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Abstract 

We can make exquisitely precise movements without the apparent need for conscious monitoring. 

But can we monitor the low-level movement parameters when prompted? And what are the 

mechanisms that allow us to monitor our movements? To answer these questions, we designed 

a semi-virtual ball throwing task. On each trial, participants first threw a virtual ball by moving their 

arm (with or without visual feedback, or replayed from a previous trial) and then made a two-

alternative forced choice on the resulting ball trajectory. They then rated their confidence in their 

decision. We measured metacognitive efficiency using meta-d’/d’ and compared it between 

different informational domains of the first-order task (motor, visuomotor or visual information 

alone), as well as between two different versions of the task based on different parameters of the 

movement: proximal (position of the arm) or distal (resulting trajectory of the ball thrown). 

We found that participants were able to monitor their performance based on distal motor 

information as well as when proximal information was available. Their metacognitive efficiency 

was also equally high in conditions with different sources of information available. The analysis of 

correlations across participants revealed an unexpected result: while metacognitive efficiency 

correlated between informational domains (which would indicate domain-generality of 

metacognition), it did not correlate across the different parameters of movement. We discuss 

possible sources of this discrepancy and argue that specific first-order task demands may play a 

crucial role in our metacognitive ability and should be considered when making inferences about 

domain-generality based on correlations.  

Keywords: voluntary movement, motor metacognition, domain-generality, meta-d’, motor 

awareness 
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Introduction 

Metacognition refers to the ability to monitor and report one’s own mental processes and, 

due to its ties to theories of consciousness, it has been the object of study of philosophers (Brown 

et al., 2019; Lau & Passingham, 2006) and cognitive neuroscientists alike (Dehaene et al., 2017).  

A common operationalisation of an individual’s metacognitive ability is the relationship 

between accuracy in a discrimination decision (first-order, or type I task) and subsequent 

confidence reports (second-order, or type II task). Under this operationalisation, a wide variety of 

decisions can be subject to metacognitive scrutiny and give rise to a feeling of confidence in their 

accuracy. Measuring metacognition therefore naturally requires committing to a given domain; 

because the discrimination judgement must be about, for example, visual, auditory, or tactile 

perceptual information, or semantic or episodic knowledge. This raises the question of whether a 

single metacognitive mechanism can monitor all cognitive domains, or multiple, domain-specific 

mechanisms are needed to monitor each specific cognitive domain. This question is important 

because it constitutes a first step to understand the cognitive architecture of metacognition. 

Normally, domain generality is studied by asking the same participants to do two different 

metacognitive tasks. Domain-generality, then is inferred from the shared variance of measures of 

metacognitive ability measured in two different domains and across participants. Metacognitive 

ability has been found to correlate across perceptual tasks (Faivre et al., 2018; Samaha & Postle, 

2017; Song et al., 2011), but not between perceptual and memory tasks (Baird et al., 2013, 2014, 

2015; Fitzgerald et al., 2017; McCurdy et al., 2013; Morales et al., 2018). Even within memory, 

different aspects of memory monitoring like prospective and retrospective judgments show 

dissociations (Chua et al., 2009; Kim & Cabeza, 2009). A recent meta-analysis (Rouault et al., 

2018) brought these results together and concluded that metacognitive ability within individuals 

consistently correlates between different modalities in perceptual domains, but not between 

perceptual and memory domains. However, Rouault et al. (2019) also noted that this might be 

due to the differences in the methods and low statistical power. Indeed, a recent study that 
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addressed these problems by having large sample sizes and uniform experimental paradigms 

found correlations between metacognitive ability across different types of memory, executive 

function and perception (Mazancieux et al., 2020). In short, it is still not clear to what extent 

metacognition should be considered domain-general and, more importantly, which aspects of a 

pair of tasks are predictive of shared variance.  

Motor Metacognition: A Special Case for Metacognition 

It has been speculated (Fleming et al., 2014) that the monitoring of internally-generated 

signals differs from externally-generated ones. Surprisingly, the only non-perceptual domain 

studied recently is memory (Rahnev et al., 2020) but other domains that rely on internally-

generated signals, like motor control, emotions and attention, have not been extensively 

examined. Motor metacognition represents a very interesting case in the context of this putative 

internal-external distinction: Voluntary movements are internally generated but, unlike memory, 

they also elicit rich multi-modal sensory feedback about the executed movement (Haggard, 2005; 

Wolpert & Ghahramani, 2000). Both the efferent motor command and the afferent sensory 

feedback might be available to the actor for metacognitive monitoring. And, interestingly, while 

intuition suggests that there is an introspective, first-person privileged access to internally-

generated motor signals, the data so far suggest otherwise. Many motor control and learning 

processes happen unconsciously or without explicit monitoring (Blakemore et al., 2002); often, 

only outcomes and the endpoints of the movement are reflected upon (Metcalfe et al., 2013); and 

a recent study suggested that there is no better metacognitive access to voluntary, active 

movements as compared to passive movements (Charles et al., 2020).  

Motor Metacognition: The Current State of Research 

Early on, Fourneret and Jeannerod (1998) used a reaching task with perturbations to 

assess awareness of hand movements, and found that participants largely misjudged the effects 

of distortion of movement direction, as observed in their type I performance. More recently, 

Augustyn and Rosenbaum (2005) took a different approach: they used a visuomotor reaching 
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task that required participants to optimise their speed-accuracy trade-off. They found that 

participants were indeed able to find the optimal trade-off given their own performance and 

suggested that this was the result of successful motor metacognition. However, neither of these 

studies explicitly collected subjective judgements trial-by-trial, and it is therefore difficult to relate 

them to recent studies of metacognitive monitoring that adopt the strict discrimination decision 

followed by confidence judgment design (Fleming & Lau, 2014). Indeed, Bègue (née Sinanaj) et 

al. (Sinanaj et al., 2015; Bègue et al., 2018) recognised the importance of the differences in 

operationalisations and studied metacognition of a visuomotor task following this task design. 

They adapted the seminal task designed by Fourneret and Jeannerod (1998) to create a 

visuomotor conflict-detection task. Participants reached a target with a joystick and detected 

deviations from the trajectory introduced by experimenters during the movement. On each trial, 

they rated confidence in their detection decision. While this task is closer to, and therefore more 

easily comparable to metacognitive tasks in other domains, it departs from the standard 

metacognitive task in that the type I task is a detection, and not a discrimination decision. Lee et 

al. (2018) showed that the way the type I task is formulated — whether it is a detection or 

discrimination task — affects measures of metacognition, and suggested that discrimination tasks 

should be used in order to avoid response biases typical in detection tasks. Moreover, recent 

evidence suggests that confidence judgments following discrimination and detection decisions 

rely on partially different neural signatures (Mazor et al., 2020).  

In a recent study, Charles et al (2020) aimed at disentangling the contributions of different 

sources of information in motor metacognitive judgments. They compared metacognition of 

voluntary finger movements to corresponding passive movements and a visual replay of the 

movement. Charles et al. (2020) found a positive confidence bias in the active movement 

condition as compared to the passive movement condition, but no differences in metacognitive 

efficiency (metacognitive sensitivity for a given level of performance). They argued that while 
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having additional efferent information boosts the overall feeling of confidence, passive 

movements can be monitored as accurately as active ones. 

Motor Metacognition: Bridging the Gap 

However, it remains unknown how different parameters of movement can be 

metacognitively monitored and to what extent. In the present study, we address this question. We 

had the following goals: first, in Experiment 1, we developed a paradigm for a metacognitive motor 

task that is based on a naturalistic movement and we compared it with a visual metacognitive 

task on the one hand, and a visuomotor metacognitive task, on the other hand. Our pre-registered 

hypothesis was that there would be no correlation between metacognitive ability in purely motor 

and in purely visual conditions. We reasoned that this would be the case because the monitoring 

of voluntary motor movements relies primarily on internally-generated signals, whereas visual 

monitoring relies on externally generated information alone, and previous literature has suggested 

that these two general domains might depend on different mechanisms. Second, in Experiment 

2, we investigated different participant’s ability to monitor different parameters of movement: a 

more direct and proximal parameter based on the position of the effector (the forearm) and a more 

indirect distal parameter of movement based on the effect of the movement (trajectory following 

a ball throw). We hypothesised that metacognitive access to proximal and distal movement 

parameters relies on similar mechanisms, and that their relationship to visual metacognition is 

similar. Additionally, we explored whether metacognitive access to proximal parameters of 

movement is better than to distal parameters.  

Methodologically, for our type I tasks, we opt for a discrimination task across all modalities, 

to avoid aforementioned effects of a detection task on decision bias (Lee et al., 2018). 
Experiment 1 

Methods 

This study was pre-registered (Experiment 1: https://osf.io/kyhu7/), and unless stated 

otherwise, we followed the pre-registered plan.  
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Participants 

Forty participants completed Experiment 1 (29 females, 11 males, mean age: 26.85, range 

18 to 36 years; our pre-registered plan was to exclude participants over 35), but the number of 

the participants included in each of the analyses changed following the pre-registered exclusion 

criteria. The resulting sample size is specified in each analysis. All participants had normal or 

corrected-to-normal vision, were right-handed and had no history of psychiatric or neurological 

disorders (all self-reported). All of them spoke good German or English. Participants were naive 

to the purpose of the study, and all experimenters were aware of the hypotheses of the study. All 

participants provided written informed consent before starting the experiment, and were 

reimbursed for their time and effort with 8€/hour. The procedures were approved by the ethics 

committee of the Humdoldt-Universität zu Berlin Institute of Psychology and are in line with the 

Declaration of Helsinki.  

Apparatus 

Participants used a bespoke manipulandum: a metal bar that pivoted around a vertical 

axis (i.e., in the horizontal plane). At the proximal end of the metal bar (placed just below the 

elbow, on the vertical axis) a goniometer (Novotechnik RFC4800 Model 600, with 12 bit resolution, 

corresponding to at least 0.1° precision) measured the angle of the metal bar. On the opposite 

end, at the tip of the metal bar, there was an electrical switch, which worked similarly to a touch 

sensor. Analog data were transferred through a Labjack T7 data acquisition device (LabJack 

Corp., Lakewood, CO) sampling at 1000 Hz. The visual stimuli were displayed on an LCD monitor 

(2560 x 1440 pixels, 61 cm x 34.5 cm, refresh rate of 60 Hz), placed at approximately 50-60 cm 

from the participant.  

