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Temporal metacognition: direct readout or mental construct?

The case of introspective reaction time.

Nathalie Pavailler!, Wim Gevers?, and Boris Burle!
' Aix-Marseille Université, CNRS
2Université Libre de Bruxelles

Deciphering whether and which mental processes are accessible for metacognitive judgments is
a key question to understand higher cognitive functions. Paralleling the crucial role of Reaction
times (RT) for unraveling the temporal sequence of mental processes, a comparable chrono-
metric approach can be employed at the second-order level through introspective reaction times
(iRT) measures. Although mean iRT correlate with mean RT, suggesting good metacognitive
abilities, this would not necessarily imply a direct read-out of the duration of the underlying
processes as participants may instead rely on inferences based on other salient, non temporal,
cues.

In the present study, two experiments investigated information at the basis of iRT. In visual
choice reaction time tasks, participants were asked to report their RT on a visual analog scale
after each trial. Thanks to linear regression analyses, we could evidence that trial-by-trial RT
and iRT were strongly correlated, indicating a good read-out of RT duration, but also that
subjective evaluation was systematically biased by some experimental conditions. In addition,
with electromyographic recordings, each single trial RT could be fractionated into premotor
and motor times, allowing to investigate the relative contribution of each sub-process to iRT.
This revealed that participants access both decision and motor execution durations.

Results show that participants can access the duration of their mental processes, but that this
read-out can be biased by non-temporal cues. The proposed methodology allows to dissociate

@the authors

the two.

Keywords: Reaction times, Introspection, Performance monitoring, Electromyography.

Public significance statement

Do we have direct access to the content of our mental life?
Or do we merely re-construct it a posteriori? Can we mon-
itor the processes at play during the realization of a task?
To advance on these questions, the present study explores
the capacity of human participants to estimate the time they
took to perform a perceptual discrimination task. A new
data processing rationale, coupled with electrophysiological
measures, allowed to reveal that participant can reliably ac-
cess the duration of their processing operations, but also that
such estimation can be biased by external factors and a priori
knowledge. These observations constitute important infor-
mation to further understand how humans build metacogni-
tive representations of (the duration of) their actions.

Introduction

In many aspects of life, understanding the cognitive pro-
cesses that led to our behavior is essential, especially for
learning and academic achievement (Stanton, Sebesta, &
Dunlosky, 2021). A fundamental question, however, is
whether we have access to our own cognitive processes, or
whether we infer them a posteriori based on our behav-

ior and other environmental cues (Nisbett & Wilson, 1977).
Addressing this question is particularly difficult because, as
experimenters, we have no direct access to these processes
but must infer them from observable behaviors. In the last
decades, scholars have focused on somehow simpler forms of
metacognition, generally referred to as “performance moni-
toring”. Indeed, keeping our behavior effective requires to
constantly evaluate the outcomes of our actions so that ad-
justments can be made when they differ from planned goals.
When external feedback is absent, the only information about
action’s outcome comes from an internal and subjective eval-
uation of performance, constituting a large part of metacog-
nition research (Yeung & Summerfield, 2012).

Besides accuracy analysis, our understanding of informa-
tion processing operations largely owns to Reaction Times
(RT) measures, that allowed to reveal the temporal sequenc-
ing and relative durations of mental processes (Donders,
1868; Luce, 1986; Meyer, Osman, Irwin, & Yantis, 1988;
Posner, 1978; Sternberg, 1969). Recent evidences suggest
that such a chronometric approach can also be useful to re-
veal core aspects of metacognition (Corallo, Sackur, De-
haene, & Sigman, 2008), by asking participants to estimate
the time it took them to perform a first-order cognitive task.
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Metacognitive abilities in the temporal domain are sup-
ported by recent data indicating that participants can in-
trospectively evaluate the accuracy of their timing perfor-
mance: in temporal reproduction tasks, participants turned
out to be aware of the direction and amplitude of their tem-
poral errors (Akdogan & Balci, 2017), leading to the emer-
gence of temporal error monitoring field of study (Akdogan
& Balci, 2017; Kononowicz, Roger, & van Wassenhove,
2019; Kononowicz & van Wassenhove, 2019). In such sit-
uations, accuracy and timing of the first-order decision are
related, as the goal is to explicitly produce a target dura-
tion. There is also evidence that participants can evaluate
the duration of their cognitive processing in non-temporal
decision tasks, potentially using it to set an optimal response
threshold (Balci et al., 2011). Indeed, in the early 70’s, San-
ford (1970) showed that participants were able to meaning-
fully rate their RTs in 4 categories from “fast” to “slow”.
Corallo et al. (2008) relaunched this field of study with a
new methodology asking participants to provide on each trial
a subjective estimate of their own RT using a visual ana-
log scale (VAS), providing a quantified second order mea-
sure they termed “introspective RT” (iRT). Following studies
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have also used other methods to assess iRT, including tem-
poral reproduction (Bryce & Bratzke, 2015; Klein & Stolz,
2018), method of constant stimuli (Bratzke & Bryce, 2016)
and timeline method (Bryce & Bratzke, 2017), with com-
parable results. Paralleling the logic used on RT, Corallo
et al. (2008) reasonned that if some experimental manipu-
lations impacting RT also impact iRT, this would be an argu-
ment that the process affected by the manipulation is intro-
spectively accessible. In contrast, if iRT is blind to this ma-
nipulation, this would suggest that the underlying process is
not accessible. Many previous studies have indeed observed
dissociations between RT and iRT in dual-task paradigms
(Bratzke, Bryce, & Seifried-Diibon, 2014; Bryce & Bratzke,
2015, 2017; Corallo et al., 2008; Marti, Sackur, Sigman, &
Dehaene, 2010). The RT/iRT relationships in single-tasks
remain much less explored. In this latter context, using a
number comparison task, Corallo et al. (2008) reported that,
across different conditions of task difficulty, mean RT and
mean iRT increased in the same way and were consequently
positively correlated. While this should necessarily be ob-
served if participants are able to access the duration of their
processes, on itself it is not sufficient to affirm that iRT is a
direct readout of the temporal content of RT. It is indeed well
established that participants can use salient cues to indirectly
infer their cognitive processes (Nisbett & Wilson, 1977). For
example, iRT could be based on the perception of task dif-
ficulty (Bryce & Bratzke, 2014): some experimental condi-
tions being (objectively and subjectively) more difficult, par-
ticipants might infer that their RT is likely lengthened in such
conditions, leading to an overall longer mean iRT. Although
such a strategy could generate strong correlations between
mean RT and mean iRT, it would not represent a direct read-
out of the duration of the processes constituting RT. Such
potential confounds are depicted In Figure 1.

In both panels, the black dots represent the (same) ob-
served correlation between mean iRT and mean RT across
three experimental conditions. But such correlation on mean
may underly very different relationships at the trial level, il-
lustrated by the colored symbols. On panel A, the correla-
tion on means is paralleled by an identical correlation at the
trial level, within each condition, supporting a direct readout
of the true RT duration. However, if participants infer their
RT based on, for example, task difficulty, the correlation on
means may actually correspond to the situation depicted in
panel B: while the means are strongly correlated, such cor-
relation completely vanishes at the trial level within each
condition (a form of Simpson’s paradox, Kievit, Franken-
huis, Waldorp, & Borsboom, 2013; Simpson, 1951), sup-
porting a reconstruction of RT duration from the different
experimental conditions. Besides revealing potential con-
founds, figure 1 also points to a solution to distinguish the
possible outcomes, thanks to linear models (see Bratzke &
Bryce, 2019, 2022; Desender, Van Opstal, & Van den Buss-
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Figure 1

Linear association between iRT and RT. Panel A: iRT is purely based on duration of RT or panel B: iRT is purely inferred
from task conditions. Each colored (grey) point represents an individual trial, black points represent the means. If performed

across means, correlations are identical between A. and B.

che, 2017; Questienne, Atas, Burle, & Gevers, 2018 for com-
parable use in different contexts). If one considers iRT as the
dependent variable, and both RT and conditions as predic-
tors, two different statistical patterns are to be expected. In
both cases, there would be an effect of conditions on both
iRT and RT. However, when the predictor RT is added, and
in the case of a direct readout (panel A), it should entirely
explain the differences in mean between experimental condi-
tions; one hence expects conditions to become not significant
anymore, all the variance being explained by RT. In contrast,
in the case of a mental construct (panel B), RT should not
predict iRT, only the effect of conditions should be signif-
icant. Obviously, intermediate cases are possible, where a
true relationship between iRT and RT does exist, but can be
biased by conditions. With this methodological approach,
the first goal of the present study is hence to dissociate the
part of iRT that is temporally readout from the part that is
mentally reconstructed from the experimental conditions.

