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Introduction

Research on human performance monitoring has shown that errors in choice tasks are
detected fast and reliably. For instance, if participants have to classify stimuli under high time
pressure, occasional errors are almost always recognized and can be corrected within a few
hundreds of milliseconds (Rabbitt, 1968, 2002). Frequently, participants in these experiments
report that they sometimes became aware of their errors even slightly before the erroneous
response was executed. Similar observations can be made in everyday behavior. For example,
when writing an email in a hurry, we sometimes have the feeling that an error is about to
occur even before an actual typo is made. These anecdotal reports of early error sensations,
that is, subjective feelings of early error detection, stand in stark contrast to findings from
research on the neural basis of error detection. Here, the predominant view is that correlates of
conscious error detection emerge not until several hundreds of milliseconds after the
erroneous response (Nieuwenhuis, Ridderinkhof, Blom, Band, & Kok, 2001; Steinhauser &
Yeung, 2010). The present study aimed to test whether anecdotal evidence of early error
sensations can be corroborated in a controlled study in which participants were asked to
indicate whenever this early error detection has occurred. Robust evidence for early error
sensations would pose strong constraints on theoretical accounts of the emergence of
CONSCIOUS error awareness.

The time course of error detection has frequently been investigated using event-related
potentials (Gehring, Goss, Coles, Meyer, & Donchin, 2018; Ullsperger, Fischer, Nigbur, &
Endrass, 2014). Corresponding studies revealed that errors in choice tasks elicit a cascade of
error-related brain activity that starts almost immediately after the erroneous response. Within
50 to 100 ms after the error, a so-called error-related negativity (Ne or ERN; Falkenstein,
Hohnsbein, Hoormann, & Blanke, 1991; Gehring, Goss, Coles, Meyer, & Donchin, 1993) is

observed, which is supposed to reflect the rapid detection of a mismatch, conflict, or
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prediction error indicating a discrepancy between the correct and the executed response
(Falkenstein, Hoormann, Christ, & Hohnsbein, 2000; Holroyd & Coles, 2002; Yeung,
Botvinick, & Cohen, 2004). This Ne/ERN is followed by an error positivity (Pe; Falkenstein
et al., 1991; Overbeek, Nieuwenhuis, & Ridderinkhof, 2005) which emerges about 300 ms
after the error.

Several studies investigated how the Ne/ERN and Pe are involved in the emergence of
conscious error detection by asking participants to press a key whenever an error has occurred
or to rate the subjective confidence that they have made an error on each trial. Most
frequently, it has been found that the late Pe but not the early Ne/ERN is predictive of
conscious error awareness or confidence (Boldt & Yeung, 2015; Nieuwenhuis et al., 2001;
Overbeek et al., 2005; Steinhauser & Yeung, 2010). Although the Ne/ERN was larger for
detected errors than for undetected errors in some studies (for a review, see Wessel, 2012), it
has been argued that this reflects differences in intrinsic features of task performance, such as
response conflict, between detected and undetected errors (Steinhauser & Yeung, 2010). This
receives support from the finding that the Ne/ERN can be larger for errors associated with a
lower degree of conscious awareness (Di Gregorio, Steinhauser, & Maier, 2016), and that the
Pe and error awareness can still occur under conditions where the Ne/ERN is impaired or
even absent (Di Gregorio, Maier, & Steinhauser, 2018; Maier, Di Gregorio, Muricchio, & di
Pellegrino, 2015). These results strongly suggest that the later Pe rather than the earlier
Ne/ERN is the neurophysiological correlate of conscious error detection, and that conscious
error detection emerges not until several hundreds of milliseconds after an error. This
conclusion receives further support from the observation that the ability to indicate own errors
is already impaired when the interval between a response and a subsequent stimulus is shorter

than 800 ms (Rabbitt, 2002).
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Based on these considerations, it becomes clear that there is a discrepancy between
current findings on the time course of error awareness and the anecdotal reports of early error
sensations in experiments. Although conscious error detection emerges several hundred
milliseconds after the error, participants in experimental studies frequently report that they
already knew that a response would be an error before they actually executed it. This apparent
contradiction can be explained in at least two ways: First, it is possible that the Pe is not the
neural correlate of error awareness as frequently assumed, but that error awareness emerges
much earlier. Second, early error sensations could be a metacognitive illusion that serves to
temporally synchronize metacognitive content (error awareness) with objective events (the
erroneous response). Indeed, similar mechanisms have been proposed in the field of visual
awareness. The conscious perception of a visual stimulus has been suggested to emerge at
around 300 ms after presentation of this stimulus (Dehaene & Naccache, 2001; Sergent,
Baillet, & Dehaene, 2005). The fact that we subjectively attribute the emergence of visual
awareness to the onset of the stimulus has been explained by a backward referral process that
aims to create a coherent perception of the objective world in our stream of consciousness
(Libet, Gleason, Wright, & Pearl, 1983; Libet, Wright, Feinstein, & Pearl, 1979). The present
study did not aim to distinguish between these alternatives. Rather, our goal was to set the
stage for further research by providing first experimental evidence for the existence of early

error sensations.

The present study

In this study, we investigated whether early error sensations exist and whether
participants are able to reliably report it. To this end, we conducted four experiments using
two different experimental approaches. In each experiment, participants had to perform a
primary task in which errors could occur. Then, a metacognitive secondary task was applied,

in which a) participants had to indicate whether an error in the primary task has occurred and
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whether it was detected before or after execution of the erroneous response (Experiments 1a
and 1b), or b) participants had to rate the subjective confidence that such an early error
sensation has occurred (Experiment 2a and 2b). The secondary task essentially required
participants to solve a signal detection task. That is, they had to detect a signal (the early error
sensation) among noise. The standard framework for analyzing tasks like this is signal
detection theory (Green & Swets, 1966) or its applications to metacognitive judgments
(Maniscalco & Lau, 2012). Within all these frameworks, the ability to detect a signal is
quantified based on the rates of correctly and falsely detected signals (i.e., hits and false
alarms). However, the particular challenge in the present case is that we cannot discriminate
between hits and false alarms, as we do not know for which errors early error sensations are
present or whether early error sensations exist at all. It is possible that participants simply
report early error sensations because they are instructed to do so, thus forming expectations
about its existence or its frequency. In other words, the data could reflect an instruction bias
or an expectation bias rather than real signal detection.

To deal with this problem, we adopted several experimental strategies: First, we
measured early error sensations using different tasks and methods. In Experiments 1a and 1b,
the primary task was a flanker task (Eriksen & Eriksen, 1974) and the secondary task required
participants to simply indicate whether an early error sensation had occurred or not. In
Experiment 2a and 2b, the primary task was a letter/number discrimination task and the
secondary task employed post-decision wagering (Persaud, McLeod, & Cowey, 2007), a
method that has been proposed as an effective measure of visual awareness (Persaud et al.,
2007) or metacognitive content (Seth, 2008). Finding similar rates of early error sensations
across different primary and secondary tasks would speak for the robustness of this
phenomenon. Second, we aimed to improve metacognitive judgments on early error

sensations by introducing a second task that served as a reference point for judgments on early
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error sensations. Although post-decision wagering has been assumed to generally improve
judgments about the contents of consciousness (Persaud et al., 2007; Seth, 2008), participants
may not have an objective criterion to judge whether early error sensations have actually
occurred. Thus, we sought to provide a reference point to guide participants’ metacognitive
judgments. Participants initially performed a task involving metacognitive judgments on their
response accuracy in a Visual Awareness task. In the subsequent main task, they were
instructed that their reports of early error sensations should be based on the same level of
confidence as their previous judgments in the Visual Awareness task. Moreover, we directly
investigated the impact of expectations on reports of early error sensations. We varied the
difficulty of the initial Visual Awareness task across Experiments 2a and 2b, and asked
whether the pattern of metacognitive judgments in this task is carried over to the pattern of

reports of early error detection in the main task, thus indicating an expectation bias.