Procedure 

Experiment 1 consisted of two metacognitive tasks: a classical visual perception task and 

the novel Skittles task. Half of the participants started with the visual task, and the remaining half 

started with the Skittles task. 
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Visual Metacognitive Task (Dots Task). On each trial, two circles filled with dots 

appeared briefly (200 ms) to the left and right of a fixation cross (Dots task; Figure 1A). One of 

the circles contained exactly 50 dots, whereas the other one contained less or more (between 1  

 

 

Figure 1. Experimental setup and paradigms. A. Paradigm of the visual Dots task. On each 

trial, two circles with different numbers of dots were briefly shown and participants decided which 

circle contained more dots. Then, they rated their confidence in this decision. B. Skittles game, 

the real-life prototype of our motor Skittles task. C. Setup for the Skittles task with the 

manipulandum and the Skittles scene on the screen. D. Skittles task paradigm. On each trial (in 

one of the three possible conditions: visuomotor, motor or visual), participants threw a virtual ball 

and then chose which one of two trajectories displayed on the screen corresponded to their own 

ball throw. They then rated their confidence about their preceding choice. The ball was shown 

flying in visuomotor and visual conditions. The dashed lines correspond to the two complete ball 

trajectories (displayed statically). The target is depicted in lower contrast to illustrate that it was 

present at the beginning of each trial and disappeared after the ball release. 
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and 100 dots). Participants discriminated (in a 2-alternative-forced-choice task, 2AFC) which of 

the two circles contained more dots (type I discrimination) by pressing left or right key on the 

keyboard. After each response, participants used the mouse to report their confidence in their 

response on a continuous vertical scale from “unsure” to “sure”, and clicked to confirm their type 

II choice. The starting point for the mouse pointer (displayed as a horizontal bar) on the scale was 

randomly determined for each trial. First, participants did several trials with feedback to familiarize 

themselves with the task (until they reported to feel comfortable doing the task). For these initial 

trials, the cursor on the confidence scale turned green for correct or red for incorrect responses 

in the type I task. Then, participants performed 40 calibration trials, without confidence ratings or 

feedback. The difficulty of the type I task (i.e., the difference in the number of dots between the 

two circles) was adjusted using an online 2-down-1-up adaptive staircase (Leek 2001), aimed at 

reaching ~71% correct responses in order to find a good starting difficulty level for the main part 

of the task. Finally, participants performed the main part of the task, with no feedback and the 

same 2-down-1-up online staircasing procedure. There were 200 trials in this main part.  

Metacognitive Skittles Task. We built our task on the Skittles task (Müller & Sternad, 

2004), which is based on a real-world game, where participants swing a ball that hangs from a 

post to hit a target (a skittle) standing behind it (see Figure 1B). In our computerized version, 

participants had a bird’s-eye view of the corresponding scene.  

Each participant completed three different experimental conditions, namely visuomotor, 

motor and visual. Participants started each trial of the visuomotor condition with their arms resting 

on the horizontal metal bar of the manipulandum (see Figure 1C). To “pick up” the virtual ball, 

participants placed their right index finger on the touch-sensitive electrical switch on the distal end 

of the metal bar. Participants then accelerated the ball by moving their forearm with the metal bar 

around its vertical axis and “released” the ball by lifting their index finger from the distal end. This 

movement effectively mimicked a naturalistic ball throw. Importantly, also, this naturalistic 

movement can be described with only two parameters: given a set of constants describing the 
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physical properties like the ball mass and radius, the angular velocity at the moment of release 

and the angle of release fully determine the ball trajectory (for the formal description of the model 

see Müller & Sternad, 2004 and Sternad et al., 2011). Participants threw the virtual ball in this 

way, aiming to hit the skittle. We chose the position of the skittles slightly asymmetrically to the 

right relative to the manipulandum and the central post, to make it easier to hit it with a rightward 

throw. The flight of the ball was displayed for 600 ms after it had been released. After that, two 

ball trajectories were displayed on the screen: One of them corresponded to the trajectory of the 

participant’s own ball throw, whereas the other trajectory differed from the participant’s own in the 

velocity at the moment of ball release. The exact difference in velocity was determined by an 

online adaptive staircase, as we describe further. Participants identified in a 2AFC which of the 

two trajectories corresponded to the one that they had generated. Participants made their choice 

using the metal bar: One of the trajectories was highlighted (the order of highlighting the correct 

and incorrect trajectory first was randomized) and participants could change the highlighted 

trajectory by moving the metal bar (the highlighting changed every 20° of the movement and 

irrespective of the direction of the movement, in a randomized way). In this way, we avoided the 

strict mapping between the position of the metal bar and the trajectory chosen to avoid response 

biases due to low-level motor priming. Participants confirmed their choice by touching the sensor 

at the distal end of the metal bar. After that, they lifted their hand from the metal bar and reported 

their confidence in their choice on a continuous scale using the mouse with their right hand, in the 

same way as in the Dots task.  

The three conditions of the Skittles task varied in the kind of information that was available 

to participants for the 2AFC (Figure 1D). In the visuomotor condition, participants performed the 

ball throw and saw the ball during its flight. In the motor condition, participants threw the ball, but 

it disappeared upon release. In the visual condition, participants passively observed the replay of 

their own visuomotor trials (400 ms before the ball release to 600 ms after the ball release) without 

moving their arm. Visuomotor trials from the previous active block were presented in a 
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pseudorandomized order. In all conditions, the target disappeared from the screen at the moment 

of ball release, to prevent participants from using information about target hit during the 2AFC 

decision. Participants were instructed to try to hit the target while paying attention to the trajectory 

of the ball. 

Each participant completed three blocks of 36 trials each per condition (108 trials per 

condition in total). Visuomotor and motor trials were interleaved and pseudorandomized. The 

colour of the centre post served as a cue for the condition. Visual trials were blocked and occurred 

after a block of 72 active (visuomotor and motor) trials.  

Before starting the main part of the task, participants had 8 trials with feedback to 

familiarize themselves with the task. They had the chance to repeat these trials until they felt 

comfortable with the task. After that, a longer calibration part of 50 trials started (visuomotor only), 

with no confidence ratings. To control the difficulty of the task, we manipulated the difference in 

release velocity of the alternative trajectory according to a 2-down-1-up adaptive staircase. The 

starting point of the subsequent experimental trials for all conditions was determined by the last 

value in the calibration phase. Participants were instructed to use their right arm for both type I 

and type II responses (executed with the metal bar and mouse, respectively).  

In both the Dots and the Skittles tasks participants had the chance to indicate (by pressing 

the spacebar) if they had an action slip and gave the wrong response in the 2AFC task (error 

trial). These trials were not taken into account for the online staircasing procedure and were 

excluded from further analysis. 

Analysis 

To quantify metacognitive ability, we used the signal detection theory (SDT)-based 

measure m-ratio (meta-d’/d’), as described in Maniscalco and Lau (2012). We used the sum of 

squared errors (SSE) method to find the meta-d’ estimates that best fit the data, using MATLAB 

scripts retrieved from http://www.columbia.edu/~bsm2105/type2sdt/. This method requires 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 16, 2020. ; https://doi.org/10.1101/2020.05.14.092189doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.14.092189
http://creativecommons.org/licenses/by-nc/4.0/


METACOGNITION OF DIRECT AND INDIRECT PARAMETERS OF MOVEMENT   12 

 

discrete confidence ratings. We therefore transformed participants’ confidence ratings on a 

continuous scale to a discrete 6-point scale by using quantile ranks.  

We examined correlations using the Robust Correlation toolbox for MATLAB (Pernet et 

al., 2013, retrieved from https://sourceforge.net/projects/robustcorrtool/). This procedure prevents 

outliers from driving correlation values, thereby decreasing the false positive rate. It also provides 

95% confidence intervals (CIs) for the estimates based on bootstrapping, which allows to evaluate 

the precision of the estimate without assumptions about the underlying distribution. We used the 

skipped correlation function to find the robust data cloud and exclude bivariate outliers based on 

the box-plot rule. 

We used JASP (version 0.11.1) for Bayesian analyses. We followed the categories 

outlined in Andraszewicz et al. (2015, based on Jeffreys, 1961) to interpret Bayes factors (BFs). 

BFs 1–3 were interpreted as anecdotal evidence for the alternative hypothesis, 3 – 10 as 

moderate, 10–30 as strong, 30–100 as very strong, and BFs > 100 as extreme evidence. The 

same numbers used as denominators in fractions of 1 (1/3, 1/10 etc.) defined the corresponding 

thresholds for the null hypothesis. The Robust Correlation toolbox does not provide Bayesian 

statistics. To estimate BFs for the correlation analyses we first cleared the data from outliers 

detected by the Robust Correlation toolbox and then imported it into JASP. We used the default 

Cauchy prior for t-tests with a 0.707 scale factor and a default stretched beta distribution with a 

width of 1 for correlations. All multiple comparison t-tests were Bonferroni-corrected. 

Exclusion Criteria  

As per the pre-registered plan, for each participant, we excluded any individual conditions 

if the type I accuracy in these tasks was under 60% or over 80%. In the Skittles task, we excluded 

three participants in visuomotor condition, four participants in the motor condition, and two in the 

visual condition. No participants in the Dots task were excluded based on these criteria.  

We excluded individual trials if the reaction time in the type I task was under 300 ms or 

over 8 s. In the Skittles task, four participants always responded within this time range. Thirty-six 
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remaining participants, who had too fast or too slow reaction times in the type I task, only had a 

few trials like this (median: 1.1%, range 0.31%–9.9%). In the Dots task, 34 participants had no 

trials excluded; and others had few trials excluded (median: 0.50%, range 0.50%–2.5%). We also 

excluded trials if they represented an artificially easy type I task. This was the case when one of 

the two trajectories in the visual or visuomotor condition hit the pole and the other one did not. 

The median number of such trials per participant was 18.5% (range 3.7–79.6%) in visuomotor 

condition and also 18.5% (range 3.7–79.6%) in visual condition.  

For each participant, we divided confidence into two bins. We then excluded individual 

conditions from a participant’s data if they had extremely low or high values for type I or type II hit 

rates or false alarm rates, (<0.05 or >0.95), as such extreme values do not allow a stable 

estimation of SDT measures (Barrett et al., 2013; Bor et al., 2017). Although we initially included 

this exclusion rule in the pre-registration for Experiment 2 only, we applied it to both experiments. 

In the Skittles task, additional 14 participants were excluded in the visuomotor condition, two in 

the motor condition, six in the visual condition, and one in the Dots task. We acknowledge a high 

number of participants excluded based on this criterion, particularly in visuomotor condition, and 

address it in the General Discussion: Response bias section. 

Eight participants did not report any error trials. For other participants, the proportion of 

error trials was also low (median: 1.39%, range from 0.46% to 5.56%), so no participant was 

excluded due to the number of error trials (>10%). Because we excluded individual participants 

and conditions, the number of data points differed for the different correlation analyses. We report 

the corresponding sample size along with each set of statistics in the Results section. The raw 

data and analysis scripts are available at https://osf.io/kyhu7/. 

Results: Experiment 1 

Fundamental Measures: d’ and Confidence 

To understand the basic structure of the data, we first examined performance and mean 

confidence levels for the visual Dots task and each condition of the Skittles task.  
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First Order Performance (d’). First, although the trial difficulty for each condition was 

governed by an independent online staircase aimed at fixing performance at approximately 71% 

correct, we found differences in type I performance between conditions in the Skittles task 

(ANOVA: F(3,128) = 19.72, p < 0.01, η2 = 0.31, BF10 = 5.60*109, compared to the null model). 

Participants showed consistently lower d’ values in the motor condition (M = 0.96, SD = 0.28) 

compared to the visuomotor (t(23) = -8.76, M = 1.29, SD = 0.22, Bonferroni-corrected p < 0.01, 

Cohen’s d = 1.31, BF10, U = 3.96*105) and visual conditions (t(30) = 8.06, M = 1.27, SD = 0.21; 

Bonferroni-corrected, p < 0.01, Cohen’s d = 1.25, BF10, Uncorrected (U) = 1.21*105) (Figure 3A). 

Participants’ mean type I performance in the visual Dots task (M = 1.26, SD = 0.10) was 

statistically indistinguishable from that in the visuomotor and visual conditions in Skittles task, 

although the variance was smaller. This might be due to the higher number of trials and therefore 

less noisy estimates of d’.  

Response Bias. Analysis of the type I responses revealed a response bias: participants 

consistently chose the left (inner) trajectory more often than the right (outer) one in visuomotor 

and visual conditions but not in motor conditions, although the presentation of the correct 

trajectory was balanced. The median ratio was 1.57 (IQR 1.10) in the visuomotor condition and 

1.44 (IQR 0.69) in the visual condition. In the motor condition, the median ratio was 0.90 (IQR 

0.63).  