On the other hand, RT is a compound measure and there is
a general agreement that it can, at the minimum, be decom-
posed into decision-related time(s) and non-decision times
(Luce, 1986; Ratcliff, 1978; Ratcliff, Smith, Brown, & McK-
oon, 2016), the latter being composed of stimulus encoding
and response execution times. Encoding, decision and exe-
cution are generally thought as being sequential with addi-
tive durations (Ratcliff, 1978; Ratcliff et al., 2016). A crit-
ical question is whether participants have access to the du-
ration of all the different operations, or only to a subset of

them. Besides dual task manipulations, iRT studies mostly
used manipulations of decision time. Corallo et al. (2008)
and Bratzke and Hansen (2024) manipulated the decision
time by changing the number notation as well as the nu-
merical distance in number comparison tasks, and Bryce and
Bratzke (2014) used different levels of stimulus degradation.
In standard Drift Diffusion modeling, those variables impact
drift rate, and are hence considered to affect the difficulty of
perceptual decisions. The authors observed that task diffi-
culty affected both RT and iRT. To our knowledge, only one
study investigated non-decisional processes in introspective
judgement. Miller, Vieweg, Kruize, and McLea (2010) used
a motor programming manipulation with different response
complexity, and asked for subjective reports of decision and
response times on a rotating clock. However, the obtained
results were ambiguous. One likely reason is that, since the
authors had no way to directly measure the durations of deci-
sion and non-decision processes, they inferred them based on
unverifiable and unwarranted psychological and physiologi-
cal assumptions. Note that even outside the context of intro-
spection, non-decision stages have been much less studied.
As a matter of fact, non-decision times are often referred to
as “residual times”, illustrating the little interest in the field
of decision making. However, it is possible to modulate the
duration of motor execution, for example, by increasing the
force needed to produce a response (Burle, Possamai, Vi-
dal, Bonnet, & Hasbroucq, 2002; Weindel, Anders, Alario,
& Burle, 2021). Whether this would also affect iRT, and how,
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remains unknown. While an absence of effect of force ma-
nipulation on iRT would evidence that motor execution time
cannot be accessed by participants, its presence would not
necessarily imply a direct readout, for the reason explained
above. One hence needs to have an objective measure of
RT’s subcomponents to be able to assess if and how they
contribute to iRT. The use of electromyography (EMG) pro-
vides a solution by allowing to fractionate RT (Botwinick &
Thompson, 1966; Burle et al., 2002): based on the bursts of
muscular activities linked to the behavioral responses, one
can define the pre-motor time (PMT, from stimulus onset
to EMG burst onset) and the motor time (MT, from EMG
onset to behavioral response), as measures of decision and
motor execution times, respectively (Possamai, Burle, Os-
man, & Hasbroucq, 2002; Weindel et al., 2021). Note that,
per construction, RT = PMT + MT. Extending Corallo et al.
(2008) approach, one may wonder whether iRT = iPMT +
iMT, with iPMT and iMT being introspective PMT and MT,
respectively.
To assess this question, three models will be compared:

iRT ~ RT + exp_factors nH
iRT ~ PMT + exp_factors 2)
iRT ~ PMT + MT + exp_factors 3

Depending on which model better predicts the data, different
conclusions will be drawn. If model | best accounts for the
data, this would suggest that both premotor and motor com-
ponents are accessible and taken into account to estimate RT.
Note, however, that such an outcome could also be compat-
ible with iRT simply reflecting an estimation of the duration
between two external events, corresponding to the global RT:
a perceptual one (the stimulus onset) and a motor one (the
behavioral response); in such case, it may not reflect any in-
trospective process at all.

In case model 2 is preferred, this would indicate that intro-
spection is blind to the motor components of the task. Note
that in this case, the externally-defined duration estimation
process would not hold anymore, as no external event marks
the boundary between decision and motor execution. Func-
tionnally, this would indicate that the introspective system
can track the time it takes to reach a decision, but ignores
everything following this point.

Model 3 deserves a bit of comment. Indeed, by construc-
tion, PMT + MT = RT. One may hence first consider that
model 3 is equivalent to model 1. There is, however, a major
difference: model 3 allows PMT and MT to have different
weights (different 8) while model 1, implicitly, forces them
to have the same weight. If model 3 better explains the data,
this would indicate that i) both PMT and MT are accessi-
ble, ii) they have different weights and iii), for the reasons

explained for model 2, this would be incompatible with an
external duration estimation process.

In the present study, we used quantified introspection to
assess if participants can directly readout the duration of their
cognitive processes in an orientation detection task with dif-
ferent stimulus angles, within two experiments. The first ex-
periment was run online and aimed at i) refining the relation
between individual RTs and iRTs in a simple choice reac-
tion time task and ii) dissociating temporal information from
other cues linked to experimental conditions that could be
used to infer RT. This was further addressed in the second
lab-based experiment, in which we added a response force
manipulation. Stimulus angle and response force allowed to
manipulate RT in two different ways, by selectively affect-
ing decision and motor execution times. Encoding time was
constant, as the physical properties of the stimuli remained
the same. Finally, we used RT fractioning with EMG, to
explore whether decision and execution processes are both
introspectively accessible for the iRT judgment.

Experiment 1

The main goal of experiment 1 was to assess the robust-
ness of the trial-by-trial relation between RT and iRT. The
study was performed online, allowing to recruit a larger sam-
ple of participants and thus to estimate the between-subject
consistency of this link. The second aim was to investigate
to what extent iRT reflects a direct readout of the temporal
information contained in RT and/or is inferred from other
information linked to the task (see Figure 1).

Methods

This study was programmed with Psychopy (Peirce et al.,
2019) and exported to Pavlovia.org (v2020.2) to be run on-
line.

Participants

To recruit participants, the link to the online experiment
was transmitted via various means of communications within
the university and lab networks, as well as social medias. The
experiment was also distributed to the volunteer base of the
Cognitive Science Information Network (RISC, unit of the
French CNRS). We recruited 148 participants. Fifty-eight
were excluded because of high error rates (>50%) or non-
respect of the instructions . Thus, 90 participants (mean
age=28.1 years) were included in the analyses. Sixty-one
of them reported their gender as females, and 29 as male.
Fourteen were left-handed. All participants performed the
experiment online, on their own computer. The experiment
was self-paced by the participants and took approximately

"Non respect of the instructions could include no responses in
one or several experimental conditions, performing twice the same
task or using the wrong response keys.
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30 minutes to complete. Before the beginning of the experi-
ment, consent form, information notice and instructions were
presented on the screen and participants had to validate them.
The study was approved by Aix-Marseille University ethical
committee (#2020-12-03-008).

Stimuli and task

Stimuli were vertical Gabor patches with a size of 0.7/0.7
height units (relative to the height of the window) and a
spatial frequency of 5 cycles/stimulus. Their contrast was
set to 0.8 on a scale from O (uniform grey) to 1 (black and
white). The stimulus could be tilted either clockwise or coun-
terclockwise (factor “orientation”) by either 1 or 7 degrees
(factor “angle”). Participants had to respond as a function
of the orientation of the patch. Orientation and angle were
randomized across trials in a fully factorial design. Partici-
pants performed two tasks: a choice reaction time task and
a Go/No-Go task (see below). They performed one block of
100 trials of each task, with 25 trials in each elementary cell
(angle X orientation). The order of the two tasks was coun-
terbalanced between participants. Before each one of them,
a training block of 12 trials was run. All trials had the same
time course (see Figure 2): after a 2-seconds presentation of
a fixation cross, a Gabor patch was presented at the center of
the screen. The task consisted in responding according to its
orientation. Responses were given with the keyboard. In the
choice block, participants had to press the ‘S’ key with their
left hand when the stimulus was counterclockwise and the
‘L’ key with their right hand when the stimulus was clock-
wise. In the Go/No-go block, participants had to press the ‘S’
key with their left hand when the stimulus was counterclock-
wise and had not to respond when the stimulus was clock-
wise. Go/No-go RTs are supposed to be shorter compared
to choice RTs, revealing differences in terms of response se-
lection complexity between the two tasks (Donders, 1868;
Ulrich, Mattes, & Miller, 1999; Vidal, Burle, Grapperon, &
Hasbroucq, 2011). Participants were explicitly asked to be
as fast and accurate as possible. Responses had to be given
in less than 1 second. The stimulus remained on the screen
until the response. After each response, a visual analog scale
was presented on the screen. The scale ranged from O to 1
second and was labelled every 500 ms. Participants had to
click on the scale with their mouse or touchpad to evaluate
their reaction time, which was explicitly defined as the time
interval between the appearance of the stimulus and the re-
sponse. Participants had unlimited time to do this evaluation.
Once they did so, a red marker was placed at the correspond-
ing location on the scale and remained present for 500 ms
before the beginning of the next trial. In trials in which no
response was given (>1s or No-go trials), the scale appeared
in grey for 2 seconds without the possibility to interact with
it. During the training blocks (12 trials), feedback concern-
ing the reaction time was given to participants on the same

scale in the form of a green marker presented for 2 seconds.
No feedback was given during the experimental blocks.

Data analysis

Median absolute deviation (mad) was computed on the
evaluation times to exclude trials for which we can assume
that participants were not doing the evaluation properly. Tri-
als with an evaluation time inferior to the median minus 2
mad and superior to the median plus 5 mad were then ex-
cluded (less than 3% of trials). No other censoring of the data
was applied. Statistical analyses were performed by means
of repeated-measures analyses of variance (ANOVA), corre-
lations and mixed models, using Python packages ‘pingouin’
(Vallat, 2018) and ‘statsmodels’ (Seabold & Perktold, 2010),
and R package ‘lme4’ (Bates, Michler, Bolker, & Walker,
2015). In the linear mixed model analysis, iRT was used
as the dependent variable, with RT, angle and orientation as
fixed effects, participants as random effect, with both random
intercepts and random slopes for each predictor. Preditors
were chosen based on comparisons of the full model with
models including a subset of predictors, with likelihood ra-
tio tests and comparison of “Akaike Information Criterion”
(AIC, Akaike, 1974). AIC incorporates the likelihood of a
model while also penalizing for the number of parameters,
the lowest AIC being preferred. The full model always out-
perfomed the reduced ones (see Appendix A for the AIC of
all tested models). Model with interactions was compared to
the model without interactions with a likelihood ratio test and
the latter was preferred (y?(4)=5.669, p=0.2253). Further-
more, given the question of interest (temporal vs other cues),
fixed effects were judged appropriate enough to address it
powerfully.

Transparency and openness

In accordance with the Transparency and Openness Pro-
motion Guidelines, all data, software code, and other meth-
ods developed by others are appropriately acknowledged.
Data and codes used in this manuscript are available on the
Open Science Framework at https://osf.io/3rzak/. The re-
search was not preregistered. We used open-source software
for all data analyses, ensuring that others can reproduce our
findings without restrictions.

Results

Participants performed two tasks, a Go/No-go and a
choice one, distinguished by the complexity of the decision
involved. However, this task manipulation did not succeed:
when comparing the left hand (used in both tasks), no dif-
ference was observed between the two tasks, neither on RT
(t(89)=-1.14, p=0.26), nor on iRTs (t(89)=0.19, p=0.85). Al-
though speculative, this absence of difference could be due
to a lack of control of hand position, as the experiment was



6 PAVAILLER ET AL.

Figure 2

A.
¥
1 FrN
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X

Experimental paradigms of A. Choice B. Go/No-go blocks of experiment 1.

conducted online. Indeed, if the participants kept their right
finger on the response key during the go/No-go task, even if
not relevant for this task, this might have been sufficient to
cancel the advantage of the Go/No-go choice. Consequently,
for sake of simplicity and coherence with experiment 2, only
results from the choice task will be presented below”. Anal-
ysis of omission are reported in Appendix B. In a first set of
analyses, only correct trials were included.