Experiment 1

The goal of the first experiment was to study whether and how frequently participants
report early error sensations in a flanker task — one of the most frequently used tasks in studies
on error detection. On each trial, participants first had to perform a flanker task in which they
responded to the direction of a central target arrow (left/right) while ignoring congruent or
incongruent distractor arrows. Here, errors mainly occur on incongruent trials. Then,
participants had to classify their responses according to whether they were correct, or whether
an early error (detected before response execution) or a late error (detected after response
execution) occurred. Because participants in Experiment 1a frequently reported that they were
unsure about when an error was detected, we conducted Experiment 1b in which they could
additionally indicate that they did not know whether error detection occurred early or late.

We were primarily interested in whether a substantial amount of error trials show early

error sensations. If early error sensations reflected a metacognitive illusion resulting from the
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synchronization of metacognitive content with objective motor events, the frequency of this
phenomenon should be rather high. In addition, we also compared early and late errors with
respect to their response time (RT) as this could provide valuable information about the
source of early error sensations. If early error sensations reflected the described metacognitive
illusion, there is no reason to assume that early and late errors differ with respect to RT. If,
however, early error sensations represented the true time course of error detection relative to
the response, we might observe a relation between RT and the subjective timing of error
awareness, which could emerge for different reasons: First, early errors could occur mainly on
trials with slow RTs, i.e., when the motor command was delayed and sent after error detection
has already occurred (e.g., based on the preceding decision process). Second, early errors
could occur mainly on trials with fast RTs, as studies on the latency of error detection have
found that lower response criteria (i.e., less cautious responding) lead to both shorter RTs and

shorter latencies of error detection (Steinhauser, Maier, & Hubner, 2008).

Method

Participants. 23 participants (4 male) between 19 and 29 years of age (M = 21.8, SE =
0.6) participated in Experiment 1a. A new group of 20 participants (6 male) between 19 and
28 years of age (M = 22.1, SE = 0.58) participated in Experiment 1b. All participants had
normal or corrected to normal vision, were recruited from the student population at the
Catholic University of Eichstatt-Ingolstadt, and received course credit or 8 Euro per hour for
participation. The study was approved by the ethical committee of the Catholic University of
Eichstétt-Ingolstadt, and informed consent was obtained from all participants.

Apparatus. A PC running presentation software (Neurobehavioral Systems, Albany,
CA) controlled stimulus presentation and response registration. Stimuli were presented on a

21-inch color monitor (60 Hz refresh rate) at a viewing distance of 70 cm.
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Task and procedure. Both experiments consisted of a primary task in which
participants performed a flanker task and a secondary task in which participants classified
their response on the primary task. Stimuli of the flanker task were strings of five arrow heads
(e.g., < <><<)in Arial font, subtending a visual angle of 4.1° horizontally and 1.4°
vertically. The central arrow head in each string was designated as the target and the lateral
arrows were designated as the flankers. Flankers could have either the same direction as the
target (congruent condition) or the opposite direction (incongruent condition).

Each trial started with the presentation of a fixation cross for 350 ms. Then, the
stimulus of the flanker task was presented for 200 ms followed by a black screen until a
response was given. Participants had to identify the direction of the target by pressing the “left
arrow” key or the “right arrow” key on a standard keyboard with the index or the middle
finger of the right hand (primary task response). After the response, another black screen was
presented for 1000 ms. Then, a question mark appeared in the screen center to prompt
participants to classify their response in the primary flanker task. To this end, participants had
to execute one of three classification responses on the same keyboard with the left hand
(secondary task response). Participants indicated whether a) they felt they had responded
correctly (“A” key with ring finger), b) they felt they had committed an error (i.e., they
pressed the wrong button on the primary task), and this feeling has emerged already before
actual response execution (early error; “S” key with middle finger), or c¢) they had committed
an error without this early error sensation (late error; “D” key with index finger). In
Experiment 1b, a fourth response alternative could be provided to indicate if they detected an
error but did not know whether this was detected before or after the error was committed (“F”
key, also with index finger).

Both experiments consisted of eight test blocks with 64 trials per block. Each block

contained 16 instances of each of the four possible flanker stimuli in randomized order. Prior
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to the test blocks, participants performed two practice blocks (32 trials each) without a
secondary response to practice the primary task, and two further practice blocks (32 trials
each) in which the secondary task response was introduced. In all practice blocks, whenever
the error rate in the preceding block was below 25%, participants were instructed to respond
faster on the primary task prior to the next block. Before the secondary task was introduced,
participants were instructed about early error sensations. We told participants that errors are
sometimes accompanied by the sensation that they already knew that they commit an error
before the incorrect button was pressed, and that this is called “early error sensation”. In other
words, participants were instructed not only to report errors, but also to focus on the timing of
error detection. Similar instructions were used to introduce early error sensation in all
experiments.

Data analysis. Trials were classified according to stimulus congruency (congruent,
incongruent), primary task response (correct, error), and secondary task response (correct,
early error, late error — in both experiments - and I don’t know error in Exp. 1b). RT in the
primary task was defined as the time interval between the onset of the stimulus and the
subsequent button press. To control for outliers, trials were excluded whenever the response
time of the primary task response was 3 standard deviations above or below the condition
mean (<1%). All frequency data were arcsine transformed before statistical analyses (Winer,
1971).

Data were analyzed using analyses of variance (ANOVAS) with repeated measurement
and planned comparisons using two-tailed t-tests for dependent samples. To compensate for
violations of sphericity, Greenhouse—Geisser corrections were applied whenever appropriate
(Greenhouse & Geisser, 1959), and corrected p values (but uncorrected degrees of freedom)

are reported.
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Table 1: Experiments 1a and 1b. Relative frequencies (in %) of secondary task
responses for each stimulus condition and primary task response. Please note that the error
rate cannot be derived from this table as these frequencies reflect secondary task responses
only.

Primary Task

Congruent Incongruent
Correct Error Correct Error
Correct 99.66 (0.1) 0.96 (0.53) 98.4 (0.5) 3.26 (0.64)
Secondary
Early Error 0.25(0.1) 66.7 (7.9) 1.01 (0.4) 69.1 (3.5)
Task (1a)
Late Error 0.09 (0.04) 32.3(7.9) 0.61 (0.13) 27.7 (3.5)
Correct 98.8 (1.7) 2.91 (1.24) 97.9 (0.5) 3.75(0.74)

Secondary ~ Early Error  0.76 (0.43)  61.45 (7.04) 0.89 (0.45)  57.2(6.1)
Task (1b)  LateEror  012(0.07) 28.88(7.51) 0.17 (0.09)  28.4(5.4)

Don’tknow  0.29 (0.11)  6.76 (2.88) 1.02(0.25)  10.7(3.2)

Notes: Brackets contain standard errors of the mean.