Mean Confidence Ratings. There was a difference in mean confidence ratings in the 

Skittles task (ANOVA: F(3,125) = 8.93, p < 0.01, η2 = 0.18, BF10 = 317.18, compared to the null 

model) (Figure 2B) and it followed a similar pattern as the one we found for d’: on average, 

confidence in the motor condition was lower (t(19) = -3.49, p = 0.015, M = 53.14, SD = 12.58, 

Cohen’s d = 1.04, BF10, U = 9.30) than in the visuomotor condition (M = 65.92, SD = 12.08), and 
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Figure 2. Fundamental measures in Experiment 1. A. Mean type I performance and B. mean 

confidence ratings in the three conditions of the Skittles and in the visual Dots tasks. Asterisks 

represent significant differences based on p < 0.05 (Bonferroni-corrected). The performance in 

the type I task was lowest in the motor condition of the Skittles task. Mean confidence ratings 

were generally in line with performance differences between conditions, apart from the visual Dots 

task.  

 

also lower than in the visual condition (t(27) = 2.97, p = 0.036, M = 61.03, SD = 15.92, Cohen’s d 

= 0.55), with Bayesian analysis showing anecdotal evidence for the difference (BF10, U = 1.52). A 

t-test showed no statistically significant differences between mean confidence level in visuomotor 

and visual conditions (t(21) = -2.23, p = 0.22) while the Bayesian analysis suggested anecdotal 

evidence for the difference (BF10, U = 1.65). 

Interestingly, while mean d’ values between the two visual tasks were very similar, 

confidence was lower in the visual Dots task (M = 49.61, SD = 13.32) compared to the visual 

Skittles task (t-test: t(31) = - 4.00, p = 0.0022, Cohen’s d = 0.78, BF10, U = 13.29). This suggests 

that despite comparable overall performance, participants perceived the visual Dots task as a 

more difficult task than the visual Skittles task. 

Confirmatory analyses  
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Metacognitive Efficiency: M-ratio. Next, we compared metacognitive efficiency across 

tasks and conditions. We quantified it as the ratio between meta-d’ and d’ (m-ratio). This allowed 

us to account for differences between conditions in the type I performance. In the Skittles task, 

m-ratio was the highest in the visuomotor condition (M = 0.76, SD = 0.39), followed by the visual 

condition (M = 0.64, SD = 0.45), and it was the lowest in the motor condition (M = 0.60, S = 0.49). 

However, the numerical difference in m-ratios was not statistically significant (ANOVA: F(3, 124) 

= 0.91, p = 0.44, η2 = 0.022, BF10 = 0.77): participants’ m-ratios across conditions of the Skittles 

task were statistically indistinguishable from each other. In the same way, metacognitive efficiency 

in the visual Dots task did not differ from that in the visual Skittles task (visual Dots task: M = 0.71, 

SD = 0.27, Cohen’s d = 0.19, BF10 = 0.31) (Figure 3).  

Correlation Analyses. To directly investigate the relationships in metacognitive efficiency 

between domains, we ran robust correlation analyses (Pernet et al, 2013) on participants’ m-ratios 

between different conditions and tasks. First, we compared the two visual conditions (from the 

Dots and Skittles tasks, respectively) (Figure 4A). There was moderate evidence for a positive 

 

 

Figure 3. Metacognitive efficiency in Experiment 1. Type II performance measured as meta-

d’/d’ (m-ratio) in the three conditions of the Skittles and in the visual Dots tasks. There were no 

systematic differences in metacognitive efficiency between tasks.  
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correlation between m-ratios in the visual Dots task and those in the visual condition of the Skittles 

task (Pearson’s r = 0.43, CI = [0.09 0.68], n = 31, BF10 = 3.45). This shared variance points to an 

underlying common mechanism that at least partially contributes to (visual) metacognitive 

processes in both tasks.  

We then examined the correlations in m-ratios between the different conditions of the 

Skittles task (Figure 4B, right panel). We found no evidence for a positive correlation between 

motor and visual conditions (Pearson’s r = 0.03, CI = [-0.37 0.42], n = 28). Bayesian analysis 

yielded BF10 of 0.25, which indicates moderate evidence for the null hypothesis of no correlation. 

These results suggest that there is no overlap between the mechanisms underlying the monitoring 

of visual and motor domains. But, because the sample sizes in Experiment 1 were relatively low 

for correlation analyses, we interpret these results with caution and designed Experiment 2 to 

examine these correlations in greater detail.  

Exploratory Analyses: Correlation Analysis with the Visuomotor Condition 

We also analysed correlations in m-ratios between the visuomotor condition and its 

unimodal counterparts, namely the visual and motor conditions (Figure 4B, left and middle 

panels). This analysis was outlined as ‘exploratory’ in the pre-registration. We found a positive, 

significant correlation between m-ratios in the visuomotor and visual conditions of the Skittles task 

(Pearson’s r = 0.57, CI = [0.24 0.81], n = 22), BF10 = 4.72). This speaks in favour of a common 

underlying mechanism, presumably driven by a common visual component. In contrast, we found 

no significant correlation between m-ratios in the visuomotor and motor conditions of the Skittles 

task (Pearson’s r = -0.01, CI = [-0.46 0.47], n = 22), BF10 = 0.291). We speculate that the common 

motor component was too noisy to drive a correlation in this sample, potentially, due to poorer 

calibration procedure. This, in turn, resulted in a larger drift of the difficulty (see Figure S1). This 
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Figure 4. Correlations between conditions and tasks in Experiment 1. Robust correlation 

analyses between metacognitive efficiency (m-ratios) in the different conditions of the Skittles task 

and the Dots task. Confidence intervals (CIs) were obtained via bootstrapping and are shown as 

shaded areas. Ovals indicate robust data clouds. A. Correlation between m-ratios in the visual 

conditions of the Skittles task and the Dots task, respectively. Metacognitive efficiency correlates 

in the two visual tasks. B. Correlations in m-ratios between visuomotor, motor and visual 

conditions in the Skittles task. Metacognitive efficiency correlates only between the visuomotor 

and visual conditions.  

 

is corroborated by the significantly larger mean spread of the difficulty (expressed as SD of the 

velocity) in motor condition as compared to visuomotor condition (t(78) = -4.15, p < 0.001, SD = 

0.06).  

Discussion: Experiment 1 

In Experiment 1 we compared metacognitive efficiency, measured as m-ratio, on four 

different tasks and conditions. In three versions of the Skittles task, we compared metacognitive 

monitoring abilities when participants had access to motor-only, visuomotor, or visual-only 

information. In all tasks and conditions, the vast majority of m-ratios well above zero, which shows 

that in general, the type II performance is higher than chance and overall, participants knew when 
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they were correct or incorrect. Additionally, and because the Skittles task is a novel task, we 

aimed at validating our results by correlating m-ratios in the visual condition of the Skittles task to 

those from a more standard visual task.  

As we expected, we found a significant positive correlation (Pearson’s r = 0.43) in 

metacognitive efficiency between the two different visual tasks. We note that this was true despite 

the two tasks being very different in nature. In the Skittles task, participants could observe the 

moving ball’s trajectory for approximately 1 s and were then required to map it onto one of the 

two trajectories presented on the screen until the decision was made. In contrast, the stimuli in 

the visual Dots task were presented for a relatively short period of time (200 ms) and relied on 

the representation of the two stimuli in visual short term memory and a numerosity comparison 

that can happen rapidly and early in the visual system (Park et al 2015). The correlation in m-

ratios in these two rather different tasks validate the visual version of the Skittles task as a 

paradigm to investigate visual metacognition. 

We then examined our main hypothesis of interest in Experiment 1: We asked whether 

motor and visual monitoring have any shared variance. Unlike in the comparison of the two visual 

tasks that we just described (where participants’ confidence was about a visual experience in two 

formally rather different tasks) we compared participants’ monitoring ability of two different 

domains across two conditions of the same task. In contrast with the comparison between visual 

tasks, and despite the strong formal similarities between conditions, we did not find a significant 

correlation in metacognitive efficiency between the motor and the visual conditions in the Skittles 

task. Bayesian analysis showed moderate (BF10 = 0.25) evidence in favour of the absence of 

correlation. At face value, this result suggests that metacognition of voluntary movements and 

visual metacognition rely on different mechanisms. However, we are cautious in committing to 

this interpretation, as no evidence for correlation might also stem from a relatively low sample 

size (n = 28), noisy estimate of m-ratios due to low number of trials (the mean number of trials 

per participant after data pre-processing was: M = 86.8, range 58–101, M = 101.95, range 85–
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108, and M = 94.5, range 52–108, for the visuomotor, motor, and visual conditions respectively) 

and drift during staircasing procedure (see S1), which is reflected in SD of the velocity difference: 

it is significantly larger in motor condition than in visual condition (t(78) = -4.95, p < 0.001, SD = 

0.058). 

Finally, in exploratory analyses, we found a significant correlation in metacognitive 

efficiency between the visuomotor and visual conditions but no correlation between the 

visuomotor and motor conditions of the Skittles task. Together, these results suggest that, in the 

visuomotor condition, participants rely on the visual component more than on the motor one and 

recall accounts of multisensory integration in situations where the two to-be-integrated sources 

differ in their precision (Ernst & Banks, 2002; Ernst & Bülthoff, 2004; van Ee et al., 2002). 

Experiment 2 

Methods 

Participants 

Forty-one participants (40 were pre-registered) completed Experiment 2 (29 females, 12 

males, mean age: 27.17, range 20–34 years). None of the participants took part in both 

experiments or any other experiment with a similar task. 

Apparatus 

The same apparatus was used in Experiment 2 as in Experiment 1. 

Procedure 

In the follow-up Experiment 2, participants performed two variants of the Skittles task, in 

two sessions on separate days (not more than 15 days apart, on average 5.17 days apart). Each 

session lasted approximately 2 hours. In the first variant, as in Experiment 1, participants first 

discriminated which of two trajectories corresponded to the one they just induced with their 

movement. We call this task, based on the indirect and distal parameter of the movement, the 

Trajectories task. In the second variant, participants instead discriminated between two possible 
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angles of the arm at the moment of ball release. This decision was based on a more direct and 

proximal parameter of movement and we call it the Angles task (Figure 5).  

We introduced a few changes in the Trajectories task in Experiment 2 as compared to 

Experiment 1. First, we increased the number of trials to 200 trials per condition. This yields a 

more stable estimate of metacognitive efficiency regardless of the fitting method and a reasonably 

low proportion of false positive results (Fleming, 2017). All trials were split into 5 blocks in each 

session. Second, participants had more trials to get accustomed to the mechanics of the game 

and nature of the task: every session started with 8 trials in which participants had to throw the  

 

 

Figure 5. Experimental setup in Experiment 2. Skittles Angles task with the 2AFC task about 

angle of release. We depict a single trial with three possible conditions (visuomotor, motor and 

visual). Participants threw the virtual ball as in the Skittles Trajectories task. They then decided 

which of two angles displayed on the screen corresponded to their arm position at the moment of 

ball release. Finally, they rated confidence in their decision. The ball was shown flying in 

visuomotor and visual conditions. The target is depicted in lower contrast to illustrate that it was 

present at the beginning of each trial and disappeared after the ball release. 
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ball and could see the target (without any tasks). This stage was repeated until participants felt 

comfortable with the game and their throwing. Then they did 8 trials with type I response and 

feedback. After that, they did 8 trials with type I response, confidence ratings and feedback (as in 

Experiment 1). Finally, in the initial calibration block with staircasing procedure, both visuomotor 

and motor trials were used, each with 48 trials (in a pseudorandomized order).  