Effect of experimental conditions on RTs and iRTs

Effect of experimental conditions on mean RT and mean
iRT was studied using two-way ANOVAs with angle and
orientation as independent within-subjects variables. RTs
were affected by both factors: they were slower when angle
was smaller (F(1, 89)=546.95, p<0.001, n§=0.86), and when
stimuli were counterclockwise (F(1, 89)=11.16, p=0.001,
n§=0.11)3. No interaction was found between these two
factors (F(1, 89)=2.28, p=0.13). iRTs were also affected
by angle: they were higher when angle was smaller (F(1,
89)=132.49, p<0.001, n§=0.60). Contrary to RT, no effect of
orientation was observed (F(1, 89)=1.0, p=0.32), but the two
factors interacted (F(1, 89)=5.91, p=0.017, 7712,=0.06). De-
scriptive statistics for each experimental condition are pre-
sented in Table 1.

Correlation between RT and iRT

Since both RTs and iRTs were affected by stimulus an-
gle, correlation analyses were performed to quantify the
link between these two measures. To assess the common
within-individual association between trial-by-trial RTs and
iRTs, we computed repeated-measures correlation, allowing
to overcome measured variance between-participants (Bak-
dash & Marusich, 2017). Repeated measures correlation
analysis revealed a positive correlation between RTs and
iRTs (r,,(7371)=0.56, p<0.001). Correlation coefficients

were also computed for each participant using Pearson’s cor-
relation (see Figure 3). Most subjects (77/90, considering
an @ = 0.05) presented a positive correlation between RTs
and iRTs (range=-0.06-0.89, mean=0.56, std=0.23, see Ap-
pendix L for examples of individual data).

Dissociating RT and experimental factors contributions to
iRT

We evaluated whether participants based their evaluation
solely on time information or whether non-timing informa-
tion could also impact the subjective evaluation of their tim-
ing performance. Paralleling the correlation observed above,
mixed model showed a main effect of RT (5=0.54, t=17.71,
p<0.001). More importantly, effects of angle (8=-0.002, t=-
3.5, p<0.001, see Figure 4A) and orientation (8=-0.015, t=-
4.47, p<0.001, see Figure 4B) survived the introduction of
RT as a regressor, indicating that, for the same objective RT,
iRT was higher for smaller angles and for clockwise stimuli.
As explained in the introduction, such factor effects indicate
a bias in subjective temporal evaluation as it reveals that, for
the same objective duration, RT for smaller angles, or for
clockwise stimuli, were judged longer. This is further sup-
ported by a mediation analysis provided in Appendix D.

We so far concentrated on correct trials. Finally, to assess
if RT of errors were estimated in the same way as correct
ones, we used a mixed model with iRT as dependent variable,
and RT and response accuracy as predictors. In addition to
the main effect of RT (8=0.57, t=17.67, p<0.001), an effect

2We nonetheless performed the same analyses on the Go/No-go
task, which showed similar results as the choice one, reported in
Appendix C.

*Note that, although we describe this effect as an orientation
one, this factor is perfectly confounded with response side. It is
hence impossible to know whether it is a perceptual - stimulus ori-
entation - or a motor - response side - effect
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Table 1

Means of the different variables for each experimental condition of experiment 1. CI-95% indicates the confidence interval
around the mean. Statistics on omissions and accuracy are reported in Appendix B

Orientations
-7 -1 1 7
Mean  CI-95% Mean  CI-95% Mean  CI-95% Mean  CI-95%
Omissions (%) 0.8 [0.2,1.5] 7.6 [5.5,9.7] 7.2 [4.9, 9.5] 0.9 [0.1, 1.7]
Accuracy (%) 97 [96, 98] 76 [72, 80] 84 [80, 87] 97 [96, 98]

RT (s) 0.463 [0.458,0.467] 0.566

[0.559, 0.574]

0.547 [0.541,0.554] 0.452 [0.447, 0.456]

iRT (s) 0472 [0.467,0.477] 0.545

[0.537, 0.552]

0.544 [0.537,0.551] 0.481 [0.476, 0.487]

A B.

2.00 A

175 4

1.50 4

1.25 4

1.00 7

iRT (s)
Density

0.75 A

0.50

0.25 A

T T T 0.00

T T
0.2 0.4 0.6 0.8 1.0 12 0.4

RT (s)
Figure 3

-0.2 0.0 0.2 0.4 0.6 0.8 10 1.2
Correlation coefficient

Experiment 1. A. Individual trial-by-trial correlations between RT and iRT. Each regression line represents a participant. Grey
dashed line is the x=y line. B. Distribution of individual correlation coefficients (r). Blue (grey) zone corresponds to positive
correlations and white zone to null correlations. The zone of uncertainty concerning correlation significance is represented
by a linear gradient around critical r values for an alpha of 0.05 and minimal and maximal numbers of observations (n=70

and n=100).

of accuracy (8=0.014, t=2.38, p=0.017) was observed, with
smaller iRT for error trials, even though RTs were shorter on
correct trials (t(87)=6.7, p<0.001).

Discussion

Experiment 1 reproduced results of Corallo et al. (2008)
with a similar modulation of mean RT and mean iRT by an
experimental modulation of perceptual difficulty in an ori-
entation discrimination task. We confirmed that participants
have a good representation of the time needed to respond to
a stimulus by looking at trial-by-trial correlations between
RT and iRT, and that subjective reports of RT given on a vi-
sual scale can be reliable. We refined this observation with
a larger sample of participants, most (about 85%) of them

having a significant metacognitive sensitivity. Interestingly,
it was not the case for all of them, and around 15% of par-
ticipants could not perform the task efficiently and did not
present any correlation. Note that, since the experiment was
run online, hence without proper control by the experimenter,
this could simply reflect a lack of engagement in the task.

Although RT and iRT covariate, systematic biases oc-
curred, meaning that iRT depends, to some extent, on other
information than the actual RT duration. Indeed, in the mixed
model analysis, effects of orientation and angle survived the
global effect of RT duration. First, iRT were overestimated
for clockwise stimuli despite faster RT in this condition. This
could reflect the fact that participants could be overestimat-
ing response times of their fastest side; the same way higher
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Experiment 1. Linear regression between trial-by-trial RTs and iRTs for A. the two stimulus angles, B. the two orientations.

performers tend to underestimate their skills (Kruger & Dun-
ning, 1999). Alternatively, this could reflect the presence of
some compatibility effect between the orientation of the stim-
ulus or the response side, both being confounded in correct
trials, and the visual scale used to represent the mental time-
line. Participants could have a tendency to use the right part
of the scale, corresponding to higher durations, after giving
a right response, or seeing a stimulus pointing right (Droit-
Volet & Coull, 2015).

Second, for the same effective RT duration, participants
also estimated themselves slower for small angles, i.e. in
the condition for which perceptual difficulty is the highest.
Would iRT depend only on actual RT, then the angle effect
should be captured by the increase of RT duration. Instead,
the persistence of an effect of angle on iRT indicates that
participants partially inferred the time they took to respond
from their perception of task difficulty, or something related.
This last result is in line with the observation that iRTs are
primarily based on experienced difficulty during a psycho-
logical refractory period paradigm (Bryce & Bratzke, 2014).
Overall, these main effects of angle and orientation, surviv-
ing the effect of RT duration, suggest that iRT is more than
the estimation of the time interval separating a stimulus and a
response. In addition, RT of error trials were underestimated
compared to the same RT of correct trials, reflecting another
type of bias.

The present results hence suggest that temporal metacog-
nition is a mix between a direct readout and a mental con-
struct (see Figure 1), and that participants do not only
use temporal information to build a representation of self-

produced RTs, but also rely on other cues. Experiment 2 was
designed and run in the laboratory to deepen our understand-
ing of these effects of factors and objective RT.

Experiment 2

Experiment 2 was based on the same protocol as experi-
ment 1 but performed in the laboratory, allowing better ex-
perimental control. Several adjustments were introduced.
First, to evaluate whether iRTs really reflect a (internal) time
estimation, we added an externally-defined duration estima-
tion task to explore the correlation between the metacogni-
tive evaluation of RT duration and general timing abilities.
Second, to better assess the effect of task difficulty, we in-
creased the number of stimulus angles to 5 (for each orien-
tation), to get a more continuous variable. Third, we also
manipulated the force level necessary for the response to
be recorded. This manipulation is known to selectively af-
fect motor execution time (Burle et al., 2002; Weindel et al.,
2021) contrary to stimulus angle which (rather) specifically
affects decision time.

Consequently, these two experimental manipulations per-
mitted to test if iRT was sensitive to both manipulated fac-
tors. Besides decision stage, if motor execution is taken into
account in iRT, we expect an effect of force on both RT and
iRT. However, since experimental factors have been shown to
potentially bias iRT, independently of actual RT duration, ob-
serving a force effect on iRT would be necessary but not suf-
ficient to demonstrate a contribution of motor execution time.
Consequently, we also recorded the EMG activity of the mus-
cles involved in response execution and used it to fractionate
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RT into premotor (PMT, from stimulus onset to EMG onset)
and motor times (MT, from EMG onset to recorded mechan-
ical response, see figure 6). We could thus dissociate the im-
pact of decision and execution durations on iRT, and evaluate
whether taking into account the two subprocesses was better
in predicting the estimation than considering only global RT.

