more effective in motivating participants and/or may result in lower/ diminishing
timeout rates.

Furthermore, we suggest using only two options for the response evaluation for future studies, because
the two ‘maybe’ options were rarely chosen. Depending on the population of interest, it might be beneficial to
include options to express uncertainty of the evaluation?**8, but for a healthy, young sample, a binary response
evaluation might be sufficient. That the participants were quite confident in their response evaluation indicated
that they properly understood (and performed) the task and that they were generally able to detect their errors.
The constant and high number of detected and undetected errors might allow the application of computational
modelling in future research. In this case, two-choice rating for the response evaluation would be necessary
and researcher could apply drift diffusion models (DDM) such as the Bayesian hierarchical DDM, to better
understand the processes underlying error awareness

Lastly, considering the analysis, there are three points we want to stress. First, as mentioned before, the
effect sizes and hence sample size could not be estimated a priori for this newly developed task. We included
a relatively small sample, because the majority of goals were only descriptive in nature, and this sample size
provided 80% power to detect effects of d > 0.635. Yet it is possible that the two studies were underpowered.
Future studies should replicate our findings (especially those of the rule frequency manipulation in study 2) to
back up the here reported effect sizes. Second, as we saw in studies 1 and 2, errors for the two rules differ in their
error detection rate. Therefore, the differences between the two rules might be confounded by the underlying
differences in error awareness. Third, the utility of the timeouts needs to be reassessed. While they are helpful
for the implementation of the adaptive response deadline, timeout trials also introduce a new and separate
response type. Participants did not respond in time, but it remains unknown at which stage in the participants’
decision-making process the timeout occurred. Therefore, the processes leading to and the effects of timeouts
need further investigation.

As mentioned above, the paradigm was designed flexibly, allowing easy modifications depending on the
research question. In study 2, we proved that rule frequency changes could modulate error detection. The task
combines several features planned to make the layout appealing to participants (in contrast to abstract symbols
often used in conflict task, like the Flanker tasks). Whether or not participants in these 2 presented studies were
more motivated than when conducting standard conflict tasks warrants further exploration.

Within the current studies, we aimed to achieve an error rate of approximately 20%, but the adaptive
algorithm can easily be changed for future studies with higher or lower aspired error rates. Note that the chosen
adaptive algorithm (i.e., + 10% of the current response threshold) was based on piloting work intended to
produce stable error rates (which it successfully achieved). Depending on the research question and the specific
goal of the algorithm, other implementations (e.g., based on cumulative RT distribution) are conceivable and
should be further explored. Whether it is feasible to use the SIT without an adaptive algorithm at all remains
another open question and depends on the specific research question. Having an experimental task that adjusts
its difficulty level to the participants’ performance will most likely result in the adoption of different cognitively
controlled strategies in contrast to tasks without the dynamic adjustments. Therefore, the results obtained from
the SIT cannot readily be compared to results from former studies on error awareness that did not implement an
adaptive algorithm. Finally, because the stimuli were shown on the screen until a response was made, we could
ensure that errors did not occur due to perceptual difficulties but were more likely to be related to higher-order
cognitive processes (e.g., as described above for the identified rule application errors).

To conclude, we introduced a new behavioural paradigm suitable for assessing error awareness. It provoked
many undetected errors and a stable error rate across time in young adults, which has been a challenging
endeavour?!~%. We identified different types of errors, which could be further explored with electrophysiological
measures to understand better the neural processes underlying error processing and error awareness. Considering
behavioural adjustments after errors, our results showed that neither PES nor PEA were (strongly) influenced
by error awareness, supporting the idea that control processes after errors and error awareness might rely on (at
least in part) separate mechanisms.

Data availability

The datasets generated and/or analysed during the current study are not publicly available because we did not
explicitly ask participants for consent of publication for their anonymised individual data, but they are available
from the corresponding author on reasonable request. The open source code for the application of the Speeded
Inference Task (SIT) can be found on github (https://github.com/EvaNiessen/Speeded-Inference-Task).
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