In the Angles task, each trial started in the same way and using the same setup as in the 

Trajectories task (Figure 5). However, at the end of the ball flight, participants saw two bars on 

the screen, representing their arm placed on the metal bar. The angle of one of the bars 

corresponded to the position of their arm at ball release and the other one was a distractor, rotated 

clockwise or counterclockwise by a certain angle. The absolute difference between the real angle 

and the distractor was determined by a 2-down-1-up online staircase (before the start of the main 

part in the calibration phase and also online - see online supplemental Figures S1 and S2 for 

individual data from staircasing), and the sign of the difference was pseudorandomized across 

trials. The position on the screen of the bars representing the correct response and the distractor 

were pseudorandomized as well. In other words, a distractor bar could either have a larger or a 

smaller angle than the target bar, and be either on the left or on the right side of the screen. Until 

the 2AFC, display of visuomotor and visual trials was identical to the Trajectories version. In motor 

trials, we removed the critical visual element: the bar that corresponds to the physical metal bar. 

The ball was still visible throughout the trial (which was not the case in the Trajectories task). As 

in Experiment 1, the target was present during the preparation of the throw and was removed 

from the scene after the ball release. 

To avoid response biases due to low-level motor priming, participants used a keyboard to 

report responses in type I and type II questions in both tasks (the “X” and “C” keys corresponded 

to the left and right response options, respectively). To avoid using more than two input devices, 

we also used a discrete 6-point scale instead of using a continuous scale (keys “1” to “6” on the 

keyboard, mapping on to the lowest and highest confidence rating, respectively). Participants 
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were encouraged to use the entire range of the scale. Participants were instructed to pay attention 

to the angle of their arm at the moment of the ball release, while still aiming to hit the target with 

their throw (to discourage them from releasing the ball without angular momentum). To keep 

participants motivated, we displayed the number of target hits at the end of each active block (as 

they still did not see the target after they released the ball).  

Analysis 

In Experiment 2, we used the same analytical approach and tools as in Experiment 1. 

Exclusion Criteria 

We used the same exclusion criteria in Experiment 2 as in Experiment 1, according to the 

pre-registration, apart from the reaction times criteria. The pre-registration plan for Experiment 2 

stated 200 ms as the lowest threshold, however, for consistency between the two experiments, 

we used a more conservative threshold of 300 ms stated in the pre-registration of Experiment 1. 

First, we excluded participants based on their type I performance (if it fell outside the range 

60–80%). This way, in the Trajectories task, we excluded two, one and three participants in the 

visuomotor, motor, and visual conditions, respectively. In the Angles task, the performance in all 

conditions of all participants was within the desirable bounds.  

We excluded a low number of trials following the exclusion criterion of reaction times 

outside the 0.3–8 s range. In the Angles task, 27 participants had at least one trial (median: 0.17%, 

range 0.17%–1.5%) with RTs outside this range, and 14 participants had none. In the Trajectories 

task, 22 participants had at least one excluded trial (median: 0.50%, range 0.17%–4.2%) and 19 

participants had none. As per pre-registration, we excluded from the visuomotor and visual 

conditions in the Trajectories task trials in which the real ball trajectory hit the central post and the 

distractor trajectory did not. One participant had no such trials. The remaining 40 participants had 

a median 4.5% (range 0.5%–41.5%) of such trials. Visual trials were a replay of visuomotor trials, 
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so the movement parameters (but not the alternative trajectories) were identical. Therefore, the 

median and range values are the same for both conditions. Based on the criterion of low number 

(< 5%) of type I or type II hits or false alarms, we additionally excluded five, four, and five 

participants respectively from the visuomotor, motor, and visual conditions in the Trajectories task, 

and one participant (non-repeating) from each condition in the Angles task. In the Angles task, 11 

participants reported no error trials, and the remaining 30 participants reported a median of 0.25% 

error trials (range 0.25%–2%). In Trajectories, 14 participants reported no error trials and the 

remaining 27 reported a median of 0.49%, error trials (range 0.25%–3.75%). The raw data and 

analysis scripts are available at https://osf.io/sy342/. 

Results: Experiment 2 

In Experiment 2, each participant completed two variants of the Skittles task, on two 

separate days (in counterbalanced order between participants). On the one hand, as in 

Experiment 1, each participant completed the three conditions (visuomotor, motor and visual) of 

the Skittles task where they discriminated which of two trajectories shown on the screen 

corresponded to the one they induced with their movement. Additionally, each participant 

completed a new version of the task, where they discriminated in a 2AFC manner which of two 

angles shown on the screen corresponded to the angle of their arm at the moment of ball release. 

Again, we first checked the overall structure of the data by looking at the type I task measure d’ 

and at the mean confidence ratings. 

Fundamental Measures: d’ and Confidence 

First Order Performance (d’). A two-way ANOVA showed a significant interaction effect 

between tasks and conditions on type I performance (d’; F(2,52) = 19.71, p < 0.001, η2 = 0.15, 

BF10 = 1.53*1013). Similarly to the results from Experiment 1, pairwise Bonferroni-corrected t-tests 

revealed that type I performance (d’) in the motor condition of the Skittles Trajectories task (M = 

1.19, SD = 0.21; Figure 6A, left panel) was significantly lower than in the visuomotor (t(26) = 4.84, 

p < 0.01, M = 1.48, SD = 0.30, Cohen’s d = 1.12, BF10 = 4608.72) and visual conditions (t(26) = 
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3.97, p < 0.01, M = 1.46, SD = 0.33, Cohen’s d = 0.98, BF10 = 1037.00). In contrast, there was no 

difference between any of the conditions in the Angles task (visuomotor: M = 1.17, SD = 0.10, 

motor: M = 1.20, SD = 0.15, visual: M = 1.16, SD = 0.16; Figure 5 right). Presumably, this was 

the result of greater similarity between conditions in the Angles task due to the fact that 

participants could see the flight of the ball in all conditions and the attentional demands were 

better matched than in the Trajectories task.  

Response Bias. In Experiment 2, we observed a similar type I response bias in the 

Trajectories task as in Experiment 1: The median ratio between left and right responses, despite  

 

 

Figure 6. Fundamental measures in Experiment 2. Type I performance (A) and mean 

confidence ratings (B) in the Trajectories and Angles version of the Skittles task. Similar to 

Experiment 1 (cf. Figure 2), both type I performance and mean confidence ratings were lowest in 

the motor condition of the Trajectories task. There were no differences in type I performance or 

in mean confidence ratings between conditions in the Angles task.  
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balanced stimulus presentation, was 1.42 (IQR 0.23), and 1.22 (IQR 0.97) for the visuomotor and 

visual conditions, respectively. As in Experiment 1, responses were more balanced in the motor 

condition (1.12, IQR = 0.17). However, in the Angles task, there was no response bias for 

choosing the option displayed on the right or left of the screen (ratio between left and right 

responses, in all conditions: visuomotor: 0.96 (IQR = 0.24), motor 0.96 (IQR = 0.27), visual: 1.11 

(IQR 0.61)). That implies that the response bias was not a result of participants simply choosing 

the option presented on the left or right of the screen. Instead, when we calculated participants’ 

tendency to choose the larger or smaller angles, regardless of the correct answer (an equivalent 

of choosing trajectory with larger or smaller velocity), we found a small bias in the motor condition: 

the ratio between choosing the larger and smaller angle was 1.33 (IQR = 0.24). In the visuomotor 

and visual conditions, participants did not show a bias (median ratio of responses 1.00 (IQR = 

0.14) and 0.90 (IQR = 0.37) respectively). We discuss the response bias further in the 

corresponding section of the General Discussion.  

Mean Confidence Ratings. Unlike in Experiment 1, where participants rated confidence 

in their discrimination response on a continuous scale, in Experiment 2 confidence ratings were 

expressed on a discrete scale from 1 (“guessing”) to 6 (“very sure”). A two-way ANOVA of the 

mean confidence ratings in Skittles Trajectories revealed a similar pattern of interactions between 

the tasks and conditions as that of d’ values across conditions, described above (F(2,52) = 26.46, 

p < 0.001, η2 = 0.072, BF10 = 2.75*109) (Figure 6B, left panel). Pairwise t-tests showed that on 

average, participants were least confident in the motor condition (M = 3.57, SD = 0.62) as 

compared to the visuomotor condition (M = 4.33, SD = 0.69, t(30) = 9.26, p < 0.01, Cohen’s d = 

1.16, BF10 = 2.8*109) and the visual condition (M = 4.05, SD = 0.75, t(28) = 5.99, p < 0.01, Cohen’s 

d = 0.70, BF10 = 15092.65). Mean confidence ratings were statistically indistinguishable between 

the visuomotor and visual conditions (t(30) = 5.17, p > 0.5, BF10 = 0.20). And, again in line with 

the d’ results, we found no differences in mean confidence ratings across any of the conditions of 
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the Angles task (p > 0.5 in all pairwise t-tests; visuomotor: M = 4.07, SD = 0.55; motor: M = 3.97, 

SD = 0.56; visual: M = 3.90, SD = 0.68) (Figure 6B, right panel).  

Confirmatory Analyses  

Metacognitive Efficiency: M-ratio. As in Experiment 1, we quantified metacognitive 

efficiency using m-ratio. There were no statistically significant differences in m-ratios between any 

of the conditions or tasks: a two-way ANOVA showed no effect of interactions (F(2,52) = 1.48, p 

= 0.23, η2 = 0.0083, BF10 = 0.016 when compared against the null model) and no main effects of 

task (BF10 = 0.45) or condition (BF10 = 0.17), or combination of them (BF10 = 0.074) (Figure 7A), 

although there were differences in d’ and confidence ratings in Trajectories. There were only small 

numerical differences in m-ratios between conditions (visuomotor: M = 0.79, SD = 0.43; motor: M 

= 0.64, SD = 0.47; visual: M = 0.87, SD = 0.59). There was no difference in m-ratios between 

conditions of the Angles task (visuomotor: M = 0.58, SD = 0.46; motor = 0.68, SD = 0.45; visual 

M = 0.61, SD = 0.48) (Figure 7B).  

 

 

Figure 7. Metacognitive efficiency in Experiment 2. M-ratio across different conditions in the 

Trajectories and Angles versions of the Skittles tasks. As in Experiment 1 (cf. Figure 3), there 

were no differences in metacognitive efficiency between conditions.  
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Correlations between Domains. As in Experiment 1, we next sought to investigate the 

domain-generality of metacognition by examining correlations in measures of metacognitive 

efficiency between different conditions of each task (Figure 8). In the Trajectories task, we found 

significant, positive correlations in metacognitive efficiency between all conditions. The correlation 

between the visuomotor and visual conditions, which we observed in Experiment 1 data, was also 

present in Experiment 2, although it was stronger here (Pearson’s r = 0.73, CI = [0.45 0.86], n = 

31 (Figure 8A, cf. Figure 4B, left panel). A Bayesian analysis showed very strong evidence for the 

positive correlation, too (BF10 = 1009.86). 