Methods
Participants

We recruited 32 participants from the Aix-Marseille Uni-
versity community. All participants had normal or corrected-
to-normal vision and no neurological disorders. The study
was approved by the “Comité de Protection des Personnes
Sud-Est VI” (n°2021-A01548-33). Participants gave their
written consent and were compensated at a rate of 15€ per
hour. Two participants were excluded due to a high error rate
(>50%). Finally, data of 30 participants (mean age=25.07)
were included in the analyses. Fourteen of them reported
their gender as male and sixteen as female. Eight were left-
handed. Sample size was determined using G*Power (Faul,
Erdfelder, Buchner, & Lang, 2009) with effect sizes available
from correlation analyses in the existing literature and exper-
iment 1 (r=0.5). Based on this effect, an alpha of 0.05 and
an 80% power, the required number of participants was 21.
However, we assumed smaller effect sizes given RT fraction-
ing, so sample size was increased to 30 participants.*

Apparatus

Participants performed the experiment in a Faraday cage.
They were comfortably seated in front of a computer screen
placed at a one-meter distance, with a frame rate of 120Hz.
Responses were given by pressing either a left or right but-
ton with the corresponding thumb. Buttons were placed on
two cylinders mounted on force sensors allowing to continu-
ously measure the force produced with a sampling frequency
of 2048 Hz. Force threshold needed for response recording
was set by the experimenter thanks to this device. At but-
ton press, participants heard a 3ms sound feedback at 400
Hz (resembling a small click). Left button was fixed in a
vertical position by a magnet located at the bottom end of
the cylinder (see Figure 5SA). When the magnet was off, the
button could be freely tilted to the right (towards the cen-
ter of the device) up to 45 degrees, which moved a cursor
on the screen. This apparatus allowed participants to pro-
vide their subjective evaluation without having to remove the
hand from the response button, which would have decreased
the quality of EMG recordings (see below).

We measured the electromyographic (EMG) activity of
the flexor pollicis brevis of both hands with two electrodes
placed on each thenar eminences. We used a Biosemi Ac-
tive II system (BioSemi Instrumentation, Amsterdam, the
Netherlands) for the recordings, with a sampling rate of 2048

Hz. During the whole experiment, the forearms and hy-
pothenar muscles of the participants rested comfortably on
the table to minimize tonic muscular activity which would
compromise the detection of voluntary EMG bursts. Further-
more, the EMG signal was monitored by the experimenter
who asked the participant to relax his/her muscles if noise
was detected. All participants performed one single 2-hour
session including a short duration estimation task of approx-
imately 15 minutes and a reaction time estimation task with
one training block and 12 experimental blocks, separated by
self-paced breaks. The second task was similar to the online
choice task, consisting in discriminating the orientation of a
Gabor patch as fast and accurately as possible.

Stimuli

Stimuli presentation was controlled by the Psychopy soft-
ware, version 2021.1.4 (Peirce et al., 2019). Each stimulus
was a Gabor patch presented in the middle of the screen. It
had a spatial frequency of 0.5 cycle/visual angle degree and
a size of 15 visual angle degree. Its contrast was set to 0.5
on a scale from 0 (uniform gray) to 1 (black and white). Five
stimulus angles were chosen : 1, 3, 5, 10 and 20 degrees from
vertical. These values were determined from a pilot study
where they revealed a large range of performances: from
100% to 70% accuracy and optimal reaction time variations.
Reports of durations and reaction times were collected via
a horizontally presented visual analog scale. The scale was
marked with vertical lines at 0 (left end), 0.33, 0.66, 1 and
1.33s (right end). Only the 1 second tick was labeled as a
cue for participants. We set the right end of the scale at a
value superior to one second to avoid biasing estimates of
longer durations.

Maximum voluntary force

Before the experimental tasks, maximum voluntary force
was measured to adapt response thresholds to each partici-
pant. They were asked to alternate 3 left- and 3 right-presses.
They were told that their presses should be brief and as strong
as possible. The maximum force was determined for each
press, and the highest maximum for each hand separately
was retained. Maximum force of each participant was cho-
sen as being the minimum of these two maximum values, to
avoid tiring the weakest hand, and was used to determine the
two response forces used (see below).

Externally defined duration estimation task

To assess participants’ general timing abilities, they first
performed an externally-defined duration estimation task
(see Figure 5B), as opposed to the RT estimation task where

4Upon a reviewer’s suggestion, we performed a power analysis
using the R package simr, revealing a power of 99% for the RT
coefficient of our mixed model.
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RT is a self-produced duration. Each trial began with the pre-
sentation of a fixation cross in the center of the screen. After
1 second, the stimulus appeared in place of the cross. During
this task, all stimuli were vertical Gabor patches. Stimulus
duration varied from trial to trial between 0 and 1 second.
Possible durations were defined beforehand from a lognor-
mal distribution (u=0.45 and std=0.3) to be similar to a RT
distribution (right skewed) with a comparable range of dura-
tions to estimate between the tasks. Durations were random-
ized across trials. After each stimulus presentation, the visual
analog scale was presented on the screen with a blue triangle
marker placed on its left end. Participants had to precisely
evaluate the duration of the stimulus previously presented.
When the scale appeared, the left button magnet was turned
off so that the participant could tilt it to the right. This tilt
allowed the visual marker to move on the scale. Participants
were asked to place the marker at the position corresponding
to their estimated duration of the stimulus and to press the
left button to validate their estimation. The force threshold
for this validation was set constant at 6N (600g). The marker
stayed on the scale for 0.5 s followed by a feedback given as
a green triangle marker placed at the position corresponding
to the effective duration of the stimulus. The scale with both
markers was kept on the screen for 2 seconds before the next
trial. The transition to the next trial did not take place un-
til the left button was replaced to its vertical position to be
locked again. Every participant performed 80 trials.

Choice reaction time task

Participants then performed the orientation discrimination
task and had to estimate their reaction times after each trial
(see Figure 5C). Each trial began with the presentation of a
fixation cross in the center of the screen. After 1 second, the
stimulus replaced the cross. In this task, stimuli were clock-
wise or counterclockwise rotated Gabor patches displayed on
the screen. Gabor patches were presented for a constant du-
ration of 150 ms, to prevent the subjective evaluation to be
based on the actual duration of the stimulus. Stimulus angle
was fully randomized across trials. Participants had to re-
spond to the stimulus orientation by pressing either the left
(counterclockwise stimuli) or the right (clockwise stimuli)
button. They were asked to respond as fast and as accurately
as possible. The force level needed to provide a response
could take two values, calculated from the maximum force
of each participant. They constituted a weak force condi-
tion and a strong force condition, with force levels set at
5% and 20% of the maximum force, respectively (see Ap-
pendix E). Participants alternated 3 blocks of each force (to
avoid confounding effect of time on task, while reducing
switches) and the starting force level was counterbalanced.
At the beginning of each block, force level was indicated on
the screen with the french instruction “Force faible” (weak
force) or “Force forte” (strong force). Within each trial, when

a response was given, the scale appeared with a red triangle
marker placed on its left end. At the same moment, the left
button was released, allowing the participant to tilt it to move
the marker on the scale. In this task, participants had to pre-
cisely evaluate their reaction time, i.e., the time between the
apparition of the stimulus and the button press corresponding
to the response. For that, participants were asked to place the
marker at the position corresponding to their estimated reac-
tion time and to press the left button to validate their estima-
tion. The force threshold for this validation was set constant
at 6N (600g). The scale remained on the screen for 0.5 s
before the next trial. If no response to the Gabor patch was
given within 1 second, the same visual scale was presented
but the left button remained locked so that no interaction was
possible. The scale was displayed for 1.25 s before the next
trial. Inter-trial interval was set to 0.5 s and did not begin
until the left button was replaced in its vertical position to
be locked again. Participants performed 12 blocks of 60 tri-
als. Before the experimental blocks, participants performed
20 training trials, to make sure that they understood the task
properly. During this task, no feedback was ever provided.

EMG processing

EMG signal was processed with MYOnset (Spieser &
Burle, in preparation) a custom-made python program to
detect EMG onsets (released under open-source license,
available at https://github.com/lspieser/myonset).
Briefly, the signal was first high pass filtered at 10Hz, then
for each trial, the baseline mean (u) and standard deviation
(o) of the signal was computed from 0.5 s preceding stimulus
onset, for each hand separately. On the post-stimulus signal,
it was then evaluated whether, and when, EMG activity was
significantly above a predetermined threshold (¢ + n X o) in
either hand’s channels (n was being optimized for each par-
ticipant and force). When the signal was above this thresh-
old, the precise burst onset was identified with an algorithm
based on the “Integrated Profile” of the EMG burst (Liu &
Liu, 2016). If the algorithm failed to locate or detect the
EMG burst onset, the experimenter corrected or added them
manually through the visual interface. Every muscular event
(above-threshold change in the signal followed by a return
to the baseline) in the trial was marked, even when the acti-
vation was not immediately followed by an overt response.
If the trial was too noisy or if EMG activity started before
the stimulus, trial was not marked. In trials where a single
EMG burst was detected, motor time (MT) was defined as the
time between the onset of EMG burst and the force threshold
crossing recorded. Pre-motor time (PMT) was defined as the
time between stimulus onset and the EMG burst onset (see
Figure 6).


https://github.com/lspieser/myonset
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Experiment 2. RT fractioning into premotor (PMT) and mo-
tor times (MT).

Data analysis

The first trial of each block was removed. As in the first
experiment, median absolute deviation (mad) was computed
on the evaluation times to exclude trials for which we can
assume that participants were not doing the evaluation prop-
erly. Trials with an evaluation time inferior to the median mi-
nus 2 mad and superior to the median plus 5 mad were then

excluded (<4% of trials). Trials with no EMG marking were
excluded (<3%). Statistical analyses were performed by
means of repeated-measures analyses of variance (ANOVA),
correlations and mixed models, using Python packages ‘pin-
gouin’ (Vallat, 2018) and ‘statsmodels’ (Seabold & Perk-
told, 2010), and R package ‘lme4’ (Bates et al., 2015). For
ANOVAs, when the condition of sphericity was violated,
Greenhouse-Geisser correction was applied. Linear mixed
models were first used for the same purpose as in experiment
1. iRT was used as the dependent variable, with RT, angle,
force and orientation as fixed effects, participants as random
effect, with both random intercepts and random slopes for
each predictor. Preditors were chosen based on comparisons
of the full model with models including a subset of pre-
dictors, with likelihood ratio tests. The full model always
outperformed the reduced ones (see Appendix F for AIC of
all tested models). The addition of interactions led to con-
vergence issues and made the models over-complex. In ac-
cordance with experiment 1, model without interaction was
judge appropriate enough to address our question of inter-
est. Note that force and orientation were categorical factors
with two modalities and that the 8 hence reflect the differ-
ence between both modalities with strong force and counter-
clockwise stimuli as references, respectively. In the present
experiment, mixed models were also performed to study the
contribution of PMT and MT to iRT. A global model includ-
ing RT as fixed effect was compared to a reduced model with
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only PMT as a fixed effect and to a full model with both PMT
and MT as fixed effects (models 1,2 and 3 presented in the
introduction). Models were compared based on their AIC,
and a likelihood ratio test determined if they were different.