Results

Experiment 1a. In a first step, we analyzed the overall performance in the primary
flanker task. The mean error rate was 1.68% (SE = 0.49%) for congruent errors and 13.8%
(SE = 2%) for incongruent errors (corresponding to 6.6 errors for congruent trials and 54.5
errors for incongruent trials). A t-test on the frequency data showed a congruency effect, t(22)
=9.89, p<.001, d = 2.11. We also investigated the congruency effect in RTs by comparing
correct trials in the congruent and incongruent conditions. Statistical analyses showed a
standard congruency effect with faster RTs for congruent corrects (M = 378 ms, SE = 8 ms)

than incongruent corrects (M = 478 ms, SE = 14 ms), t(22) = 11.44, p <.001, d = 2.38.
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We then considered the frequencies of secondary task responses for each primary task
response and stimulus condition (see Tab. 1). As observed in previous studies (e.g.,
Steinhauser, Maier, & Hubner, 2008), the mere detection of errors (independent of error type)
was very reliable. 97.8% (SE = 0.6%) of objective errors were categorized as either early
errors or late errors, and this rate was higher for congruent stimuli (M = 99.1%, SE = 0.52%)
than for incongruent stimuli (M = 96.7%, SE = 0.64%), t(22) = 2.71, p =.012, d = 0.57. Only
0.9% (SE = 0.01%) of correct responses were categorized as errors, which was also higher for
incongruent (M = 1.63%, SE = 0.5%) than for congruent stimuli (M = 0.34%, SE = 0.12%),
t(22) = 3.08, p = .005, d = 0.64.

Crucially, a considerable number of errors was categorized as early errors, that is, as
errors accompanied by an early error sensation. Figure 1A shows the proportion of objective
errors categorized as early and late errors among all detected objective errors. The proportion
of early errors was similar for congruent (M = 76.1%, SE = 5.1%) and incongruent trials (M =
71.4%, SE = 4%), t(22) = 0.96, p = .347, d = 0.21. Additionally, we calculated confidence
intervals (CI) to show the range of frequencies of early errors. The 95%-Cls ranged from
65.4% to 86.9% for congruent trials and between 63.9% and 78.9% for incongruent trials.

Additionally, we investigated the RTs of the different error types. Only incongruent
trials were considered for this analysis because 12 participants had no errors in at least one
condition of the congruent trials. Moreover, only correct trials classified as correct and error
trials classified as errors were entered into this analysis. The mean number of trials included
was 143.3 (SE =5.0) for correct trials, 41.1 (SE = 6.9) for early errors, and 16.0 (SE = 3.2) for
late errors. The results of the one-way ANOVA (corrects, early error, late error) showed a
significant effect, F(2,44) = 5.86, p = .022, #p? = .21. Planned contrasts revealed larger RTs
for correct trials (M = 474 ms, SE = 13 ms) than for early errors (M = 367 ms, SE = 15 ms),

t(22) = 12.1, p <.001, d = 2.52, but no significant difference between correct trials and late
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errors (M =448 ms, SE = 46 ms), t(22) = 0.68, p = .51, d = 0.14. Furthermore, the difference

between early and late errors was marginally significant, t(22) = 2.07, p =.051, d = 0.42.

Experiment 1b. The data were analyzed in the same way as in Experiment 1a. In the
primary task, the mean error rate was smaller for congruent errors (M = 5.56%, SE = 1.58%)
than for incongruent errors (M = 27.8%, SE = 2.4%), t(19) = 8.49, p <.001,d = 1.89. RTs
were faster for congruent correct trials (M = 378 ms, SE = 8 ms) than for incongruent correct
trials (M = 463 ms, SE = 12 ms), t(19) = 10.2, p < .001, d = 2.34.

Frequencies of secondary task responses (Tab. 1) again revealed that the detection of
errors (independent of error type) was very reliable. 96.6% (SE = 0.93%) of objective errors
were categorized as either early errors, late errors or | don’t know errors, and this rate was
comparable between congruent stimuli (M = 97.1%, SE = 1.23%) and incongruent stimuli (M
= 96.3%, SE = 0.73%), t(19) = 0.61, p = .55, d = 0.13. Only 1.63% (SE = 0.5%) of correct
responses were categorized as errors, which was higher for incongruent (M = 2.08%, SE =
0.51%) than for congruent stimuli (M = 1.17%, SE = 0.44%), t(19) = 3.49, p =.002, d = 0.78.

Crucially, the results again showed that participants consistently reported errors
accompanied by early error sensations (Fig. 1B). In this experiment, participants could
classify their errors as I don’t know errors if they felt unable to classify them as early or late
errors. However, the proportion of these errors was low (M = 9.03%, SE = 3.15%; 95%-CI =
7.55% - 10.5%), and comparable for congruent and incongruent stimuli, t(19) = 1.05, p = .31,
d = 0.23. Due to this third category, we could now analyze the proportion of early and late
errors in an ANOVA with the variables congruency (congruent, incongruent) and error type
(early errors, late errors). This analysis revealed a significant main effect of error type,
F(1,19) = 6.62, p = .019, 5p? = .25, indicating that early errors (M = 59.1%, SE = 7.08%;

95%-CI = 55.8% - 62.4%) were more frequent than late errors (M = 29.4%, SE = 6.69; 95%-
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Cl = 26.3% - 32.5%). However, neither a significant main effect of congruency, F(1,19) =
0.321, p = .861, 7,2 = .02, nor a significant interaction, F(1,19) = 0.321, p = .861, 5, = .02,
was obtained.

Finally, we investigated RTs for correct responses, early and late errors. Again, only
incongruent trials were considered for this analysis because 13 participants had no error trials
in at least one condition of the congruent trials. Moreover, in line with Experiment 1a, only
correct trials classified as correct and error trials classified as errors were entered into this
analysis. The mean number of trials included was 209.0 (SE = 7.5) for correct trials, 47.5 (SE
= 6.6) for early errors, and 23.1 (SE = 4.0) for late errors. The results of the one-way ANOVA
(corrects, early error, late error) showed a significant effect, F(2,38) = 159, p <.001, #,? = .89.
RTs were larger for correct trials (M = 463 ms, SE = 12 ms) than for the other two error types,
ts > 13.2, ps <.001, ds > 2.95. Nevertheless, there was no significant difference between early
(M =358 ms, SE = 10 ms) and late errors (M =353 ms, SE = 13 ms), t(19) =0.71, p = .486, d
=0.16.

Comparison of Experiments 1a and 1b. In a last step, we compared frequencies of
early errors (among all errors) in the congruent and incongruent conditions between
Experiments 1a and 1b. The resulting mixed-model ANOVA with the within-participant
variable congruency and the between-participant variable Experiment showed a significant
effect of Experiment indicating a lower overall frequency of early errors in Experiment 1b (M
=59.1%, SE = 7.1%) compared to Experiment 1a (M = 73.7%, SE = 4.5%), F(1,41) =4.31, p
= .044, n,> = .095. Notably, this analysis revealed neither a significant main effect of
congruency, F(1,41) = 0.26, p = .607, 5, = .006, nor a significant interaction, F(1,41) =

0.414, p = .524, n,2= .0L.
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Experiment 1a Experiment 1b
100% 1 100% A 5
X 80% - ——Congruent X gg - ——Congruent
£ ——Incongruent .E ——Incongruent
& 60% 1 g 60%
@ @
™ S
W 40% - L 40% -
2 2
-% 20% 1 £ 20% 1 i.
E 0% - & 0% - i-
Early Error Late Error Early Error Late Error | don’t know

Figure 1: Data from Experiments 1a and 1b. A: Proportion of errors classified as early
or late in the congruent and incongruent conditions for Experiment 1a. B: Proportion of errors
classified as early, late or I don’t know in the congruent and incongruent conditions for
Experiment 1b. Error bars represent standard errors of the mean.