These results from the Skittles Trajectories task of Experiment 2 show a somewhat 

different pattern as those from Experiment 1. First, in Experiment 1 we had found no evidence for 

a correlation between visuomotor and motor conditions (Fig 4B, right panel). In contrast, in 

Experiment 2 we did find a correlation between them (Pearsons’s r = 0.50, CI = [0.21 0.69], n = 

31, BF10 = 9.45) (Figure 8B). More strikingly, whereas in Experiment 1 we found moderate 

evidence for no correlation between visual and motor conditions (Figure 4B, right panel), we did 

find a correlation between these conditions in Experiment 2 (Pearson’s r = 0.40, CI = [0.04 0.67], 

n = 29, BF10 = 1.68) (Figure 8A, right panel). We speculate that, the higher  number of trials and 

better staircasing procedure provided better estimates in Experiment 2 for m-ratio in  

motor condition, as compared to those from Experiment 1. However, the BF10 falls within the 

range of anecdotal evidence and does not allow us to make strong conclusions based on this 

result. 
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Figure 8. Correlation between different conditions in Experiment 2. Robust 

correlations between conditions in the Angles and Trajectories tasks. Confidence intervals (CIs) 

were obtained via bootstrapping and are shown as shaded areas. Ovals indicate robust data 

clouds. Unlike in Experiment 1, metacognitive efficiency correlated across all condition pairs, 

within tasks.  

 

In the Angles task, there were positive correlations in m-ratios between all conditions, too. 

For visuomotor and visual conditions, it was numerically lower than in the Trajectories task 

(Pearson’s r = 0.51, CI = [0.26 0.72], n = 39, BF10 = 24.73) (Figure 8B, left panel). The correlation 

in m-ratios between visuomotor motor conditions was comparable in the Angles task (Pearson’s 

r = 0.58, CI = [0.34 0.76], n = 39, BF10 = 195.39) (Figure 8B, middle panel) to the Trajectories task. 

The correlation in m-ratios between motor and visual conditions was also present, but numerically 

larger than in the Trajectories task and with very strong evidence based on Bayesian analysis 
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(Pearson’s r = 0.55, CI = [0.28 0.73], n = 39, BF10 = 98.55) (Figure 8B, right panel), which might 

stem from less noisy estimates of d’ in Angles and better starcasing in Angles task. In fact, 

difficulty in Angles task was significantly less variable than in Trajectories, as measured via SD, 

both in motor (t(80) = -12.42, p < 0.001, SD = 3.37) and in visual conditions (t(80) = -12.66, p < 

0.001, SD = 3.62) (see Figure S2). 

One of our pre-registered hypotheses stated that the pattern of the correlations between 

conditions would be similar across the two tasks. In other words, we expected that any 

correlations between conditions in the Trajectories task would be mirrored in the Angles task. To 

test this hypothesis, we treated the three correlations from each task as a correlation matrix and 

used the Jennrich test: a 𝛘2-based statistical test for differences between two matrices (Jennrich, 

1970; Larntz & Perlman, 1985). In line with our expectations, we found no evidence for a 

statistically significant difference between two correlation matrices (𝛘2 = 1.61, p = 0.66).  

Correlations between Tasks. Along with the correlation analysis between different 

conditions within each task, we also examined the correlations within the same conditions, but 

between tasks. The logic is similar to the one we followed in Experiment 1 to validate the visual 

condition of Skittles task with the visual Dots task: If we assume that these measures capture (at 

least partially) the same mechanisms, they should correlate across individuals. Strikingly, and 

against our expectations, we did not find evidence for correlations (Figure 9) in any of the 

conditions. The confidence intervals of the bootstrapped correlation values between m-ratios 

included 0 in both the motor condition in the Angles and Trajectories tasks, and corresponding 
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Figure 9. Correlation between different tasks in Experiment 2. Robust correlation analysis for 

the same conditions across the Angles and Trajectories tasks. Confidence intervals (CIs) were 

obtained via bootstrapping and are shown as shaded areas. Ovals mark robust data clouds. In 

contrast to the correlations between conditions shown in Figure 8, there were no correlations in 

metacognitive efficiency between the same conditions across two tasks. 

 

Bayesian analysis showed moderate evidence for the absence of correlation (Pearson’s r = 0.09, 

CI = [-0.27 0.40], n = 33, BF10 = 0.24), and in the visuomotor ones (Pearson’s r = 0.11, CI = [-0.18 

0.45], n = 33, BF10 = 0.26). In the visual conditions, although the CI contains zero (Pearson’s r = 

0.32, CI = [-0.07 0.64], n = 32, BF10 = 0.37) the lower bound of CI for Pearson’s r is very close to 

zero and the BF lies in the range of anecdotal evidence for the null hypothesis, so this result is 

more equivocal. These intriguing findings might stem from the differences between the 

Trajectories and Angles versions of the task, which we elaborate further in the Discussion section.  

Exploratory analyses 

M-ratios in the Motor Condition across Tasks. At pre-registration, we outlined that we 

would explore relationships between the parameters of movement (the angle of release vs. the 

ball trajectory) and metacognitive ability. We speculated that proximal movement parameters 

(measured in Skittles Angles) would be more readily available to metacognitive monitoring than 

distal movement parameters (measured in Skittles Trajectories). This would lead to higher m-
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ratios for the motor condition in Angles than in Trajectories. Contrary to our expectations, when 

compared across tasks m-ratios in the motor conditions did not differ statistically (t(26) = -0.25, p 

= 0.81); and, in fact, the evidence supports the notion that the two conditions do not differ (BF10= 

0.18).  

Motor Behaviour During Visual Trials. Finally, in Experiment 2 we recorded movement 

of the manipulandum during the visual trials. This allowed us to examine whether participants 

moved their arms in visual conditions. We confirmed that there was indeed none or very little 

movement during visual trials (apart from one participant, who moved in 12% of trials in 

Trajectories task and four participants in Angles task who moved in 14%, 14.5%, 23.5% and 28% 

of the trials; their behavioural data were nonetheless included, in order to remain close to the pre-

registered analysis plan). On average, 2.91% percent of trials had significant movement (>3°) 

during Skittles Trajectories task and 4.38% during Skittles Angles task. This suggests that most 

participants in most rials indeed made their decision based on visual information alone and did 

not rely on additional information derived from movement execution.  

Discussion: Experiment 2 

Apart from the physical constraints of the external world (gravity, air resistance, etc.), the 

trajectory of a ball after a throw is defined by the movement of the effector at the moment of ball 

release. In our task, the movement of the effector can be described with two parameters: the 

angle of the arm and its velocity. Prominent theories of motor control are based on the notion that 

we control movements in terms of their perceptual consequences (ideomotor theories, Elsner et 

al., 2002; Hommel, 2013), action goals (Wohlschläger et al., 2003), and facilitated integration of 

feedback based on distal cues as compared to proximal feedback (as in theory of internal and 

external focus, Wulf, 2013; Wulf et al., 2002). On the other hand, judging one’s own movement 

indirectly, based on its effect in the external world (the flight of the ball) relies on a series of mental 

transformations and understanding of the contingencies between the executed movement and 

the corresponding visual cues. Therefore, in Experiment 2, we asked whether the monitoring of 
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indirect parameters differed from the monitoring of a more direct and proximal parameter of 

movement. We asked participants to monitor the angle of their arm at the moment of ball release.  

The Skittles Trajectories task of Experiment 2 essentially constituted a conceptual 

replication of Experiment 1, but Experiment 2 differed from Experiment 1 in a series of important 

methodological aspects, including the confidence scale (continuous in Experiment 1, discrete with 

6 levels in Experiment 2), better training and staircasing procedures, and feedback on the number 

of successful target hits. Similarly to Experiment 1, we did not find significant differences in 

metacognitive efficiency between different conditions (Figure 7). We also observed the same 

pattern of results in the confidence ratings in Skittles Trajectories, even though we used a discrete 

confidence scale instead of a continuous one (Figure 6B). As in Experiment 1, in general, 

participants had good insight of their performance, as the mean m-ratios were well above zero. 

Despite differences in the mean confidence ratings, participants were not worse at discriminating 

correct from incorrect 2AFC judgements in the motor condition than in the visuomotor or visual 

conditions. Thus, our results suggest that metacognitive access to motor information is as precise 

as that to other sources of information. This goes against early results that suggested that motor 

monitoring is poor (Fourneret & Jeannerod, 1998).  

Most importantly, we found correlations in Experiment 2 (but not in Experiment 1) between 

visual and motor metacognitive efficiency in Skittles Trajectories. The data from the two 

experiments leads to conflicting conclusions, so the evidence for a positive correlation is 

equivocal. We speculate that this discrepancy could be due to noisier m-ratio estimates in the 

motor condition in Experiment 1, due to lower trial count (200 trials per condition in Experiment 2 

vs. 108 in Experiment 1) and a better staircasing procedure in Experiment 2. Thus, we argue that 

this pattern of shared variance revealed in Experiment 2 suggests a common underlying 

mechanism, which points to some degree of domain-generality across motor and visual 

metacognition. In both Experiments 1 and 2, we found a positive correlation between the 

visuomotor and visual conditions. This underlines the salience of the shared visual component in 
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visuomotor and visual conditions in Trajectories task. In contrast to Experiment 1, we did find a 

significant correlation in Skittles Trajectories in metacognitive efficiency between visuomotor and 

motor conditions in Experiment 2. In visuomotor and motor conditions, additionally to higher 

number of trials, we also had a higher sample size in Experiment 2 than in Experiment 1, thus, a 

better estimate of the correlation. Taken together, this suggests that the meta-motor component 

is noisier and has less impact in a multisensory scenario when combined with visual information 

(like in visuomotor condition).  

In the Angles task, similar to the Trajectories task in Experiment 2, we found positive 

correlations in metacognitive efficiency across all combinations of the conditions, including 

between visual and motor conditions, with a BF indicating very strong evidence for correlation 

(Figure 8B). We therefore take the result from both tasks in Experiment 2 as evidence for some 

shared metacognitive mechanism supporting visual perception and voluntary movements.  

Metacognition of Direct and Indirect Parameters of Movement 

We expected higher metacognitive efficiency of a more direct, proximal parameter of 

movement (angle at the moment of ball release) as compared to the metacognition of a more 

indirect, distal parameter of movement (ball trajectory). Contrary to our expectations, we found no 

differences in metacognitive efficiency in the motor conditions between the two tasks. In our task, 

the ball trajectory is defined by the combination of the two release parameters. Since the type I 

decision in the Trajectories task was based on the visually displayed trajectories, participants had 

to estimate the trajectory by first estimating their velocity and then combining it with the information 

about the angle (which did not differ between the two trajectories and was displayed on the 

screen). Despite this additional computational step, participants were as good in reflecting upon 

their movement in the Trajectories version as in the Angles version (Figure 6).  

One of our pre-registered hypotheses was about the equality of the patterns of correlations 

between the Angles and Trajectories tasks in Experiment 2. While there are suggestive numerical 

differences in corresponding correlations between the two tasks, we found no statistically robust 
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evidence for their inequality. However, it might be due to a low power of this test for small 

correlation matrices (Larntz & Perlman, 1985). A Bayesian test would be a more suitable 

alternative here, if it were available. 

The most intriguing result is the absence of correlations between corresponding conditions 

in different tasks. By the same token as in the validation of visual Skittles task with visual Dots 

task in Experiment 1, we expected correlations between the same modalities in different tasks 

(e.g., motor Trajectories and motor Angles). However, this was not the case: we found no 

evidence for positive correlations in any of the three conditions (and, in two cases, we instead 

found evidence for the null hypothesis of no correlation). A trivial explanation to this dissociation 

is that the two tasks were completed on different days. We argue that this explanation is not likely 

in the Limitations section of the Discussion. Instead, we attribute these dissociations to both the 

movement parameter that needs to be monitored and deep differences in the task structure. One 

potential factor could be the difference in the temporal properties between the Angles and 

Trajectories tasks. In all conditions of the Angles task but only in the motor condition of the 

Trajectories task the critical information needed for the type I task lasted an instant: It was the 

precise angle of the forearm at the moment of ball release. In the visuomotor and visual conditions 

of the Trajectories task, instead, the evidence that informed the type I decision was available for 

a more extended period of time (1 s) even if participants had missed the instant of ball release. 