Results

Analyses of omission rate and accuracy are reported in
Appendix G. Overall, overt errors were observed in 10% of
trials and trials with multiple EMG activities were observed
in 12% of trials. This type of trials has already been reported
before (Servant, White, Montagnini, & Burle, 2016; Wein-
del et al., 2021) but a clear theoretical interpretation of these
multiple bursts is still lacking. Anyhow, they imply that the
decision-execution sequence is not always respected. In a
first step, only pure correct trials, i.e. correct trials with a
unique EMG burst, were analysed. The number of the re-
maining trials per experimental condition is provided in Ap-
pendix H. The impact of those multiple bursts was analysed
in a second step.

Pure correct trials
Effect of experimental conditions on RT and iRT

Effect of the experimental conditions was studied us-
ing three-way ANOVAs with angle, orientation, and force
as within-subjects variables. RTs were affected by the 3
factors. RTs increased as stimulus angle decreased (F(4,
116)=107.46, p<0.001, 77%:0.79, €=0.35), and were slower
in the strong force condition (F(1, 29)=32.45, p<0.001,
77%:0.53), and for counterclockwise stimuli (F(1, 29)=22.92,
p<0.001, 7712)=0.44, see Figure 7A). No first nor second-order
interactions were observed (all p>0.1).

These effects on RT were underlied by effects on its sub-
components: PMT and MT. As expected, PMT was in-
creased when stimulus angle decreased (F(4, 116)=94.68,
p<0.001, 77%:0.77, €=0.36, see Figure 7C). It was also
smaller for clockwise stimuli (F(1, 29)=7.80, p=0.009,
ni:O.Zl). No effect of force (F(1, 29)=0.16, p=0.69) nor
interaction was found (all p>0.1). MT was longer in the
strong force condition (F(1, 29)=114.29, p<0.001, 77;:0.8),
and for counter-clockwise stimuli (F(1, 29)=26.76, p<0.001,
r]%:O.S, see Fig. 7D). MT was also increased when stim-
ulus angle decreased (F(4, 116)=15.06, p<0.001, n%=0.34,
€=0.41). No interaction was found (all p>0.1).

Same effects of angle (F(4, 116)=17.04, p<0.001,
n§=0.37, €=0.38) and force (F(1, 29)=9.96, p=0.004,
77%:0.26) as those observed on RTs were observed on iRTs.
In contrast, unlike RTs, iRTs were higher for clockwise
stimuli (F(1, 29)=11.78, p=0.002, n§=0.29, see Figure 7B).
Angle and orientation interacted (F(4, 116)=3.70, p=0.013,
nizO.ll, €=0.79). No other first-order interaction was ob-
served (all p>0.1). A second-order interaction was also
present (F(4,116)=3.91, p=0.014, 7712,=O.12, €=0.70)

Correlation between RT and iRT

Mean RTs and iRTs showed a similar dependence on both
force and stimulus angle. To assess RT and iRT relation-
ship at the individual trials level, we performed correlation
analyses. Repeated measures correlation analysis revealed
a positive correlation between trial-by-trial RTs and iRTs
(rm(15806)=0.39, p<0.001). Correlation coefficients were
also computed for each participant using Pearson’s corre-
lation (see Figure 8). All participants but one presented a
positive correlation between RTs and iRTs (range=-0.01-0.7,
mean=0.42, std=0.16, see Appendix L for examples of indi-
vidual data).

Link with external timing abilities

If participants really rely on time estimation, their capac-
ity to correctly estimate their RT should depend on their gen-
eral time estimation ability. To investigate this link, we an-
alyzed participants’ performance in the time estimation task
performed at the beginning of the experiment, and we then
explored the relation between performance in RT estimation
task and external duration estimation task. Correlation anal-
yses were also performed for the duration estimation task,
between the target duration, and the estimated one (as as-
sessed by the position of the cursor on the scale). Repeated
measures correlation analysis revealed a positive correla-
tion between target and estimated durations (r,,,(2369)=0.72,
p<001). Individual Pearson’s correlations showed that all
subjects presented a positive correlation between target and
estimated durations (range=0.27-0.9, mean=0.73, std=0.11,
see Figure 9). Not surprisingly, since feedback was given in
this task, correlation coefficients were larger than for the RT
evaluation task (t(29)=-10.97, p<0.001).

To investigate the link between RT evaluation and duration
estimation abilities, we computed a simple linear regression
to predict RT evaluation task correlation coefficients based
on duration estimation task correlation coefficients (see Fig-
ure 10). Outlier detection using the Local Outlier Factor
(Breunig, Kriegel, Ng, & Sander, 2000) brought out one out-
lier value within each task (easily detectable on Figure 10).
Regression was thus performed on n=28 observations. Re-
sult of this analysis indicated that there was a significant as-
sociation between the two variables (R?=0.2) with r of the
duration estimation task being a significant predictor of r of
the RT evaluation task (8=0.92, t=2.61, p=0.015).

Dissociating RT and experimental factors contributions to
iRT

As in Exp. 1, we used mixed models with iRT as depen-
dant variable and RT and the experimental factors as regres-
sors to assess if non-temporal information could also partic-
ipate to RT evaluation. This model showed main effects of
RT (8=0.48, t=14.49, p<0.001), force (8=-0.018, t=-1.99,
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p=0.047) and orientation (8=0.043, t=6.78, p<0.001), but
no effect of stimulus angle (8<0.001, t=0.021, p=0.98). It
means that for the same RT, iRT were higher in the strong
force condition and for clockwise stimuli. Multiple regres-
sion performed on means showed similar results with main
effects of RT (8=0.44, t=6.47, p<0.001), force (5=-0.02,
t=-4.99, p<0.001, see Figure 11A) and orientation (3=0.04,
t=13.47, p<0.001, see Figure 11B), but no effect of stimulus
angle (8<-0.001, t=-0.37, p=0.72). All results are confirmed
by mediation analyses provided in Appendix I.

Impact of PMT and MT on iRT

To assess to what extend premotor and motor components
of RT contribue to iRT, we compared three models (models

1,2 and 3 exposed in introduction). In a first model (model 1),
we used global RT as a predictor of iRT. In a second model
(model 2), we entered only PMT as a predictor, to assess
whether the motor component was used to report iRT or not.
In a third model (see model 3), we entered both PMT and
MT as predictors (see introduction for the difference between
models 1 and 3). In all three models, force and orientation
were also included as predictors, as they had significant effect
on iRT in the previous analysis. Participants were included as
random effect and we used both random intercept and slopes
for each factors. Model 3 provided a better fit than model 2
(x%(6)=482.68, p<0.001, see Table. 2). Both PMT (8=0.47,
t=13.88, p<0.001) and MT (8=0.57, t=7.68, p<0.001) pre-
dicted iRT, indicating that MT is likely taken into account
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Experiment 2. A. Individual trial-by-trial correlations between RT and iRT. Each regression line represents a participant.
Grey dashed line is the x=y line. B. Distribution of individual correlation coefficients (r). Blue (grey) zone represents positive
correlations and white zone represents null correlations. The zone of uncertainty concerning correlation significance is rep-
resented by a linear gradient around critical r values for an alpha of 0.05 and minimal and maximal numbers of observations
(n=408 and n=648).
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Experiment 2. A. Individual trial-by-trial correlations between target and estimated durations. Each regression cline repre-
sents a participant. Grey dashed line is the x=y line. B. Distribution of individual correlation coefficients (r). Purple (grey)
zone represents positive correlations and white zone represents null correlations (considering an @ = 0.05). The zone of
uncertainty concerning correlation significance is represented by a linear gradient around critical r value for an alpha of 0.05
and number of observations (n=80).
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Experiment 2. Linear regression between individual dura-
tion estimation task and RT evaluation task correlation coef-
ficients. Each dot is a subject, the crosses are outliers. Re-
gressions are presented with (in light grey) and without (in
dark grey) the two outliers (respectively in grey and pink in
the colored version). Dashed line is the x=y line.

in iRT. In a last step, we compared model 3 and model 1 to
assess whether PMT and MT have the same weight in iRT
(see introduction for the rationale). Model 3 (PMT+MT, dif-
ferent weights) better accounts for the data @2(6)=124.93,
p<0.001) than model 1 (including only RT), indicating that
the weights of PMT and MT are different, independently of
their respective durations. Even if AIC takes into account the
complexity of the model (Akaike, 1974), it could be that the
increased flexibility allowed by splitting RT in two subinter-
vals always leads to a better fit. To evaluate this possibility,
we performed pseudo-random splits of RT (N = 1000) and
compared them to model 1 and model 3. Details and results
are reported in Appendix J: briefly, model 3 largely outper-
formed pseudo-random split.

Beyond pure correct trials

All previous analyses were made on pure correct trials,
namely correct trials with only one EMG burst. Hence, two
types of trials were left aside: erroneous responses and non-
pure correct trials. Indeed, in some trials, some EMG acti-
vations are observed before the one leading to the overt re-
sponse, revealing some forms of “hesitation”. The effect of
experimental conditions on the number of EMG activations
follows the effect observed on accuracy and is depicted in
Appendix K. As both overt errors and motor hesitation re-
lated to multiple EMG activations could impact the way par-
ticipants estimate their RTs, we ran some further analyses
including all trials.