Discussion

Data from Experiment 1 showed that our task successfully evoked reports of early
error sensations and participants reported this feeling on a substantial proportion of error
trials. Subjective reports on early error sensations were independent from other task-related
features like stimulus congruency and RT. Indeed, participants reported early error sensations
in a similar proportion for congruent and incongruent errors in both Experiments 1a and 1b.

In Experiment 1a, participants had to guess whenever they did not know when they
detected the error. By adding a fourth classification response (I don’t know), this effect of
guessing was controlled in Experiment 1b. As a result, the proportion of early detected errors
decreased from 76% in Experiment 1a to 59% in Experiment 1b, which presumably reflects
that participants frequently classified errors as early detected errors when they were actually
unsure about when the error was detected. Introducing the “I don’t know” category in
Experiment 1b eliminated this effect suggesting that the 59% early detected errors in
Experiment 1b provides a more valid estimate of the true proportion of trials with early error

sensations. Furthermore, the marginally significant difference in RTs between early and late
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errors in Experiment 1la was absent in Experiment 1b, which suggests that this difference
reflects that many early errors were indeed guesses in the secondary task, which seem to be
associated with shorter RTs in the primary task.

In general, participants reported early errors with a high frequency and we did not find
robust evidence of differences in task-related features (i.e., stimulus congruency or RT)
between early and late errors. Both results could suggest that early error sensations result from
a functionally relevant process that serves to temporally synchronize the execution of the

erroneous action and the later occurring error awareness.

Experiment 2

Participants in our first experiments reported that they had detected an error already
before response execution on the majority of trials. This was the case even when they also
could have classified the error as “I don’t know” in Experiment 1b, suggesting that they
classified the remaining errors as early or late with considerable confidence. However,
because the reported early error sensations are subjective reports on the participants' own
metacognitive contents, there is no objective information about whether an early error
sensation has really occurred. Therefore, it may still be argued that results reflect an
expectation bias. Namely, participants could simply have expected that some errors must have
been early errors, because we instructed them about their existence. In Experiment 2, we
aimed to directly test how confident participants are about early error sensations and if their
reports of early error sensations are subject to an expectation bias.

The procedure we used was post-decision wagering. In typical studies using this
method, participants are instructed to perform a challenging perceptual discrimination task
and then are asked how much money they would wager on the correctness of their response
(Persaud et al., 2007). Post-decision wagering is particularly suitable to assess metacognitive

contents as monetary incentives can improve the accuracy of these judgments and wagering



336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

DI GREGORIO et al. EARLY ERROR SENSATIONS 18

provides a direct and intuitive measure to rate subjective confidence associated with a
decision (Persaud et al., 2007; Windey & Cleeremans, 2015). In our Error Awareness task, we
modified this procedure by having participants wager on their early error sensations. More
specifically, after each response, participants had to place one of three bets on whether they
have experienced an early error sensation: No bet, a low bet, or a high bet. Even though we
could not objectively verify participants’ bets, we instructed them that their wagering should
correspond to their subjective confidence of having experienced an early error sensation.
While we informed participants that they would not earn any money in this task, they were
not explicitly told that their bets could not be verified.

To further improve the participants’ metacognitive assessments, we provided a more
objective reference point that should guide their wagering on early error sensations. Prior to
the Error Awareness task, participants performed a Visual Awareness task similar to those
typically used with the post-decision wagering method (Persaud et al., 2007). In this task,
participants first performed a difficult perceptual letter/number discrimination with masked
stimuli and after their response, they wagered on whether they had seen the stimulus, and
hence, on their response accuracy. In the subsequent Error Awareness task, which used the
same stimuli but a longer masking interval, participants were instructed to apply similar levels
of confidence when placing their bets as in the Visual Awareness task. That is, they should
place a high bet only if they were similarly confident of having experienced an early error in
the Error Awareness task as of having executed a correct response in the Visual Awareness
task. In this way, we induced a common metric for the metacognitive judgments in the two
tasks. High bets in the Error Awareness task should be associated with the same confidence as
high bets in the Visual Awareness task, with the advantage that we have objective data on the

accuracy of the latter bets.
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Finally, this two-stage design allowed us to evaluate the possible impact of
expectation biases on the reports of early error sensations. If participants reported early errors
only because they expected that early error sensations exist, their judgments should be
strongly influenced by the proportion of low and high bets in the preceding Visual Awareness
task. Performance in the Visual Awareness task should serve as an anchor or reference point
for how many low and high bets should be expected, if no objective signal about the timing of
error detection is available. We therefore conducted two experiments (Experiment 2a and 2b)
in which we varied the difficulty of the perceptual discrimination in the Visual Awareness
task. In particular, we calibrated stimulus-masking intervals to set individual response
accuracy to around 75% for Experiment 2a and to around 50% for Experiment 2b. In this
way, we varied perceptual difficulty and thus the number of low and high bets in the Visual
Awareness task, while holding the difficulty of the Error Awareness task constant. If the
reported rate of early error sensations is influenced by the reference point set by the Visual
Awareness task, we should obtain more high bets on early error sensations when the Visual

Awareness task was easier (Exp. 2a) than when it was more difficult (Exp. 2b).

Method

Participants. 20 participants (3 male), which did not participate in Experiment 1,
between 19 and 26 years of age (M = 22.6, SE = 0.7) with normal or corrected to normal
vision participated in Experiment 2a. A new group of 20 participants (5 male) between 19 and
31 years of age (M = 23.4, SE = 0.9) participated in Experiment 2b.

Overview. Both experiments consisted of two separate sub-tasks, which always
occurred in the same order: Participants first performed a Visual Awareness task and then an
Error Awareness task. In the Visual Awareness task, participants performed a difficult
perceptual discrimination task (primary task), and then wagered 0 cents (no bet), 1 cent (low

bet) or 10 cents (high bet) on the accuracy of the primary task response (secondary task). In
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the Error Awareness task, participants performed a speeded choice task (primary task), and
then wagered on whether they had the feeling of early error detection in case of an error
(secondary task).

Visual Awareness task. Each target stimulus was a letter (W, B, G, T, S, C, P, N, or R)
or anumber (1, 2, 3, 4,5, 6, 7, 8, or 9) subtending a visual angle of 0.5° horizontally and 1.4°
vertically and presented in the center of the screen. The procedure of a trial is depicted in
Figure 2. The primary task required participants to classify the target as a letter or a number
by pressing the “left arrow” key or the “right arrow” key with the index or middle finger,
respectively, of the right hand. The category-response mapping was counterbalanced across
participants. Each trial started with the presentation of a fixation cross for 350 ms, which was
followed by the target. After a stimulus-mask interval (SMI, see below), a mask appeared for
200 ms that consisted of random feature patterns created by randomly rearranging features of
the letter and number stimuli. Then, a black screen was presented until a response was
provided. After the response, the German equivalent of the text “Bet that you have seen the
number or the letter: 0 cents, 1 cent, 10 cents” was presented. As secondary task, participants
had to provide one of the three wagering responses (0, 1, 10) on the keyboard with index (D
key), middle (S key) or ring finger (A key), respectively, of the left hand. Participants were
instructed that whenever they responded correctly, they would earn the corresponding
wagered money, and that in case of an error, they would lose the wagered money. After the

response, another black screen was presented for 1500 ms followed by the next trial.
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Visual Awareness Task Error Awareness Task

SMI2a=32/48 ms

SMI 2b =16 ms SMI 2a/2b =120 ms

Bet that you have
seen the number
or the letter

Bet that you had
the feeling of
early error detection

Figure 2: Procedure in Experiments 2a and 2b. Procedure of a trial in the Visual
Awareness task (left side) and the Error Awareness task (right side). SMI 2a and 2b refer to
the intervals used in Experiment 2a and 2b, respectively. SMI = stimulus-masking interval.