This difference in temporal features might have interacted with the effects of attention, too. In the 

more timing-sensitive Angles task, effective allocation of attention in time would be more 

pronounced, whereas in Trajectories, momentary attention slips would have a larger effect in the 

motor condition only. However, if this were a decisive factor, we would expect a correlation in 

metacognitive efficiency between motor conditions of Angles and Trajectories, both of which, 

according to our reasoning, depended on instantaneous information. The fact that we did not find 

such correlation shows that temporal properties of motor information are not enough to explain 
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the common variance patterns that we observed within the tasks. Instead, it could be a true effect 

of the parameter being monitored. 

General Discussion 

In this study, we asked to what extent shared cognitive mechanisms underlie 

metacognitive monitoring across two modalities — vision and voluntary movement. This question 

is important in the context of understanding relationships between the multiplicity of domains of 

metacognitive monitoring, for several reasons. The first reason is methodological: If we want to 

make inferences about metacognitive monitoring in general, is it enough to operationalise it with 

any convenient task? Or would these inferences not generalise to other domains? The second 

reason is that it may have important societal implications: The ability to correctly monitor our own 

mental states may be beneficial for efficient information seeking (Boldt et al., 2019; Desender et 

al., 2018, 2019), education (Zohar & Barzilai, 2013), and in general, for the complex cumulative 

culture which is characteristic to humans (Dunstone & Caldwell, 2018). But this ability is not static 

and it may be malleable to training (Baird et al., 2014; Carpenter et al., 2019; Schwiedrzik et al., 

2009). Understanding the shared variance between metacognitive domains would help us design 

training and intervention programs to optimally target any given cognitive function. Previous work 

measuring the extent of the domain-generality of metacognition has typically assumed that it is 

the modality of the monitored information that determines which mechanism comes into play. 

Thus, according to this view, the distinguishing characteristic of a visual metacognitive task is that 

confidence ratings follow discrimination judgments on visual stimuli regardless of, for example, 

the speed of evidence accumulation, attention allocation, contextual information, or possible 

heuristics. Together, our results challenge this view and emphasise the importance of the specific 

task demands.  

Relationships between Informational Domains 

In three datasets (Experiment 1, Experiment 2: Trajectories, and Experiment 2: Angles), 

we compared the monitoring of purely motor and purely visual information. We found somewhat 
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inconsistent results, with Experiment 1 showing moderate evidence for no correlation and the two 

Skittles tasks (Trajectories and Angles) in Experiment 2 showing evidence for a correlation. 

Because we substantially improved the experimental design in Experiment 2 (increased power, 

more trials, more comparable staircase procedures across conditions), we consider that the latter 

results are more robust (but remain cautious in our interpretations). The evidence available in the 

literature was largely consistent between similar and comparable perceptual tasks, but 

discrepancies were revealed between perceptual and memory tasks (Rouault et al, 2018). It has 

been speculated (Fleming et al. 2014) that a distinction may exist between the monitoring of 

externally generated (i.e., perceptual) and internally-generated information (e.g., memory). By 

going beyond the classical perceptual and memory tasks, our study provides evidence that the 

domain-general aspects of metacognitive monitoring might be farther-reaching than previously 

thought. 

Dissociations between Tasks in Metacognitive Monitoring  

Because in our Experiment 2 each participant completed two different variations of the 

Skittles task (Trajectories and Angles), we had the opportunity to examine correlations in 

metacognitive efficiency within the same informational domain, but between two different tasks. 

Strikingly, for all three conditions, we found either evidence for the null hypothesis of no 

correlation, or no evidence for the alternative. It is, of course, possible that the analysis method 

of choice is not optimal. Structural equation modelling (SEM), factor analysis or principal 

component analysis (PCA) might be more powerful tools to reveal common latent variables with 

differential loadings on observed ones. Future studies of motor metacognition with larger sample 

sizes may benefit from using SEM to study domain-generality. Alternatively, there might be some 

intrinsic differences between the tasks that drive the dissociations between tasks and it is our 

definitions of domains that we have to revise. Instead of only defining them by modality, we should 

perhaps focus on other aspects of the task, such as the particular temporal properties, attentional 

demands, or cognitive load, and interactions between them. In line with this argument, Samaha 
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and Postle (2017) showed that the correlation between metacognitive ability in a visual task and 

a visual short term memory (VSTM) task emerged when the same visual feature was used in both 

tasks, and not when different features were used. Further, it is increasingly recognised that the 

type of the task for the type I question plays an important role in metacognitive performance. Lee 

et al (2019) and Mazor et al (2020) showed dissociations both behaviourally and in the neural 

mechanisms involved in the computation of confidence following discrimination vs. detection 

tasks. This might be the reason why the literature on domain specificity yields a somewhat mixed 

picture (Rouault et al., 2018). In the motor metacognition literature in particular, different studies 

have alternatively used detection type I tasks (Sinanaj et al., 2015; Bègue et al., 2018) or 

discrimination tasks (Charles et al., 2020), as in our study. Future studies should carefully 

consider their type I task design.  

We propose that the monitoring of attention (and, consequently, the effective allocation of 

attention both in time and space) may have been differentially affected by condition in our 

Trajectories and Angles tasks. There is little understanding of how exactly attention influences 

metacognition, although there are indications that it can do so in intricate ways. For example, 

awareness of visual stimuli is attuned when visibility of stimuli varied in a top-down fashion by 

varying cognitive load and attention, as compared to more bottom-up visibility changes of contrast 

or using binocular rivalry (Kanai et al., 2010). Temporal attention modulates confidence, too, as 

shown in the attentional blink paradigm (Recht et al., 2019). Without a clear understanding of how 

attention is monitored and controlled, our conclusions remain speculative. Future work may 

address this interesting direction.  

Finally, the rate of evidence accumulation may have driven differences in metacognitive 

efficiency both between tasks and between individuals. Our task yielded point estimates of 

performance, insensitive to the temporal dimension of the decision-making process, but 

emphasising speed over accuracy in the type I task can affect confidence ratings (Pleskac & 

Busemeyer, 2010; Vickers & Packer, 1982). Differences in the dynamics of post-decisional 
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information accumulation may also affect measures of metacognitive ability (Moreira et al., 2018). 

In our case, individuals with fast evidence accumulation processes would have shown high 

metacognitive efficiency for both Angles and Trajectories tasks, whereas a slow evidence 

accumulator might have shown higher metacognitive efficiency for the Trajectories task (in the 

visuomotor and visual conditions) as compared to the Angles task.  

Absolute Differences between Informational Domains 

We assessed the quality of metacognitive monitoring based on motor information alone 

by comparing metacognitive efficiency in the motor conditions of the Trajectories and Angles tasks 

to their visuomotor counterparts. In both cases, we found no differences in metacognitive 

efficiency between the two conditions. Instead, both of them appeared equally available for 

introspective insight. Moreover, levels of metacognitive efficiency were statistically 

indistinguishable from those from the corresponding visual conditions. These results speak 

against the view that humans have poor access to the parameters of their own movement and 

predominantly monitor the terminal state of the movement or its effect in the world (Blakemore et 

al., 2002, Metcalfe et al., 2013). One critical aspect of our Skittles task might explain these 

differences: The focus of the metacognitive task was not on motor performance itself, but on the 

monitoring of performance. That is, neither the type I nor type II question asked participants 

directly whether they thought that they had hit the target (although participants were encouraged 

to try to hit the target during the instructions). Hence, participants may have allocated attentional 

resources differently in the Skittles task than in other motor tasks studied earlier, where motor 

performance was indeed emphasised. In cases where motor performance is central to the task it 

might be more beneficial to monitor reaching a goal, or hitting a target, as opposed to monitoring 

the low-level parameters of movement (Wulf 2013; Wulf et al., 2002). We argue that this distinction 

is an interesting feature of our results. While very fine and precise motor control can undoubtedly 

occur in the absence of awareness and attention, we were able to probe the limits of which 

information about our own movements is in principle accessible to metacognitive monitoring.  
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One important caveat to these analyses of differences between conditions is that m-ratio 

has a theoretical maximum of 1 (although it often exceeds 1 in practice). Because the mean m-

ratios we obtained were relatively close to 1, our null results may be due to a ceiling effect that 

limited our ability to detect potential differences in metacognitive efficiency between tasks and 

conditions.  

Response Bias 

In the visuomotor condition of the Skittles task in Experiment 1, 35% of participants of the 

initial number of participants were excluded based on the criterion that was applied to ensure the 

stability of SDT-derived measures. One potential reason for such a high exclusion rate could be 

the response bias that was quite prominent in visuomotor condition (see Response bias in 

Results: Experiment 1). In fact, in ten out of 14 participants the ratio of left and right responses 

was higher than 2. When response bias is high, it is more likely that type I or type II false alarm 

or hit rates for one of the stimulus are very low or very high. Notably, in Bor et al. (2017), the 

exclusion rate based on the very similar criterion was comparable: it was 27 from 90 participants 

(30%) overall, and ranging from 19% to 43% in different subgroups. 

In the Trajectories task, the response bias was higher in visuomotor and visual conditions, 

as compared to the motor condition. This suggests that it was driven by the visual components of 

the task and potentially due to expectations about the behaviour of physical objects (“intuitive 

physics”, Kubricht et al., 2017). 

We also observed a slight bias to choose a larger angle in Angles task of Experiment 2. 

We speculate that this response bias might reflect participants’ beliefs about the point of ball 

release: during the training phase, some participants reported that they felt that they released the 

ball at a larger angle than they did, confusing the angle of the ball release with the maximum 

angle of their arm movement (i.e., the angle at which their elbow stopped extending), which in the 

rightward movement is always larger than the angle of the ball release. Alternatively, this bias 

could also be related to the intuitive physics explanation (Kubricht et al., 2017): If participants 
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have biased expectations about the trajectory of the ball (for example, they believe it is more 

straight than it is), then this can make them believe that the ball was released at a later time point.  

Limitations 

Here, we aimed to compare participants’ performance in two tasks and three conditions 

that differed both in the movement parameter monitored (distal, in Trajectories, and proximal, in 

Angles) and the kind of information available (visual, motor, or both). To make the stimuli 

naturalistic and keep participants motivated throughout the experiment, we made some 

compromises that resulted in a loss of systematicity in our comparisons. For example, in the 

Angles but not in the Trajectories task, participants saw the ball during its flight in the motor 

condition. Conversely, participants saw the bar on the screen representing the metal bar in the 

motor condition of the Trajectories, but not the Angles task. While taxing for participants, a fully 

factorial design, with the factors corresponding to information about the ball (present or not 

present), information about the metal bar (present or not present) and the type I question type 

(about the angle at the ball release moment or about the trajectories) may have allowed us to 

better identify the reasons for the observed positive correlations (or lack thereof). 

Participants completed the different conditions of the same task within the same 

calibration session, but the two different tasks (Angles and Trajectories) in two different testing 

sessions, on average approximately 5 days apart. While it is plausible that short-term fluctuations 

in metacognitive efficiency led us to find no correlations between tasks, we argue that this is 

unlikely, as metacognitive ability appears to be a relatively stable trait. Inter-individual differences 

in computational mechanisms behind the generation of confidence signal remain the same over 

weeks (Navajas et al., 2017) and metacognitive ability has clear structural brain correlates 

(Fleming et al., 2010; Fleming & Dolan, 2012; McCurdy et al., 2013; Sinanaj et al., 2015), which 

are unlikely to change organically, in the absence of training, within days. 