Impact of accuracy on iRT

To see if the RTs of trials containing multiple bursts were
evaluated differently, we ran a mixed model on all correct
trials with iRT as dependent variable and RT and the number
of EMG bursts as predictors, in addition to response force,
as it has an effect on the number of bursts and was a sig-
nificant predictor of iRT. Participants were included as ran-
dom effect and we used both random intercept and slopes for
each predictor. In addition to the main effects of RT (8=0.48,
t=13.64, p<0.001) and force (8=-0.018, t=-1.96, p=0.05), an
effect of the number of bursts (8=0.019, t=2.79, p=0.005)
was observed, with iRT being higher for trials with multi-
ple EMG activations, revealing that for the same objective
RT, trials with multiple bursts are judged longer. Finally, we
studied the effect of the overt errors on iRT, by using another
mixed model with iRT as dependent variable, and RT and
response accuracy (correct vs. errors) as predictors. In addi-
tion to the main effect of RT (8=0.52, t=17.03, p<0.001), an
effect of accuracy (5=0.034, t=5.46, p<0.001) was observed,
with iRT being smaller for error trials, even though no dif-
ference in RT was observed between correct and error trials
(t(29)=-0.7, p=0.49), replicating results obtained in Experi-
ment 1.

Discussion

The correlations between RT and iRT confirm and ex-
tend the observations of experiment 1 and of the literature
(Bratzke & Bryce, 2019; Corallo et al., 2008). In the more
controlled environment of the laboratory, most participants
presented a positive correlation between iRT and RT at the
trial level, indicating that they can accurately evaluate the
duration of their RT.

As in experiment 1, RT and iRT were affected similarly
by stimulus angle but showed opposite modulations by ori-
entation: RT was lower while iRT was higher for clockwise
stimuli. The fact that this effect is replicated despite differ-
ent devices used to provide the evaluation tends to exclude
artefacts linked to the way this evaluation was provided. In
experiment 1, we speculated that this asymmetry might be
due to a bias towards the right part of the evaluation scale
induced by the clockwise stimulus or the right response. The
present data do not provide any new argument for or against
such explanation, that certainly requires more investigation.
Anyways, whatever the reason of this asymmetry, it reveals
a systematic deviation between subjective evaluation and ac-
tual RT.

Experiment 2 introduced a new manipulation, namely re-
sponse force. As expected, force manipulation specifically
affected the motor execution stage, as it increased MT but left
PMT unchanged. Increasing response force lengthened iRTs,
which can at first sight suggest that motor execution time is
taken into account in iRT. However, analyzing iRT predictors
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Table 2

Experiment 2. Estimates for the fixed effects of the three mixed models predicting iRT, and corresponding AIC.

Model Intercept RT PMT MT force orientation AIC

RT 0.255%%*  (.48%** -0.018* 0.043%%** -28279
PMT + MT  0.242%** 0.475%*%* 0.57*%**  -0.016* 0.046%** -28392
PMT 0.314%%*%* 0.462%** -0.033%**  (.037%** -27921

#%p< 001, *p<0.1

in the mixed models, an effect of force was observed, that
goes beyond its effect on RT. This indicates that, for the same
effective RT duration, participants estimated themselves as
being slower in the strong force condition. As it will be dis-
cussed below, this means that an effect of force on iRT is
necessary but not sufficient to conclude on the consideration
of motor time.

On another hand, and contrary to experiment 1, the effect
of angle on iRT did not survive the introduction of RT in the
mixed model, in addition of RT and force effects, indicating
that all the effect of angle on iRT was accounted for by its
effect on RT. Although this may sound surprising, and ap-
pear as a replication failure of experiment 1, we will argue
in the general discussion that this discrepancy might reveal
interesting properties of metacognitive evaluation.

In a further step, action monitoring and error detection
being key features of metacognitive evaluation, we explored
how (partial) errors are subjectively evaluated. We looked at
whether overt incorrect responses were evaluated differently
than correct ones. Replicating experiment 1, we observed
that RT was underestimated for error trials compared to cor-

rect ones. Besides accuracy classification in a binary way
(correct or incorrect) based on overt behavior, analyses of
the EMG activity showed that overt correct responses can be
preceded by one or several early subthreshold bursts. In con-
flict task, subliminal activations recorded on the hand asso-
ciated with the incorrect response (Coles, Gratton, Bashore,
Eriksen, & Donchin, 1985), called “partial errors” (Burle et
al., 2002), index automatic incorrect response activation. In
non-conflicting settings, subliminal EMG activation can also
occur on the correct hand, likely revealing processing hes-
itations (Questienne et al., 2018, Weindel et al., 2021, see
Dendauw et al., 2023, for a possible theoretical account).
The presence of multiple EMG bursts increased iRT, besides
their lengthening effect on RT, as these trials were judged
as longer than pure correct trials with the same actual RT.
This lengthening is surprising, given that most of these par-
tial EMG activations likely remain unconscious (Ficarella,
Rochet, & Burle, 2019; Rochet, Spieser, Casini, Hasbroucq,
& Burle, 2014). The possible nature of the subjective (largely
unconscious) feelings biasing iRT will be discussed in the
general discussion.
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Overall, confirming experiment 1, experiment 2 shows
that although systematic biases do occur, the best predictor
of iRT is actual RT. Furthermore, the accuracy of iRT es-
timation seems to depend on general timing abilities (see,
however, Bratzke & Bryce, 2022; Klein & Stolz, 2018). Be-
sides linking iRT to actual RT, the second experiment also
went a step further in assessing whether, and which, subpro-
cesses included in RT are also accessible. Fractioning RT
based on EMG activity allowed to dissociate the duration
of decision-related and motor-execution-related subcompo-
nents. Mixed model analysis showed that both decision and
execution sub-processes are considered to estimate RT, with
different weights though. The implications of all those re-
sults will be discussed in the General Discussion.

General discussion

Acting in time is essential for adapted behavior. While the
processes underlying time perception have been studied for
long, it is only very recently that scholars got interested in
our capacity to evaluate the timing of our actions. Following
previous research (Corallo et al., 2008; Sanford, 1970), the
goal of the present study was to deepen our understanding
of temporal metacognition, by investigating whether partic-
ipants can evaluate the duration of their cognitive processes
in a choice task. We sought to disentangle temporal and non-
temporal information contributing to this subjective evalua-
tion. Two experiments, one online and one in the labora-
tory, were run using quantified introspection to measure both
actual RT and its introspective equivalent, iRT. Replicating
previous observations (e.g. Corallo et al., 2008), mean RT
and mean iRT were sensitive in a comparable way to exper-
imental manipulations, confirming that participants have a
rather good representation of the time needed to respond to
a stimulus. Importantly, and as exposed in the introduction,
observing a positive correlation on the means is not sufficient
to conclude that iRT is a direct readout of RT temporal con-
tent as it may simply reflect a mere average estimation of the
sensitivity of RT to experimental conditions. The use of lin-
ear mixed models on individual trials allowed us to decipher
the information at the basis of iRT. First, in all mixed models
of both experiments, individual RTs were the main predic-
tor of individual iRTs, establishing a strong link between the
two. Despite some interindividual variability, this effect was
consistent, with a large majority of participants showing a
substantial link, and only few being unable to estimate their
RT. This indicates that participants, at least partly, estimated
the effective temporal interval constituting RT. In addition,
experiment 2 showed that participants who were the most ac-
curate in estimating external time intervals were also better at
estimating their own RT, suggesting a shared mechanism of
time estimation in both tasks. Overall, these results provide
strong arguments for the idea that iRT really reflects a time
estimation process (see, however, Bratzke & Bryce, 2022;

Klein & Stolz, 2018, in a dual task context).

Of which processes are the durations evaluated: contri-
bution of decision and motor execution

Given that participants were able to estimate the effective
durations of their RT, we sought to determine if, and to what
extent, the different processes at stake during RT were con-
sidered in iRT. We here focused on decision and motor exe-
cution related processes.

In both experiments, we manipulated the angle of the Ga-
bor patches, affecting the decision process. iRT was affected
in a way similar to RT by this experimental factor, suggest-
ing that the duration of the decision process is taken into ac-
count for the subjective evaluation. In experiment 2, we addi-
tionally manipulated response force, known to (rather selec-
tively) affect motor execution processes (Burle et al., 2002;
Weindel et al., 2021). iRT was also sensitive to this factor,
supporting the idea that the duration of the motor processes
is also incorporated within iRT. However, if the sensitivity
of iRT to these manipulations is necessary to conclude that
the targeted processes are evaluated, it is not sufficient. In-
deed, as will be discussed below, the mixed-model analysis
revealed that this sensitivity can reflect, at least partly, a bias
linked to the experimental conditions.

To better establish the respective roles of decision and
motor processes, EMG fractioning was used to get objec-
tive measures of the two processes’ durations. Mixed mod-
els comparison revealed that PMT and MT better predicted
iRT than PMT only, suggesting that participants did take into
account both subdurations in their RT evaluation.

Previous research studied the implication of motor pro-
cesses in metacognition (Fleming et al., 2015; Gajdos, Flem-
ing, Saez Garcia, Weindel, & Davranche, 2019; Jovanovic,
Lépez-Moliner, & Mamassian, 2021; Mamassian, 2008), but
mainly on confidence. Jovanovic et al. (2021) also inves-
tigated the accessibility of the duration of motor execution
in a synchronization/pointing task. Their data suggest that
participants can have access to the duration of their move-
ment time, in agreement with the present data. However, as
reported by the authors, their task implied large movements,
and how such large movements are timed is a matter of de-
bate (see Leib, Karniel, & Mussa-Ivaldi, 2017). Conversely,
reaction time tasks often involve isometric presses (which is
the case in the present studies) without any actual movement
(or very limited ones), eliminating the dynamical aspect of
movement time.

Furthermore, and interestingly, the mixed model with both
PMT and MT (whose sum is exactly equal to RT) as predic-
tors outperformed the model with only RT. This is so because
the PMT+MT model allows to have different weights for
PMT and MT, which improved the prediction. The fact that
these two components have different weights rules out the
possibility that RT estimation simply relies on the perception
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of the duration separating two external events (from stimu-
lus onset to response). Indeed, would participants base their
estimation on this external duration, fractioning RT based
on EMG should represent a random split of RT, and hence
should not improve iRT prediction. The most likely conclu-
sion is hence that participants really made a metacognitive
judgment on the time they took to decide, and on the time re-
quired to produce the response, and did not estimate external
durations covarying with it. Another important consequence
of this result is that iRT is very likely based on the sum of
the estimations of the two intervals, an introspective PMT
(iPMT) and an introspective MT (iMT).