The SMI for Experiment 2a was determined in a pilot study in which 6 participants
worked only on the Visual Awareness task. The SMI was calibrated using a staircase
procedure to obtain a mean error rate of 25%. The experiment started with an SMI of 32 ms.
Whenever participants committed less than 15% of errors in the last 20 trials, the SMI was
decreased by one step (-16 ms). Whenever participants committed more than 35% of errors in
the last 20 trials, the SMI increased by one step (+16 ms). The task terminated when a
constant error rate of 25% was observed in the last 60 trials. The resulting SMI was 32 ms in
5 participants and 48 ms in 1 participant. Therefore, an SMI of 32 ms was used in Experiment
2a.

Experiment 2a started with two practice blocks (72 trials each) in which the Visual
Awareness task was practiced and the SMI was re-calibrated for each participant (using the

same method as in the pilot study and starting with an SMI of 32 ms). The resulting SMIs
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used in the test blocks were 32 ms for 15 participants and 48 ms for 5 participants. Only in
these practice blocks, participants received feedback about whether they wagered
advantageously (i.e., correct response followed by 10 cents bet and error followed by 0 cents
bet) or not (correct response followed by 1 or 0 cents bet and error followed by 10 or 1 cents
bet). No feedback was provided in the test blocks to make the Visual Awareness task as
similar as possible to the subsequent Error Awareness task in which no feedback was
possible. After these practice blocks, participants completed 6 test blocks (72 trials each). At
the end of all blocks in visual awareness task, participants were informed about the amount of
money they won.

In Experiment 2b, we used an SMI of 16 ms for all participants. This was done to
further limit stimulus processing relative to Experiment 2a, and thus, to set a different
reference point for the later Error Awareness task. Manipulating the SMI across Experiments
2a and 2b would allow for studying the impact of an expectation bias on the report of early
error sensations in the Error Awareness Task.

Error Awareness task. The Error Awareness task in both experiments employed a
similar trial sequence and the same stimuli as the Visual Awareness task (see Fig. 2) but
differed in the SMI, the instruction, and the secondary task. We now used a fixed SMI of 120
ms, which should prevent errors due to data limitation and thus should guarantee that error
detectability is high (Del Cul, Dehaene, Reyes, Bravo, & Slachevsky, 2009; Scheffers &
Coles, 2000). To obtain a mean error rate of 25%, participants were instructed to respond as
quickly as possible. Moreover, whenever the average error rate in a block fell below 20%,
participants were prompted to respond more quickly prior to the beginning of the next block.
The secondary task was to bet on the feeling of early error detection. The equivalent of the
German text was: “Bet that you had the feeling of early error detection: O cents, 1 cent, 10

cents”, and participants had to execute one of the three wagering responses (0, 1, 10).
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Participants were instructed to wager O cents in case of correct responses. The Error
Awareness task was always conducted after the last block of the Visual Awareness task. It
consisted of 2 practice blocks and 12 test blocks with 72 trials each. In contrast to the Visual
Awareness task, participants did not receive any money in the Error Awareness task, as there
Is no possibility to determine whether a wager was successful or not. Prior to the task,
participants were explicitly instructed to apply similar levels of confidence as in the Visual
Awareness task when placing their bets in the Error Awareness task. Specifically, they were
instructed to place a high bet in the Error Awareness task only if they were similarly confident
of having experienced an early error sensation as of having seen the stimulus (on high-bet
trials) in the Visual Awareness task.

Data analysis. RTs and frequencies were analyzed in the same way as in Experiment
1. For both the Visual Awareness task and the Error Awareness task, the correctness of the
primary task response and the type of wagering response were used to distinguish the
following trials types: (1) correct/high bet on which the response in the primary task was
correct and the wagered amount of money was 10 cents; (2) correct/low bet on which the
response in the primary task was correct and the wagered money was 1 cent; (3) correct/no
bet on which the response in the primary task was correct and the wagered money was 0
cents; (4) error/high bet on which the response in the primary task was an error and the
wagered money was 10 cents; (5) error/low bet on which the response in the primary task was
an error and the wagered money was 1 cent; (6) error/no bet on which the response in the

primary task was an error and the wagered money was 0 cents.

Results

Experiment 2a: Visual Awareness Task. Analysis of the primary task response in the
Visual Awareness task indicated a mean error rate of 21.8% (SE = 3.5%), which

corresponded to a mean number of errors of 94.2 (SE = 15.12). Moreover, participants were
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473 faster on correct trials (M = 904 ms, SE = 77 ms) than on error trials (M = 1302 ms, SE = 122
474  ms), t(19) = 3.34, p =.003, d = 0.79. Table 2 provides the frequencies for each secondary task
475  response among correct and error trials. On correct trials, participants had a larger frequency
476  of advantageous wagering (correct/high bet; M = 66.1%; SE = 6.7%; 95%-CI = 62.9% -

477 69.2%) compared to correct/low bet (M = 25.5%; SE = 5.2%; 95%-CI = 23.1% - 27.9%),

478 t(19) =3.51, p=.002, d = 0.78, and a larger frequency of correct/low bet compared to

479  correct/no bet (M = 8.46%; SE = 3.4%; 95%-CI = 6.9% - 10.1%), t(19) =3.01, p=.007,d =
480  0.67 (see also Figure 3). On error trials, error/low bets (M = 40%; SE = 4.7%; 95%-CI =

481 37.8% - 42.2%) were more frequent than error/high bets (M = 24.7%; SE = 4.1%; 95%-CI =
482 22.8% - 26.6%), t(19) = 2.53, p =.021, d = 0.56, while error/no bets (M = 35.3%; SE = 1.3%j;
483  95%-Cl = 34.7% - 35.9%) were comparable with error/low bets, t(19) = 0.45, p = .657,d =
484  0.11. The considerable number of low bets, particularly on error trials, suggests that data

485 limitation led to a high response uncertainty. Because the Visual Awareness Task is not a

486  speeded choice task, and because several participants had only few responses for single

487  conditions, we did not further analyze RTs as a function of the secondary task response.

488

489
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Table 2: Experiment 2a and 2b. Relative frequencies (in %) of secondary task
responses for each wagering condition and primary task response. Please note that the error
rate cannot be derived from this table as these frequencies reflect secondary task responses
only.

Primary Task

Visual Awareness Error Awareness
Correct Error Correct Error
High Bet 66.1 (6.7) 24.7 (4.1) 12.3 (6.3) 62.4 (5.8)
Secondary
Low Bet 25.5(5.2) 40 (4.7) 2.44 (0.86) 19.8 (4.2)
Task (2a)
No Bet 8.46 (3.4) 35.3(1.3) 85.3 (6.5) 17.8 (4.7)
High Bet 36.5(5.1) 18.1(3.2) 5.67 (2.79) 70.9 (5.2)
Secondary
Low Bet 37.4(3.7) 43.7 (4.1) 8.91 (4.45) 12.8 (3)
Task (2b)
No Bet 26.1 (4.7) 38.2(5.1) 85.4 (5.7) 16.3 (3.5)

Notes: Brackets contain standard errors of the mean.