Future Directions 
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Our results suggest that people can in fact accurately monitor their voluntary movements 

in the absence of corresponding visual cues. Of course, movement monitoring may in turn involve 

the monitoring of efferent motor commands, afferent sensory feedback, or a combination of both. 

Tasks and experimental settings different from the Skittles task may help to disentangle the 

relative contribution of each of these two sources of information to movement monitoring. Charles 

et al. (2020) aimed at doing exactly this and compared mean confidence and metacognitive 

efficiency between conditions of active and passive movement, that differed in whether the motor 

command was present or not. In order to be able to fully study the dissociation, it would be 

beneficial to have an inverse case, too, where motor commands are present, but proprioceptive 

feedback is absent. Patients with selective peripheral deafferentiation or volunteers under local 

anaesthesia may provide such cases. Alternatively, noise can be introduced to proprioceptive 

feedback, for example, by applying vibration to the relevant muscles and tendons (Fuentes et al., 

2012; Goodwin et al., 1972). Studying the effects of the privileged access to motor commands 

can provide insights for understanding the link between metacognition of voluntary movements 

and the sense of agency.  

While this study did not aim at investigating multisensory metacognition, it is not yet well 

understood how confidence ratings are computed in multisensory cases. Faivre et al. (2018) 

compared two models in their ability to describe confidence responses in an audiovisual scenario: 

an integrative model (two sources of perceptual evidence are first combined to form a confidence 

response based on the joint evidence) and a comparative model (confidence is computed 

separately for each source and then combined into one single summary response, for example, 

by taking the minimum confidence of the two confidence signals). The results from Faivre et al. 

(2018) were not conclusive and future work may follow this important question that addresses the 

computational mechanisms underlying domain-general or domain-specific confidence judgments. 

If the integrative model (as described by Faivre et al., 2018) is valid, it remains an open question 

if multisensory integration happens in a precision-weighted way, as in type I tasks (Ernst & Banks, 
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2002), or follows different computational principles. Our setup did not allow us to answer this 

question, as it requires a systematic modulation of signal to noise ratio in one of the sensory 

channels. However, future research in this direction would be needed to understand multisensory 

metacognition better. 

Conclusion 

We measured human participants’ ability to metacognitively monitor their voluntary 

movements in a naturalistic task. We found that participants had above-chance metacognitive 

access to their movements based on either the proximal or on the distal parameters. Further, 

correlations between informational domains within tasks speak, at face value, in favour of the 

domain general nature of metacognition. However, the discrepancy we found between two 

different versions of the task within the same modality underlines the importance of task features 

when measuring metacognition of a complex process such as voluntary movement. Further work 

is necessary in order to disentangle contributions of different task features and processes that 

depend on them (such as attention) to metacognition. 

Context 

A rich literature has examined different aspects of motor awareness, including the 

emergence of the awareness intentions, performance monitoring and perception of learning. 

Studies on motor awareness most often rely on subjective reports that are known to be subject to 

biases. In parallel, the field of research on metacognition has grown and developed increasingly 

sophisticated methods that rid us from precisely this kind of biases. But these two research 

traditions have remained strongly separated. Here we aimed at bringing them together. 

To do that, we had started studying motor metacognition with the Skittles task as we 

describe it in Experiment 1, but we wondered whether the task that relies on participants making 

a transformation to link the arm movement to the ball trajectory would yield the same results as a 

different task that did not require this transformation. We therefore modified the original task 
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design and created the Angles task to measure a property of movement that was closer to the 

movement itself, and less so to its effects in the world.  

  

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 16, 2020. ; https://doi.org/10.1101/2020.05.14.092189doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.14.092189
http://creativecommons.org/licenses/by-nc/4.0/


METACOGNITION OF DIRECT AND INDIRECT PARAMETERS OF MOVEMENT   45 

 

References 

Andraszewicz, S., Scheibehenne, B., Rieskamp, J., Grasman, R., Verhagen, J., & 

Wagenmakers, E.-J. (2015). An introduction to Bayesian hypothesis testing for 

management research. Journal of Management, 41(2), 521–543. 

https://doi.org/10.1177/0149206314560412 

Augustyn, J. S., & Rosenbaum, D. A. (2005). Metacognitive control of action: Preparation for 

aiming reflects knowledge of Fitts’s law. Psychonomic Bulletin & Review, 12(5), 911–

916. https://doi.org/10.3758/BF03196785 

Baird, B., Smallwood, J., Gorgolewski, K. J., & Margulies, D. S. (2013). Medial and lateral 

networks in anterior prefrontal cortex support metacognitive ability for memory and 

perception. Journal of Neuroscience,33(42), 16657–16665. 

https://doi.org/10.1523/JNEUROSCI.0786-13.2013 

Baird, Benjamin, Cieslak, M., Smallwood, J., Grafton, S. T., & Schooler, J. W. (2015). Regional 

white matter variation associated with domain-specific metacognitive accuracy. Journal 

of Cognitive Neuroscience, 27(3), 440–452. https://doi.org/10.1162/jocn_a_00741 

Baird, Benjamin, Mrazek, M. D., Phillips, D. T., & Schooler, J. W. (2014). Domain-specific 

enhancement of metacognitive ability following meditation training. Journal of 

Experimental Psychology: General, 143(5), 1972–1979. 

https://doi.org/10.1037/a0036882 

Barrett, A. B., Dienes, Z., & Seth, A. K. (2013). Measures of metacognition on signal-detection 

theoretic models. Psychological Methods, 18(4), 535–552. 

https://doi.org/10.1037/a0033268 

Bègue, I., Blakemore, R., Klug, J., Cojan, Y., Galli, S., Berney, A., Aybek, S., & Vuilleumier, P. 

(2018). Metacognition of visuomotor decisions in conversion disorder. 

Neuropsychologia, 114, 251–265. 

https://doi.org/10.1016/j.neuropsychologia.2018.04.018 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 16, 2020. ; https://doi.org/10.1101/2020.05.14.092189doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.14.092189
http://creativecommons.org/licenses/by-nc/4.0/


METACOGNITION OF DIRECT AND INDIRECT PARAMETERS OF MOVEMENT   46 

 

Blakemore, S.-J., Wolpert, D. M., & Frith, C. D. (2002). Abnormalities in the awareness of 

action. Trends in Cognitive Sciences, 6(6), 237–242. https://doi.org/10.1016/S1364-

6613(02)01907-1 

Boldt, A., Schiffer, A.-M., Waszak, F., & Yeung, N. (2019). Confidence predictions affect 

performance confidence and neural preparation in perceptual decision making. Scientific 

Reports, 9(1), 4031. https://doi.org/10.1038/s41598-019-40681-9 

Bor, D., Schwartzman, D. J., Barrett, A. B., & Seth, A. K. (2017). Theta-burst transcranial 

magnetic stimulation to the prefrontal or parietal cortex does not impair metacognitive 

visual awareness. PLOS ONE, 20. 

Brown, R., Lau, H., & LeDoux, J. E. (2019). Understanding the higher-order approach to 

consciousness. Trends in Cognitive Sciences, 23(9), 754–768. 

https://doi.org/10.1016/j.tics.2019.06.009 

Carpenter, J., Sherman, M. T., Kievit, R. A., Seth, A. K., Lau, H., & Fleming, S. M. (2019). 

Domain-general enhancements of metacognitive ability through adaptive training. 

Journal of Experimental Psychology: General, 148(1), 51. 

Charles, L., Chardin, C., & Haggard, P. (2020). Evidence for metacognitive bias in perception of 

voluntary action. Cognition, 194, 104041. 

https://doi.org/10.1016/j.cognition.2019.104041 

Chua, E. F., Schacter, D. L., & Sperling, R. A. (2009). Neural correlates of metamemory: A 

comparison of feeling-of-knowing and retrospective confidence judgments. Journal of 

Cognitive Neuroscience, 21(9), 1751–1765. https://doi.org/10.1162/jocn.2009.21123 

Dehaene, S., Lau, H., & Kouider, S. (2017). What is consciousness, and could machines have 

it? Science, 358(6362), 486–492. https://doi.org/10.1126/science.aan8871 

Desender, K., Boldt, A., & Yeung, N. (2018). Subjective confidence predicts information seeking 

in decision making. Psychological Science, 29(5), 761–778. 

https://doi.org/10.1177/0956797617744771 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 16, 2020. ; https://doi.org/10.1101/2020.05.14.092189doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.14.092189
http://creativecommons.org/licenses/by-nc/4.0/


METACOGNITION OF DIRECT AND INDIRECT PARAMETERS OF MOVEMENT   47 

 

Dunstone, J., & Caldwell, C. A. (2018). Cumulative culture and explicit metacognition: A review 

of theories, evidence and key predictions. Palgrave Communications, 4(1), 145. 

https://doi.org/10.1057/s41599-018-0200-y 

Elsner, B., Hommel, B., Mentschel, C., Drzezga, A., Prinz, W., Conrad, B., & Siebner, H. (2002). 

Linking actions and their perceivable consequences in the human brain. NeuroImage, 

17(1), 364–372. https://doi.org/10.1006/nimg.2002.1162 

Ernst, M. O., & Banks, M. S. (2002). Humans integrate visual and haptic information in a 

statistically optimal fashion. Nature, 415(6870), 429–433. 

https://doi.org/10.1038/415429a 

Ernst, M. O., & Bülthoff, H. H. (2004). Merging the senses into a robust percept. Trends in 

Cognitive Sciences, 8(4), 162–169. https://doi.org/10.1016/j.tics.2004.02.002 

Faivre, N., Filevich, E., Solovey, G., Kühn, S., & Blanke, O. (2018). Behavioral, modeling, and 

electrophysiological evidence for supramodality in human metacognition. The Journal of 

Neuroscience, 38(2), 263–277. https://doi.org/10.1523/JNEUROSCI.0322-17.2017 

Fitzgerald, L. M., Arvaneh, M., & Dockree, P. M. (2017). Domain-specific and domain-general 

processes underlying metacognitive judgments. Consciousness and Cognition, 49, 264–

277. https://doi.org/10.1016/j.concog.2017.01.011 

Fleming, S. M., Weil, R. S., Nagy, Z., Dolan, R. J., & Rees, G. (2010). Relating introspective 

accuracy to individual differences in brain structure. Science, 329(5998), 1541–1543. 

https://doi.org/10.1126/science.1191883 

Fleming, S.M. (2017). HMeta-d: Hierarchical Bayesian estimation of metacognitive efficiency 

from confidence ratings. Neuroscience of Consciousness, 2017(1). 

https://doi.org/10.1093/nc/nix007 

Fleming, S.M., & Dolan, R. J. (2012). The neural basis of metacognitive ability. Philosophical 

Transactions of the Royal Society B: Biological Sciences, 367(1594), 1338–1349. 

https://doi.org/10.1098/rstb.2011.0417 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 16, 2020. ; https://doi.org/10.1101/2020.05.14.092189doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.14.092189
http://creativecommons.org/licenses/by-nc/4.0/


METACOGNITION OF DIRECT AND INDIRECT PARAMETERS OF MOVEMENT   48 

 

Fleming, S. M., & Lau, H. C. (2014). How to measure metacognition. Frontiers in Human 

Neuroscience, 8. https://doi.org/10.3389/fnhum.2014.00443 

Fleming, S.M., Ryu, J., Golfinos, J. G., & Blackmon, K. E. (2014). Domain-specific impairment in 

metacognitive accuracy following anterior prefrontal lesions. Brain, 137(10), 2811–2822. 

https://doi.org/10.1093/brain/awu221 

Fourneret, P., & Jeannerod, M. (1998). Limited conscious monitoring of motor performance in 

normal subjects. Neuropsychologia, 36(11), 1133–1140. https://doi.org/10.1016/S0028-

3932(98)00006-2 

Fuentes, C. T., Gomi, H., & Haggard, P. (2012). Temporal features of human tendon vibration 

illusions. European Journal of Neuroscience, 36(12), 3709–3717. 

https://doi.org/10.1111/ejn.12004 

Goodwin, G. M., McCloskey, D. I., & Matthews, P. B. C. (1972). The contribution of muscle 

afferents to anaesthesia shown by vibration induced illusions of movement and by the 

effects of paralysing joint afferents. Brain, 95(4), 705–748.  