Such access to PMT duration is at odds with previous
reports suggesting that participants have poor evaluation of
their decision time (Miller et al., 2010) in a Libet’s paradigm
where participants have to estimate the time of their inten-
tion to act on a rotating clock (Libet, Gleason, Wright, &
Pearl, 1983). Such conclusion, however, relies on very strong
assumptions concerning the non-decision time and the lack
of objective decision time measure prevents a precise deter-
mination of the judgments’ accuracy. On the other hand,
although some studies were interested in the estimation of
movement time (De Kock, Zhou, Datta, Joiner, & Wiener,
2023; De Kock, Zhou, Joiner, & Wiener, 2021), no studies
have directly asked participants to estimate the duration of
their motor execution time in non timing tasks, which must
be inferred from indirect measures without the use of EMG.
Hence, to confirm and further explore the idea that partic-
ipants have distinct representations of the times they took
to decide and act, both objective and subjective measures of
these processes’ durations are needed.

iRT inference from multiple cues

Although iRT is largely based on the duration of the
underlying processes, other, non-temporal, information is
also impacting it. This is in accordance with previous
work demonstrating influence of non-temporal cues on iRT,
such as perceived difficulty in dual task (Bryce & Bratzke,
2014), or cue-stimulus and response-stimulus intervals in
task switching (Bratzke & Bryce, 2019). It was not guaran-
teed that a similar observation would be made in a single task
context, where the attentional demand is lower. However,
in a similar way, in both of the present experiments, mixed
models revealed effects of experimental factors on iRT, that
go beyond their mere effect on RT. Those factors broke the
linearity between RT and iRT, leading to systematic under or
overestimations. More precisely, such shifts in the RT/iRT
relationship reveal that, for the same objective RT, partici-
pants judged themselves as slower under some experimental
conditions. In experiment 1, angle (i.e. perceptual difficulty)
induced such a bias, with RTs in the most difficult condition
being perceived as longer than their equivalent in the easiest
one (the fact that this effect disappeared in experiment 2 will

be discussed below). A similar effect of force (response dif-
ficulty) was observed in experiment 2. Two possible theoret-
ical explanations, not necessarily incompatible, can account
for this effect.

A first possibility is that the manipulated factors might
have given rise to some sort of subjective feelings that could
bias the RT duration evaluation. For example, the feeling of
difficulty (Bryce & Bratzke, 2014) or the effort put in real-
izing the current trial, either at the perceptual or the motor
level (see De Kock et al., 2021 for an impact of motor diffi-
culty on time estimation), could be used as an index of RT,
as the two might be strongly related. Note that such an ex-
planation could easily account for the effect of EMG bursts:
the presence of multiple bursts could lead to a feeling of dif-
ficulty/effort/hesitation (Morsella et al., 2009; Questienne et
al., 2018), leading to infer that RT was longer than it actually
was. Whether it is part of an explicit strategy, i.e. ‘It was
difficult/effortful, I must have been slow’, remains an open
question.

Such an account opens the question as to whether both
force and stimulus angle manipulations lead to a common
subjective feeling (e.g. a common sense of “difficulty”
would be shared between perceptual and motor processes)
or whether they give rise to two different types of feelings
that combine to give rise to the subjective duration of RT.
A reverse observation has been made in studies where RT
duration influences other subjective perception, such as diffi-
culty (Desender et al., 2017), or the experience of urge-to-err
(Questienne et al., 2018). As an example, Desender et al.
(2017) concluded that the experience of difficulty relies on
multiple cues as they observed that RT, among other factors,
influenced this subjective perception. As it stands, whether
the feeling of “difficulty/effort” determines iRT or the other
way around remains a chicken-and-egg problem, that will
certainly necessitate extremely well designed protocols to
distinguish which is the cause of the other. Anyways, in such
an account, participants could have a global metacognitive
experience emerging from information about multiple cues.
In that sense, iRT would rather be a mental construct affected
by multiple internal representations (including timing) rather
than a simple interval timing of the duration of the underlying
processes.

Such account, however, is challenged by some of the cur-
rent results. First, error iRT are under-estimated. This would
indicate that errors are perceived as less difficult/effortful
than correct trials. Although possible, this sounds like a post-
hoc explanation. The disappearance, or at least the large re-
duction, of the angle effect in experiment 2 is also a chal-
lenge, as there is no reason why the feeling of difficulty
would have diminished while the effect on RT was very clear.

An alternative interpretation could be that the biases in RT
evaluation derive from a priori assumptions about the effect
of the manipulated factors. For example, participants might
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systematically associate the stronger force level, or the lower
stimulus angle, with longer reaction times, irrespective of
their actual performance, leading to the categorical effects
previously described. For such a bias to occur, two condi-
tions are necessary. First, one needs a prior knowledge of
the expected effect of each manipulation on RT. Manipulat-
ing such knowledge could allow to control the presence or
disappearance of such categorical effect on iRT. Second, par-
ticipants need to identify which experimental condition they
are currently running. Indeed, and despite an obvious as-
sociation between perceptual difficulty and RT, the categor-
ical effect of stimulus angle was only present in experiment
1 and disappeared in experiment 2. The major difference be-
tween the two experiments, as far as perceptual difficulty is
concerned, is the number of possible angles: while only 2
were present in experiment 1, and very easily categorizable
(1°=hard vs 7°=easy), they were more numerous (5) in ex-
periment 2 and some of them were much closer (1°, 3° and
5°). Hence, while it was very easy on every trial to grasp the
experimental condition the participant was currently running
in experiment 1, it was arguably much more difficult in ex-
periment 2. When facing such a complexity, it might become
less advantageous (e.g. consumes too much resources, see
below) to rely on the experimental task categories to (partly)
infer the RT.

Note that, the force manipulation of experiment 2, being
part of the instruction given to the participants before each
block, was very easy to identify, making it a reliable category
to infer the RT. Delimiting the conditions leading participants
to use or not such categorical information would provide es-
sential information on how metacognitive experience is built.

Interestingly, the categorical effects observed on iRT are
not restricted to objective experimental factors. The fact
that participants also underestimated their RT for error tri-
als could come from a prior belief as well. They may in fact
have a more or less explicit knowledge of the speed-accuracy
trade-off, that is knowing that responding hastily increases
the risk of an error. Reversing the inference implies that error
trials are likely faster than correct ones. The difference lies
in the fact that accuracy is not an information given to the
participant and hence has to be consciously accessed (Rab-
bitt, 1966). Having detected they made an error, participants
might have inferred that it was because they responded too
fast, leading to an underestimation of their RT. Conversely,
the effect of multiple EMG bursts seems difficult to reconcile
with such a priori assumption hypothesis, as participants are
probably unaware of these partial activities (Rochet et al.,
2014).

Why use non-temporal cues?

If participants do have access to the time they took to
respond, why do they base their RT estimation on other
cues? Resource saving might be the key. Indeed, time

estimation is a resource-consuming process (Brown, 1997;
Burle & Casini, 2001; Macar, Grondin, & Casini, 1994), and
when judging their own reaction times, participants are, ob-
viously, allocating resources to respond to the stimulus. Con-
sequently, if any easier and less consuming way of estimating
RT exists, it is very efficient to use it (Klein & Stolz, 2018).
Accordingly, a salient subjective feeling or easily categoriz-
able experimental condition could constitute an information
more effortlessly accessible than objective RT, usable as a
good proxy, as they are related to its duration. Besides, each
source of information is likely noisy, and not very reliable,
but the origins of variations are probably rather independent.
As a consequence, combining them might decrease the actual
level of noise, hence improving the estimation.

It remains challenging to dissociate the different informa-
tion considered because we can not verify what participants
are introspecting at the time of the subjective judgment, but
it is likely that the relative contribution and weight of each
source is not fixed and varies according to different factors.
As argued above, the disappearance of the effect of stimulus
angle in experiment 2 is probably due to the increase in the
number of angles creating a higher demand to discriminate
them and making evidence of difficulty less beneficial. This
is in agreement with the fact that the context and demand
of the task could determine what information is more prone
to be used (Reyes & Sackur, 2014). Moreover, individual
abilities and training (Desender et al., 2017) may also be a
modulating factor, as, although speculative, different partic-
ipants could base their judgments on different clues depend-
ing on their sensitivity to each of them. More research will
be needed to support this possibility.

Conclusion

Altogether, results showed that subjective evaluation of
RT emerges from a combination of temporal and non-
temporal sources. iRT appeared to be partly inferred from
prior knowledge and other subjective feelings linked to the
task (which could be respectively assimilated to “metacogni-
tion knowledge” and “metacognition experience”, according
to Flavell, 1979’s terminology). This observation supports
the idea that internally defined durations can be approxi-
mated from non-temporal metacognitive cues (Klein & Stolz,
2018) and is, to some extent, in agreement with the sugges-
tion that mental contents are inferred from a priori causal
theories (Nisbett & Wilson, 1977). Besides these inferences,
participants could still directly readout RT temporal content
and were found to have access to the duration of the pro-
cesses involved, namely decision and motor execution.

Constraints on Generality

Applying a new data processing rationale on self-
produced time allowed to reveal that participants can reli-
ably access the duration of their underlying processing op-
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erations, but that this estimation can be biased by external
factors and a priori knowledge. While we do believe that
these conclusions also hold for dimensions other than time,
the proposed methodology might not be applicable for all
other dimensions, as it requires that both the first and second
order judgements are continuous and can be regressed one
onto the other. One hence cannot be sure that the present
conclusions generalize to non-continuous dimensions. An-
other potential generality constraint relates to the population
used in the second experiment, which is mainly psychology
and neuroscience students. However, the first experiment
was run online, and hence very likely allowed to recruit a
much more heterogenous sample. Since the results of the
two experiments are largely coherent, we have good reasons
to assume that the results of the second experiment can also
be generalized to a larger part of the adult population, as the
ones of experiment 1.
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Table A1

Experiment 1. Different models tested and their correspond-

ing AIC.