Experiment 2a: Error Awareness Task. In the Error Awareness task, we reduced errors
due to data limitation using a longer SMI but instead induced a high time pressure. The mean
error rate was 20.1% (SE = 2.5%), which corresponded to a mean number of errors of 172.8
(SE = 21.6). Participants were slower for correct trials (M = 296 ms, SE = 13 ms) than for
error trials (M = 234 ms, SE = 14 ms), t(19) = 7.33, p <.001, d = 1.82. Table 2 provides the
frequencies of secondary task responses among correct trials and error trials. Now,
participants had to bet on having experienced an early error sensation. As merely detecting an
error is rather easy in this task, it is not surprising that, on correct trials, the frequency of
correct/no bets (M = 85.3%; SE = 6.5%; 95%-CI = 82.1% - 88.2%) was much larger than the
frequencies of correct/low bets (M = 2.4%; SE = 0.9%; 95%-Cl = 1.97% - 2.82%), t(19) =

12.2, p <.001, d = 2.75, and correct/high bets (M = 12.3%; SE = 6.3%; 95%-CI = 9.35% -
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15.2%), t(19) =5.71, p < .001, d = 1.28. Crucially, however, on error trials, the frequency of
error/high bets (M = 62.4%; SE = 5.8%; 95%-CI = 59.7% - 65.1%) was larger than the
frequency of error/low bets (M = 19.8%; SE = 4.2%; 95%-CI = 17.8% - 21.8%), t(19) = 4.72,
p <.001, d = 1.05, and the frequency of error/no bets (M = 17.8%; SE = 4.7%; 95%-CI =
15.6% - 19.9%), t(19) = 4.58, p < .001, d = 1.03 (see also Figure 3). This implies that
participants were highly confident in experiencing early error detection on a large number of
trials.

For analysis of primary task RTs, 3 participants who had no trial in one of the error
conditions were excluded. However, the one-way ANOVA did not reveal any significant
effects (error/high bets: M = 241 ms, SE = 16 ms; 113 trials; SE = 21.3 trials; error/low bets:
M =282 ms, SE = 25 ms; 33.9 trials; SE = 7.1 trials; error/no bets: M = 361 ms, SE = 61 ms;
26.1 trials; SE = 6.1 trials), F(2,32) = 1.93, p = .18, p? = .11. When 7 further participants with
fewer than 10 trials in one of the conditions were excluded, again no significant difference
was revealed (error/high bets: M = 228 ms, SE = 17 ms; 122 trials; SE = 22.9 trials; error/low
bets: M = 250 ms, SE = 26 ms; 38.1 trials; SE = 7.3 trials; error/no bets: M = 348 ms, SE = 77

ms; 30.9 trials; SE = 6.2 trials), F(2,22) = 1.59, p = .22, 5,° = .13.
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Experiment 2a
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Figure 3: Results of Experiments 2a and 2b. For the Visual Awareness task (left
column), the proportions of correct responses followed by high, low or no bets are reported
for Experiments 2a and 2b. For the Error Awareness task (right column), the proportions of
errors followed by high, low or no bets are reported for Experiments 2a and 2b. Error bars
represent standard errors of the mean.

Experiment 2b: Visual Awareness Task. The mean error rate in the Visual Awareness
task was 38.4% (SE = 2.3%), which corresponded to a mean number of errors of 165.9 (SE =
9.94). The RT difference between correct trials (M = 1176 ms, SE = 126 ms) and error trials
(M = 1264 ms, SE =119 ms) was marginally significant, t(19) = 1.77, p =.093, d = 0.39.
Freqguencies of secondary task responses are provided in Table 2. Notably, the reduced SMI in
Experiment 2b led to a drastic change of the pattern of wagering. On correct trials, neither the
difference between the frequencies of correct/high bets (M = 36.5%; SE = 5.1%; 95%-CI =
34.1% - 38.8%) and correct/low bets (M = 37.4.7%; SE = 3.7%; 95%-CI = 35.7% - 39.1%),

t(19) = 0.12, p =.907, d = 0.03 nor the difference between the frequencies of correct/low bets
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and correct/no bets (M = 26.1%; SE = 4.8%; 95%-CI = 23.9% - 28.3%) was significant, t(19)
=1.29, p=.212,d = 0.28 (see also Figure 3). On error trials, the frequency of high bets (M =
18.1%; SE = 3.3%; 95%-Cl = 16.6% - 19.6%) was significantly lower than the frequency of
error/low bets (M = 43.7%; SE = 4%; 95%-Cl = 41.8% - 45.6%), t(19) = 4.61, p<.001,d =
1.03, while the frequencies of error/low bets and error/no bets (M = 38.2%; SE = 5.1%; 95%-
Cl = 35.8% - 40.6%) did not differ significantly, t(19) = 0.55, p = .589, d = 0.12. These data
show that the small SMI led to considerable response uncertainty in this task.

Experiment 2b: Error Awareness Task. The mean error rate was 19.1% (SE = 1.9%),
which corresponded to a mean number of errors of 165 (SE = 17.28). Participants were slower
on correct trials (M = 331 ms, SE = 10 ms) than on error trials (M = 275 ms, SE = 15 ms),
t(19) =5.09, p <.001, d = 1.13. Table 2 provides the frequencies of secondary task responses.
Among correct trials, the frequency of correct/no bets (M = 85.4%; SE = 5.7%; 95%-CI =
82.7% - 88.1%) was again larger than the frequencies of correct/low bets (M = 8.91%; SE =
4.45%; 95%-CI = 6.8% - 10.9%), t(19) = 7.76, p < .001, d = 1.73, and correct/high bets (M =
5.67%; SE = 2.79%:; 95%-CI = 4.4% - 6.97%), t(19) = 10.2, p < .001, d = 2.28. On error
trials, the frequency of error/high bets (M = 70.9%; SE = 5.2%; 95%-CI = 68.5% - 73.3%)
was larger than the frequency of error/low bets (M = 12.8%; SE = 3%; 95%-Cl = 11.5% -
14.3%), t(19) = 7.53, p < .001, d = 1.68, and the frequency of error/no bets (M = 16.3%; SE =
3.5%; 95%-Cl = 14.7% - 17.9%), t(19) = 6.55, p < .001, d = 1.47 (see also Figure 3). This
again suggests that participants rather consistently experienced early error detection in this
task.

The one-way ANOVA on the primary task RTs did not reveal any significant effect
(error/high bets: M = 271 ms, SE = 21 ms; 115 trials; SE = 14.9 trials; error/low bets: M =
437 ms, SE = 130 ms; 18.8 trials; SE = 5.5 trials; error/no bets: M = 347 ms, SE = 44 ms; 24.8

trials; SE = 4.9 trials;), F(2,38) = 2.73, p = .11, #p? = .13. When 9 participants were excluded
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that had fewer than 10 trials in one of the conditions, again no significant difference was
obtained (error/high bets: M = 283 ms, SE = 23 ms; 108 trials; SE = 14.7 trials; error/low
bets: M = 301 ms, SE = 22 ms; 31.6 trials; SE = 6.1 trials; error/no bets: M = 303 ms, SE = 23
ms; 32.8 trials; SE = 5.9 trials), F(2,20) = 0.51, p = .61, #,? = .05.