Haggard, P. (2005). Conscious intention and motor cognition. Trends in Cognitive Sciences, 

9(6), 290–295. https://doi.org/10.1016/j.tics.2005.04.012 

Hommel, B. (2013). Ideomotor action control: On the perceptual grounding of voluntary actions 

and agents. In W. Prinz, M. Beisert, & A. Herwig (Eds.), Action Science (pp. 112–136). 

The MIT Press. https://doi.org/10.7551/mitpress/9780262018555.003.0005 

Jeffreys, H. (1961). Theory of probability, 3rd edn oxford: Oxford university press. 

Jennrich, R. (1970). An Asymptotic 𝝌2 test for the equality of two correlation matrices. Journal of 

the American Statistical Association, 65(330), 904–912. 

Kanai, R., Walsh, V., & Tseng, C. (2010). Subjective discriminability of invisibility: A framework 

for distinguishing perceptual and attentional failures of awareness. Consciousness and 

Cognition, 19(4), 1045–1057. https://doi.org/10.1016/j.concog.2010.06.003 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 16, 2020. ; https://doi.org/10.1101/2020.05.14.092189doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.14.092189
http://creativecommons.org/licenses/by-nc/4.0/


METACOGNITION OF DIRECT AND INDIRECT PARAMETERS OF MOVEMENT   49 

 

Kim, H., & Cabeza, R. (2009). Common and specific brain regions in high- versus low-

confidence recognition memory. Brain Research, 1282, 103–113. 

https://doi.org/10.1016/j.brainres.2009.05.080 

Kubricht, J. R., Holyoak, K. J., & Lu, H. (2017). Intuitive physics: current research and 

controversies. Trends in Cognitive Sciences, 21(10), 749–759. 

https://doi.org/10.1016/j.tics.2017.06.002 

Larntz, K., & Perlman, M. D. (1985). A simple test for the equality of correlation matrices. 

Rapport Technique, Department of Statistics, University of Washington, 141, 289–298. 

https://doi.org/10.1007/978-1-4612-3818-8_24 

Lau, H. C., & Passingham, R. E. (2006). Relative blindsight in normal observers and the neural 

correlate of visual consciousness. Proceedings of the National Academy of Sciences, 

103(49), 18763–18768. https://doi.org/10.1073/pnas.0607716103 

Lee, A. L. F., Ruby, E., Giles, N., & Lau, H. (2018). Cross-domain association in metacognitive 

efficiency depends on first-order task types. Frontiers in Psychology, 9, 2464. 

https://doi.org/10.3389/fpsyg.2018.02464 

Leek, M. R. (2001). Adaptive procedures in psychophysical research. Perception & 

Psychophysics, 63(8), 1279–1292. https://doi.org/10.3758/BF03194543 

Maniscalco, B., & Lau, H. (2012). A signal detection theoretic approach for estimating 

metacognitive sensitivity from confidence ratings. Consciousness and Cognition, 21(1), 

422–430. https://doi.org/10.1016/j.concog.2011.09.021 

Mazancieux, A., Fleming, S. M., Souchay, C., & Moulin, C. J. (2020). Is there a G factor for 

metacognition? Correlations in retrospective metacognitive sensitivity across tasks. 

Journal of Experimental Psychology: General. 

Mazor, M., Friston, K. J., & Fleming, S. M. (2020). Distinct neural contributions to metacognition 

for detecting, but not discriminating visual stimuli. Elife, 9, e53900. 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 16, 2020. ; https://doi.org/10.1101/2020.05.14.092189doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.14.092189
http://creativecommons.org/licenses/by-nc/4.0/


METACOGNITION OF DIRECT AND INDIRECT PARAMETERS OF MOVEMENT   50 

 

McCurdy, L. Y., Maniscalco, B., Metcalfe, J., Liu, K. Y., de Lange, F. P., & Lau, H. (2013). 

Anatomical coupling between distinct metacognitive systems for memory and visual 

perception. Journal of Neuroscience, 33(5), 1897–1906. 

https://doi.org/10.1523/JNEUROSCI.1890-12.2013 

Metcalfe, J., Eich, T. S., & Miele, D. B. (2013). Metacognition of agency: Proximal action and 

distal outcome. Experimental Brain Research, 229(3), 485–496. 

https://doi.org/10.1007/s00221-012-3371-6 

Morales, J., Lau, H., & Fleming, S. M. (2018). Domain-general and domain-specific patterns of 

activity supporting metacognition in human prefrontal cortex. The Journal of 

Neuroscience, 38(14), 3534–3546. https://doi.org/10.1523/JNEUROSCI.2360-17.2018 

Moreira, C. M., Rollwage, M., Kaduk, K., Wilke, M., & Kagan, I. (2018). Post-decision wagering 

after perceptual judgments reveals bi-directional certainty readouts. Cognition, 176, 40–

52. https://doi.org/10.1016/j.cognition.2018.02.026 

Müller, H., & Sternad, D. (2004). Decomposition of variability in the execution of goal-oriented 

tasks: Three components of skill improvement. Journal of Experimental Psychology: 

Human Perception and Performance, 30(1), 212–233. https://doi.org/10.1037/0096-

1523.30.1.212 

Navajas, J., Hindocha, C., Foda, H., Keramati, M., Latham, P. E., & Bahrami, B. (2017). The 

idiosyncratic nature of confidence. Nature Human Behaviour, 1(11), 810–818. 

https://doi.org/10.1038/s41562-017-0215-1 

Pernet, C. R., Wilcox, R., & Rousselet, G. A. (2013). Robust correlation analyses: False positive 

and power validation using a new open source Matlab toolbox. Frontiers in Psychology, 

3. https://doi.org/10.3389/fpsyg.2012.00606 

Pleskac, T. J., & Busemeyer, J. R. (2010). Two-stage dynamic signal detection: A theory of 

choice, decision time, and confidence. Psychological Review, 117(3), 864–901. 

https://doi.org/10.1037/a0019737 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 16, 2020. ; https://doi.org/10.1101/2020.05.14.092189doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.14.092189
http://creativecommons.org/licenses/by-nc/4.0/


METACOGNITION OF DIRECT AND INDIRECT PARAMETERS OF MOVEMENT   51 

 

Rahnev, D., Desender, K., Lee, A. L. F., Adler, W. T., Aguilar-Lleyda, D., Akdoğan, B., 

Arbuzova, P., Atlas, L. Y., Balcı, F., Bang, J. W., Bègue, I., Birney, D. P., Brady, T. F., 

Calder-Travis, J., Chetverikov, A., Clark, T. K., Davranche, K., Denison, R. N., Dildine, T. 

C., … Zylberberg, A. (2020). The confidence database. Nature Human Behaviour. 

https://doi.org/10.1038/s41562-019-0813-1 

Recht, S., Mamassian, P., & de Gardelle, V. (2019). Temporal attention causes systematic 

biases in visual confidence. Scientific Reports, 9(1), 11622. 

https://doi.org/10.1038/s41598-019-48063-x 

Rouault, M., McWilliams, A., Allen, M. G., & Fleming, S. M. (2018). Human metacognition 

across domains: Insights from individual differences and neuroimaging. Personality 

Neuroscience, 1, e17. https://doi.org/10.1017/pen.2018.16 

Samaha, J., & Postle, B. R. (2017). Correlated individual differences suggest a common 

mechanism underlying metacognition in visual perception and visual short-term memory. 

Proceedings of the Royal Society B: Biological Sciences, 284(1867), 2017–2035. 

Schwiedrzik, C. M., Singer, W., & Melloni, L. (2009). Sensitivity and perceptual awareness 

increase with practice in metacontrast masking. Journal of Vision, 9(10), 18–18. 

https://doi.org/10.1167/9.10.18 

Sinanaj, I., Cojan, Y., & Vuilleumier, P. (2015). Inter-individual variability in metacognitive ability 

for visuomotor performance and underlying brain structures. Consciousness and 

Cognition, 36, 327–337. https://doi.org/10.1016/j.concog.2015.07.012 

Song, C., Kanai, R., Fleming, S. M., Weil, R. S., Schwarzkopf, D. S., & Rees, G. (2011). 

Relating inter-individual differences in metacognitive performance on different perceptual 

tasks. Consciousness and Cognition, 20(4), 1787–1792. 

https://doi.org/10.1016/j.concog.2010.12.011 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 16, 2020. ; https://doi.org/10.1101/2020.05.14.092189doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.14.092189
http://creativecommons.org/licenses/by-nc/4.0/


METACOGNITION OF DIRECT AND INDIRECT PARAMETERS OF MOVEMENT   52 

 

Sternad, D., Abe, M. O., Hu, X., & Müller, H. (2011). Neuromotor noise, error tolerance and 

velocity-dependent costs in skilled performance. PLoS Computational Biology, 7(9), 

e1002159. https://doi.org/10.1371/journal.pcbi.1002159 

van Ee, R., van Dam, L. C. J., & Erkelens, C. J. (2002). Bi-stability in perceived slant when 

binocular disparity and monocular perspective specify different slants. Journal of Vision, 

2(9), 2. https://doi.org/10.1167/2.9.2 

Vickers, D., & Packer, J. (1982). Effects of alternating set for speed or accuracy on response 

time, accuracy and confidence in a unidimensional discrimination task. Acta 

Psychologica, 50(2), 179–197. https://doi.org/10.1016/0001-6918(82)90006-3 

Wohlschläger, A., Gattis, M., & Bekkering, H. (2003). Action generation and action perception in 

imitation: An instance of the ideomotor principle. Philosophical Transactions of the Royal 

Society of London. Series B: Biological Sciences, 358(1431), 501–515. 

https://doi.org/10.1098/rstb.2002.1257 

Wolpert, D. M., & Ghahramani, Z. (2000). Computational principles of movement neuroscience. 

Nature Neuroscience, 3(S11), 1212–1217. https://doi.org/10.1038/81497 

Wulf, G. (2013). Attentional focus and motor learning: A review of 15 years. International 

Review of Sport and Exercise Psychology, 6(1), 77–104. 

https://doi.org/10.1080/1750984X.2012.723728 

Wulf, G., Mcconnel, N., Gärtner, M., & Schwarz, A. (2002). Enhancing the learning of sport skills 

through external-focus feedback. Journal of Motor Behavior, 34(2), 171–182. 

https://doi.org/10.1080/00222890209601939 

Zohar, A., & Barzilai, S. (2013). A review of research on metacognition in science education: 

Current and future directions. Studies in Science Education, 49(2), 121–169. 

https://doi.org/10.1080/03057267.2013.847261 

 

 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 16, 2020. ; https://doi.org/10.1101/2020.05.14.092189doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.14.092189
http://creativecommons.org/licenses/by-nc/4.0/