Model AIC

RT -14327
RT+angle -14395
RT+orientation -14433
RT+angle+orientation  -14492

Appendix
Appendix A

Choice of mixed model, experiment 1

To determine which predictors to include in the mixed model
analysis, we compared several models including either RT
only, RT and a subset of experimental factors or RT and all
experimental factors as fixed effects. The different models
tested and their correponding AIC are presented in Table A1.
Likelihood ratio tests revealed that the full model with all
experimental factors outperformed the others (all p<0.001).

Appendix B
Mean omission rate and accuracy, experiment 1

Trials without any recorded response, €.g., when no response
was given in less than 1 second, were considered as omis-
sions (3.9% of trials). Omission and error rates were arc-
sine transformed and two-way ANOVAs were performed to
assess the effect of experimental conditions. The omission
rate was higher with smaller angles (F(1,89)=91.9, p<0.001,
77[2,=0.5 1), but no effect of orientation (F(1,89)=0.62, p=0.43)
nor any interaction between these two factors (F(1,89)=0.68,
p=0.41) were observed. Angle and orientation also af-
fected accuracy, with higher error rate with smaller an-
gles (F(1,89)=444.38, p<0.001, 77[2,=0.83), and for counter-
clockwise stimuli (F(1,89)=4.6, p=0.035, 7712,=0.05).

Appendix C
Results of the Go/NoGo task, experiment 1

Results of the choice task were replicated in the Go/No-go
task. In the Go/No-go task, RTs were slower when stim-
ulus angle was smaller (t(89)=-18.56, p<0.001). This was
also the case for iRT (t(89)=-9.32, p<0.001). Repeated mea-
sures correlation analysis revealed a positive correlation be-
tween the two variables (7,,,(3807)=0.61, p<0.001). Corre-
lation coeflicients were also computed for each participant
using Pearson’s correlation (range=-0.16-0.92, mean=0.59,
std=0.23). Mixed model with RT and angle as predictors of
iRT showed main effects of RT (5=0.59, t=42.22, p<0.001)
and angle (8=-0.001, t=-2.5,p=0.013). This means that, as in
the choice task, for the same value of RT, iRT was higher for
smaller angles.
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Table D1

Mediation analysis results with data from Experiment 1.

Table F1

Experiment 2. Different models tested and their correspond-

Stimulus angle was used as predictor, RT as mediator and ing AIC.
iRT as the dependant variable. ACME=Average Causal Model AIC
Mediation Effect, ADE=Average Direct Effect, Total Ef- RT -26351
fect=combined direct and indirect effects and Prop. Medi- RT+angle -26406
ated=the ratio of these estimates. CI-95% indicates the con- RT+force -27143
fidence intervals. RT+force+angle -27273
Estimate  CI-95% p-value RT+angle+force+orientation  -28338
ACME -0.009 [-0.0103, 0.0076]  <0.001
ADE -0.002 [-0.0035, -0.0009] <0.001
Total Effect -0.011 [-0.013, -0.009] <0.001 Mean omission rate and accuracy, experiment 2
Prop. Mediated 0.79 [0.72, 0.90] <0.001

Table E1

Range of response forces used. Forces are presented in New-
tons. MVF = Maximum voluntary force

MVF Weak force Strong force
min  39.07 1.95 7.81
max  98.80 4.94 19.76
mean 66.94 3.35 13.39
std 18.41 0.92 3.68
Appendix D

Mediation analysis, experiment 1

To see if the whole angle effect on iRT was mediated by RT in
experiment 1, we performed a mediation analysis with angle
as predictor, RT as mediator and iRT as the dependant vari-
able. Results, presented in Table D1, showed that even af-
ter accounting for the mediating role of RT (ACME=-0.009,
p<0.001) angle still had a direct effect on iRT (ADE=-0.002,
p<0.001).

Appendix E
Range of used forces, experiment 2

In Table El, we report the range of response forces used
among participants.

Appendix F
Choice of mixed model, experiment 2

To determine which predictors to include in the mixed model
analysis, we compared several models including either RT
only, RT and a subset of experimental factors or RT and all
experimental factors as fixed effects. The different models
tested and their correponding AIC are presented in Table F1.
Likelihood ratio tests revealed that the full model with all
experimental factors outperformed the others (all p<0.001).

Appendix G

Trials without any recorded response, e.g., when no re-
sponse was given in less than 1 second, were consid-
ered as omissions (1.5% of trials). Omission and er-
ror rates were arcsine transformed and two-way ANOVAs
were performed to look at the effect of experimental condi-
tions. Omission rate increased as stimulus angle decreased
(F(4,116)=24.51, p<0.001, nlz,:0.46, €=0.84), was higher
in the strong force condition (F(1,29)=19.32, p<0.001,
nf,:0.40) and for counterclockwise stimuli (F(1,29)=5.52,
p=0.026, n§=0.16, see Figure G1A). No first nor second
order interactions were observed (all p>0.1). Accuracy
increased with stimulus angle (F(4,116)=126.55, p<0.001,
7]?):0.81, €=0.53), was higher in the strong force condi-
tion (F(1,29)=22.89, p<0.001, nf,:O.44) and for clockwise
stimuli (F(1,29)=12.19, p=0.002, n§=0.30, see Figure G1B).
An interaction between angle and orientation was observed
(F(4,116)=7.11, p<0.001, nizO.ZO, €=0.49). No other inter-
action was present (p>0.1).

Appendix H

Number of trials with one EMG burst, experiment 2
In experiment 2, trials with multiple EMG bursts were not
included in the first step of analyses. The percentage of re-
maining correct trials in each condition is reported on figure
HI1. A three-way repeated measure ANOVA revealed effects
of angle (F(4, 116)=34.29, p<0.001, nf,:O.54, €=0.77) and
force (F(1, 29)=47.84, p<0.001, 77§=0.62) on the percentage
of trials.

Appendix I
Mediation analyses, experiment 2

To see if angle and force had a direct effect on iRT besides
their effect, we ran two mediation analyses with angle or
force as predictor, RT as mediator and iRT as the dependant
variable. Results, presented in Table 11, showed that even af-
ter accounting for the mediating role of RT (ACME=-0.0127,
p<0.001) force still had a direct effect on iRT (ADE=-
0.0175, p<0.001). On the contrary, all the angle effect was
mediated by RT (ACME=-0.001325, p<0.001), with no di-
rect effect remaining (ADE=-0.000233, p=0.054).
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Percentage of correct trials included, i.e. with one EMG
burst, as a function of stimulus angle and response force.
Negative and positive angles represent counter- and clock-
wise orientations, respectively.

Appendix J
(Pseudo) random splits of RTs, experiment 2

Prediction of iRT was better with both PMT and MT rather
than RT (which is exactly the sum of PMT and MT). To
ensure that such an outcome is not a mechanical effect of
splitting RT into two sub-intervals, we compared the results
to shuffled data. To do so, for each trial, we measured the
ratios PMT/RT and MT/RT (how much PMT and MT con-
tribute to RT; by construction, the two sum to 1). We obvi-

Table I1

Mediation analysis results with data from Experiment 2.
Stimulus angle or response force was used as predic-
tor, RT as mediator and iRT as the dependant variable.
ACME=Average Causal Mediation Effect, ADE=Average
Direct Effect, Total Effect=combined direct and indirect ef-
fects and Prop. Med.=the ratio of these estimates. CI-95%
indicates the confidence intervals.

Estimate  CI-95% p-value
Response force
ACME -0.013 [-0.014, 0.011] <0.001
ADE -0.018 [-0.021, -0.014] <0.001
Total Effect -0.030 [-0.034, -0.027] <0.001
Prop. Med. 0.42 [0.37,0.48] <0.001
Stimulus angle
ACME -0.0013  [-0.0014, -0.0012] <0.001
ADE -0.00023  [-4.9e-04, -7.3e-07] 0.054
Total Effect -0.0016  [-0.0018, -0.0013] <0.001
Prop. Med. 0.849 [0.732, 1.001] <0.001

ously kept constant the couple iRT-RT, but shuffled the ra-
tios across trials and computed new PMT and MT for each
trial based on these shuffled ratios (note that the mean ratios
PMT/RT and MT/RT are hence kept constant in all simu-
lations). With these new PMT and MT, we ran the model
iRT~shuffled PMT + shuffled MT and computed the corre-
sponding AIC. We ran 1000 simulations (1000 shuffling) and
built the distribution of the obtained AIC. The AIC resulting
from these 1000 shuffling had a mean of -28274 and a stan-
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Distribution of AICs of models with randomly generated
PMTs and MTs as predictors. The red (solid) line represents
the AIC of the iRT~PMT+MT model and the blue (dashed)
line represents the AIC of the iRT~RT model

dard deviation of 4.58. While the AIC of the iRT~RT model
was included in this distribution (zscore=-1.1), the AIC of
the iRT~PMT+MT model was clearly lower (zscore=-25.76,
see Fig. J1).

Appendix K
Number of EMG bursts, experiment 2

We looked at the effect of experimental conditions on the
number of EMG bursts using three-way ANOVAs with stim-
ulus angle, orientation, and force as within-subjects variables
(see Fig. K1). Number of bursts was increased when stim-
ulus angle decreased (F(4, 116)=36.0, p<0.001, r]f,=0.55,
€=0.61). It was also smaller in the weak force condition (F(1,
29)=49.29, p<0.001, n§:0.63).

Appendix L
Examples of individual RT-iRT correlations
To provide a sense of intraindividual variability in the rela-
tionship between RT and iRT, we present the scatter plots of

the 3 first participants of experiment 1 and 2 in Fig. L1.
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Figure K1

Mean number of EMG bursts as a function of stimulus angle
and response force. Negative and positive angles represent
counter- and clockwise orientations, respectively.
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Figure L1

Scatter plots of individual iRT as a function of RT for the 3
first participants of experiment 1 (top row) and experiment
2 (bottom row). Each scatter plot is associated with his-
tograms of both variables and the linear regression line.
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