Comparison across tasks and Experiments 2a and 2b. In a further analysis, we
compared the frequencies of high bets in the Visual Awareness task and Error Awareness task
across Experiments 2a and 2b to investigate whether the reference point set in the Visual
Awareness task influenced wagering in the Error Awareness task. To this end, we included
data from correct trials in the Visual Awareness task (because participants placed bets on
being correct) and from errors in the Error Awareness task (because participants placed bets
on experiencing early error detection) in the analysis, as summarized in Figure 3. The
resulting mixed-model ANOVA with the within-participants variable task (Visual Awareness,
Error Awareness) and the between-participants variable experiment (Exp. 2a, Exp. 2b)
revealed a significant main effect of task, F(1,38) = 7.79 p = .008, 5, = .173, and a significant
interaction between both variables, F(1,38) = 9.31 p = .004, 5, = .197. Independent samples
t-tests showed that, in the Visual Awareness task, the frequency of high bets was larger for
correct trials in Experiment 2a than in Experiment 2b, t(38) = 3.39, p =.002, d = 0.76, thus
reflecting the increased difficulty of the Visual Awareness task in Experiment 2b. In contrast,
in the Error Awareness task, the frequency of high bets on errors did not differ between
experiments, t(38) = 1.09, p =.282, d = 0.21, suggesting that the different reference points in
the Visual Awareness task did not influence wagering in the Error Awareness task. Indeed,
the frequency of high bets across tasks differed significantly only in Experiment 2b, t(19) =
4.26, p <.001, d = 0.95, but not in Experiment 2a, t(19) =0.39, p =.71,d = 0.09.

Early error detection across Experiments 1 and 2. In a final analysis step, we

compared the frequencies of early error sensations across Experiment 1 and 2 to investigate
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whether early detected errors occur similarly across experimental methods. We assume that
error/high bet trials from Experiment 2 correspond to trials with truly experienced early error
sensations. As Experiment 1a presumably overestimated the rate of early error sensations
because classified early errors also included guesses, we compared the rate of early error
sensations among errors from Experiment 1b with the rates of high bet trials among errors
from Experiments 2a and 2b. The one-way ANOVA between groups on the frequency of
early detected errors showed no significant difference, F(2,57) = 2.02 p = .142, 5> = .033.
Moreover, we directly compared the two methodological approaches contrasting participants’
rates of early error sensations in Experiment 1b (20 participants) and 2a/2b (40 participants).
The result of the independent samples t-test also showed no significant difference, t(58) =
1.35, p=.18,d = 0.17. The estimated mean of early detected errors across the two

experimental methods was 63.5% (SE = 3.71).

Discussion

Experiment 2 employed post-decision wagering to measure the confidence associated
with reports of early error sensations. Moreover, a Visual Awareness task was used to provide
a reference point that should guide participants’ wagering on early error sensations. They
were instructed to place high bets on early error sensations only if their confidence was
comparable to high bets in the Visual Awareness task. The results indicate that, averaged
across Experiments 2a and 2b, participants perceived early error detection with high
confidence on about 67% of trials. Impressively, this is very similar to (and does not differ
significantly from) the rate of early detected errors in Experiment 1b (59%).

A further goal of this experiment was to investigate whether reports on early error
detection are influenced by an expectation bias. To this end, the Error Awareness task was

preceded by either a less (Exp. 2a) or more (Exp. 2b) difficult Visual Awareness task.
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Manipulating the difficulty of this task successfully led to strong shift in wagering. Whereas
66% of correct responses led to a high bet in Experiment 2a, only 37% of correct responses
led to a high bet in Experiment 2b. However, wagering in the Error Awareness task was fully
independent of this manipulation. This clearly shows that expectations about how many high
bets might be expected based on the Visual Awareness task had no effect at all on wagering in

the Error Awareness task.

General Discussion

Participants in experiments on error detection frequently report that they already knew
that an error has occurred before the response was executed, a phenomenon we term early
error sensation. The goal of the present study was to investigate whether these anecdotally
reported early error sensations exist and whether they can be reliably reported. In four
experiments using two experimental approaches, we provided evidence that early error
sensations indeed exist, and that they occur on the majority of error trials. When participants
were asked to classify responses in a flanker task either as being correct, as early detected
errors, or as late detected errors in Experiment 1a, they reported early errors in 73.7% of
errors. When an additional category for detected errors with unclear timing was introduced in
Experiment 1b, early errors were reported in 59.1% of trials. When participants had to wager
on the feeling of early error detection, they placed high bets on 62.4% (Exp. 2a) and 70.9%
(Exp. 2b). These data demonstrate that early error sensations are reported very consistently
across different primary tasks (flanker task vs. number/let discrimination) and secondary tasks
(error classification vs. post-decision wagering).

Crucial, however, is the question whether these introspective reports indeed reflect
that errors were detected before the response, or whether participants were unable to
discriminate between early and late errors and simply guessed that early errors must

occasionally occur. A challenging problem for measuring early error sensations is that we
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cannot objectively determine whether a given error was detected early or late. To deal with
this problem, we introduced a reference for the metacognitive reports of early error
sensations. In Experiment 2, we used a Visual Awareness task in which participants had to
wager on the accuracy of their responses. In the subsequent Error Awareness task, we
instructed participants to place high bets on early error sensations only if they were similarly
confident as for the high bets in the Visual Awareness task. We argued that this induces a
common metric for judging confidence of the two tasks, which allowed us to interpret the
metacognitive reports of early error detection with respect to the metacognitive judgments of
visual awareness. This reasoning receives support from previous findings showing that
humans represent confidence in a task-unspecific format which allows them to compare
confidence across tasks with a similarly high precision as confidence within tasks (de
Gardelle & Mamassian, 2014). Moreover, it has recently been suggested that integrating
information from different sources into a common metric might even be the major purpose of
metacognition (Shea & Frith, 2019). In Experiment 2a, the frequencies of high bets were
coincidentally similar in both tasks. We can thus infer that the average confidence by which
participants reported early error sensations in this experiment corresponded to the average
confidence by which they were aware of the visual stimuli in the Visual Awareness task. This
confidence level ought to be rather high given that the objective performance in the Visual
Awareness task was far above chance level.

We found no evidence that metacognitive reports of early error sensations were
subject to an expectation bias. If participants simply guessed that early error sensations must
occasionally occur, these guesses should be influenced by expectations about the frequency of
early error sensations. To investigate whether such an expectation bias exists, we manipulated
the difficulty of the Visual Awareness task, and thus the frequency of high bets in this task.

However, whereas the frequency of high bets in the Visual Awareness task varied between
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Experiments 2a and 2b, the frequency of high bets in the Error Awareness task remained
constant across the two experiments. This suggests that metacognitive judgments about early
error sensations are not influenced by a specific expectation bias induced by the frequency of
high bets in the Visual Awareness task. While we cannot fully exclude a general bias towards
instruction-driven expectations about early error sensations, our results strongly suggest that
metacognitive judgments on early error sensations are very consistent and reliable across
experimental procedures.

We found no evidence that early and late detected errors differ with respect to any
objective features. It has been reported that uncertainty or conflict during response selection
can influence post-response decision process and metacognitive judgments about errors
(Steinhauser et al., 2008; Yeung & Summerfield, 2012). As a consequence, variables like
stimulus congruency or RT could potentially influence subjective judgments about early error
sensations. However, we found no robust evidence that this was the case in the present study.
Participants reported early error sensations in a similar proportion for congruent and
incongruent errors in Experiment 1. Moreover, RTs were similar across all error types. A
small RT difference between early and late detected errors in Experiment 1a disappeared
when we controlled for errors with unclear timing in Experiment 1b. This suggests that the
emergence of early error sensations is not related to specific features of task processing like
stimulus congruency or RTs. Thus, our data provide little evidence that early error sensations
reflect the objective latency of error detection, which has been found to correlate with RT
when response speed was directly manipulated (Steinhauser et al., 2008).

An important question is why early error sensations occurred on the majority of trials
whereas the neural correlates of error awareness emerge not until 300 ms after an error (e.g.,
Steinhauser & Yeung, 2010). There are at least two possible explanations. A first explanation

Is that conclusions about the timing of error awareness from EEG measures like the Pe are
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incorrect. The Pe is often considered the earliest neural correlate of error awareness and the
role of the Pe for the emergence of error awareness has been described within an evidence
accumulation account (Steinhauser & Yeung, 2010; Ullsperger, Harsay, Wessel, &
Ridderinkhof, 2010). It is assumed that the Pe reflects the accumulated evidence that an error
has occurred, and that error awareness emerges when this evidence exceeds a threshold. The
evidence is provided by cognitive, autonomous, motor and sensory processing (Bode & Stahl,
2014; Wessel, Danielmeier, Morton, & Ullsperger, 2012; Wessel, Danielmeier, & Ullsperger,
2011), but does not necessarily rely on early error processing represented by the Ne/ERN (Di
Gregorio, Maier, & Steinhauser, 2018). One possibility is that the feeling of error awareness
emerges already before the Pe, for instance, at the time point of the Ne/ERN or even earlier
(Bode & Stahl, 2014). The Pe could represent a later stage of metacognitive processing,
perhaps related to the emergence of confidence about response accuracy (Boldt & Yeung,
2015).

A second explanation is that early error sensations are a metacognitive illusion. Error
awareness could emerge at the time of the Pe but the illusion is created that the error has been
detected already before the response. This mechanism could serve to subjectively synchronize
error awareness with the timing of the objective error in the same way as visual awareness is
subjectively aligned with the onset of a visual stimulus. In the context of visual awareness,
expectations and other top-down variables can influence the accumulation of sensory
evidence and consequentially metacognitive judgments about stimulus awareness (de Lange,
Jensen, & Dehaene, 2010; Kouider, de Gardelle, Sackur, & Dupoux, 2010) . Moreover, a
backward referral process has been assumed to synchronize the subjective time point of visual
awareness with the objective stimulus to create a coherent perception in the stream of
consciousness (Libet et al., 1979, 1983). A similar process could align the subjective time

point of error awareness with the emergence of the objective error. This temporal alignment
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of actions (i.e., a response) and their effects (i.e., the feeling of being incorrect) could further
serve to evoke a sense of agency, i.e., the feeling of having caused an effect. Indeed, previous
studies have shown that action-effect contingencies are influenced by their temporal
contiguity and vice versa. Humans tend to perceive two events more causally related the
closer they occur in time (Greville & Buehner, 2010), and causality judgments correlate with
the perceived temporal contiguity between actions and their sensory effects (Haering &
Kiesel, 2016). In other words, these metacognitive illusions on early error sensations could
serve to reconstruct temporal contiguity between perception, action and metacognitive
contents (Kouider, de Gardelle, Sackur, & Dupoux, 2010).

While we obtained clear and robust results across several experiments, the present
method has also some limitations. A first limitation is that using a categorical measure for the
timing of error detection implies a loss of information as time is a continuous phenomenon.
However, differentiating only between errors detected before and after the response has the
advantage of imposing considerably lower cognitive load than using a continuous measure.
For instance, in the classical Libet studies (Libet et al., 1983), participants had to indicate the
time of voluntary action initiation on a visual clock. However, in addition to considerable
methodological weaknesses (Trevena & Miller, 2002), monitoring a clock represents a
difficult secondary task that presumably interferes with both, the primary task and the task to
detect errors. In contrast, our categorical measure uses the response as a reference rather than
a continuous timer. As error detection already involves response monitoring (Steinhauser et
al., 2008), only minimal additional load should be imposed.

As already discussed, a second limitation is that we have no objective measure that
verifies the existence of early error sensations. Future studies could solve this problem by
measuring neural correlates of early error sensations. Strong evidence for the existence of

early error sensations would be provided if not only the Pe but also the earlier Ne/ERN would
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correlate with early error sensations. If only the Pe differed between early and late detected
errors, this would suggest that early error sensations emerge during the later stage of
conscious error processing. However, if such a difference was found also for the Ne/ERN, this
would point to early error signals such as response conflict (Yeung et al., 2004) or prediction
errors (Holroyd & Coles, 2002) as the origin of early error sensations. It is even possible that
brain activity preceding the response can affect metacognitive judgments on early error
sensations. ERP differences between errors and correct responses have been found prior to the
response (Bode & Stahl, 2014) or even on the previous trial of simple tasks (Hajcak,
Nieuwenhuis, Ridderinkhof, & Simons, 2005; Hoonakker, Doignon-Camus, & Bonnefond,
2016; Ridderinkhof, Nieuwenhuis, & Bashore, 2003), as well as in tasks involving complex
sequences of motor programs such as piano playing (Maidhof, Rieger, Prinz, & Koelsch,
2009). In a similar vein, a study using self-report measures has revealed that internal error
prediction occurs before responses in skilled typing (Rieger & Bart, 2016). Here, the question
arises whether this activity serves as a cue for metacognitive judgments, or whether
metacognition relies on direct access to the timing of these neural events.

A further question is whether early error sensations are related to early incorrect
response activation. On correct trials, early incorrect response activation leads to a
phenomenon called partial errors (Burle, Possamai, Vidal, Bonnet, & Hasbroucq, 2002;
Coles, Scheffers, & Fournier, 1995; Endrass, Klawohn, Schuster, & Kathmann, 2008), which
can be consciously reported by participants (Rochet, Spieser, Casini, Hasbroucq, & Burle,
2014). Future studies could investigate whether such early incorrect response activation on
error trials is responsible for early error sensations. Indeed, lower response force for errors
than correct responses has been shown in skilled typing (Rabbitt, 1978). As this phenomenon
has been interpreted as resulting from inhibition of the error response before actual response

execution, it could be taken as indirect evidence for early error sensations. Future studies
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765  could examine whether errors accompanied by early error sensations are executed with lower
766  response force than late errors.

767 The present study provides first evidence that participants have the subjective feeling
768  of detecting errors already before they occurred. We show that these early error sensations can
769  be robustly measured across different tasks and metacognitive judgments. Our results add to
770 the broad body of evidence that humans have metacognitive access to a multitude of

771 performance parameters. Previous studies could show that participants are able to report

772 whether an error has occurred or not (Rabbitt, 1968, 2002), to provide graded confidence

773 judgments on the accuracy of their response (Boldt & Yeung, 2015), to classify the type of
774 error they committed (i.e., to which distractor stimulus they responded; Di Gregorio,

775  Steinhauser, & Maier, 2016), and to estimate their RTs in choice tasks (Bryce & Bratzke,

776 2014). These metacognitive contents are used for optimizing decision processes (Desender,
777 Boldt, & Yeung, 2018; Desender, Van Opstal, & Van den Bussche, 2014). Metacognitive
778  representations on the timing of error detection could form another piece of information to
779  support this optimization.

780
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