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Abstract 

Intelligent agents need to understand how they can change the world, and how they 

cannot change it, in order to make rational decisions for their forthcoming actions, and 

to adapt to their current environment. Previous research on the sense of agency, based 

largely on subjective ratings, failed to dissociate the sensitivity of sense of agency (i.e., 

the extent to which individual sense of agency tracks actual instrumental control over 

external events) from judgment criteria (i.e., the extent to which individuals 

self-attribute agency independent of their actual influence over external events). 

Furthermore, few studies have examined whether individuals have metacognitive access 

to the internal processes underlying the sense of agency. We developed a novel 

two-alternative-forced choice (2FAC) control detection task, in which participants 

identified which of two visual objects was more strongly controlled by their voluntary 

movement. The actual level of control over the target object was manipulated by 

adjusting the proportion of its motion that was driven by the participant’s movement, 

compared to the proportion driven by a pre-recorded movement by another agent, using 

a staircase to hold 2AFC control detection accuracy at 70%. Participants identified 

which of the two visual objects they controlled, and also made a binary confidence 

judgment regarding their control detection judgement. We calculated a bias-free 

measure of first-order sensitivity (d’) for detection control at any given level of 

participant’s own movement. The proportion of pre-recorded movements determined by 

the stairecase could then be used as an index of control detection ability. We identified 

two distinct processes underlying first-order detection of control: one based on 

instantaneous sensory predictions for the current movement, and one based on detection 

of a regular motor-visual relation across a series of movements. Further, we found large 
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individual differences across 40 particpants in metacognitive sensitivity (meta-d’) even 

though first-order sensitivity of control detection was well controlled. Using structural 

equation modelling (SEM), we showed that metacognition was negatively correlated 

with the predictive process component of detection of control. This result is inconsistent 

with previous hypotheses that detection of control relies on metacognitive monitoring of 

a predictive circuit.  Instead, it suggests that predictive mechanisms that compute sense 

of agency may operate unconsciously. 

Keywords: sense of agency, metacognition, signal detection theory, confidence, control 

detection 
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1 Introduction 

The subjective feeling of controlling one’s own actions, and, through them, 

events in the outside world, is called the sense of agency. It is a key feature of 

consciousness in humans, and perhaps also in some other animals. The sense of agency 

can be divided into two broad categories: Embodied sense of agency and external sense 

of agency (Grünbaum & Christensen, 2020; Schram & Grünbaum, 2018; Wen, 2019). 

Embodied sense of agency refers to the feeling of controlling our own body, movements, 

and sensations. It involves the integration of sensory information, such as 

proprioception, tactile, and kinesthetic cues, to create a coherent sense of the body as a 

self-contained entity. Embodied sense of agency is an essential part of body 

consciousness, which encompasses the awareness of controlling one's own body and its 

position in space. It is established during the long-term motor development and is 

usually robust. On the other hand, external sense of agency refers to the feeling of 

controlling events outside of the body, such as objects, other people, and the 

environment. It involves the attribution of causality and intentionality over external 

events, which allows us to make sense of our surroundings and interact with them in a 

meaningful way. External sense of agency plays an important role in our interaction 

with the external world. It allows us to predict the consequences of our actions, plan and 

execute complex tasks, and communicate with others effectively. It is also closely 

related to our sense of social identity and the way we perceive ourselves in relation to 

others. In this paper, we focus on the external sense of agency for perceptual and 

metacognitive judgments. 

When we reach and grab a bottle of water, we know that we have located and 

then moved the water bottle. After pressing a button on a controller, the air conditioner 
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came on, and we do not then doubt that we turned it on. We ubiquitously attribute 

external events to ourselves and to others based on our/their actions, and the sensory 

inputs following these actions. Action-outcome attribution can involve a low-level 

feeling, which may automatically influence our perception of sensory input, for example 

through sensory attenuation, or distortions of time perception (Blakemore et al., 1998; 

Haggard et al., 2002). Both views treat sense of agency as an association between a 

primary motor and a primary sensory event. In contrast, other studies suggested the 

sense of agency is metacognitive, meaning that it involves monitoring and detecting 

causal relationships between one’s actions and events that are caused by those actions 

(Carruthers, 2012; Deroy et al., 2016; Metcalfe & Greene, 2007). More recent studies 

using formal definitions of metacognition based on perceptual confidence however 

failed to find evidence that agency judgements involve meta-level information, over and 

above primary sensorimotor information (Chambon et al., 2014; Constant et al., 2022).  

The ability to monitor one’s own cognitive processes is called metacognition 

(Metcalfe & Shimamura, 1995; Nelson, 1984). Perceptual metacognition concerns the 

ability that people have to evaluate the accuracy of that judgment of their own 

first-order perceptual decisions, by making a second-order decision about the likeliness 

that the first-order decision is correct. This is typically expressed by indicating the 

degree of confidence in the first-order decision. Metacognition is fundamental for 

humans to adapt to changes in the environment and to update their internal 

representations of the world (Nelson & Dunlosky, 1991). While individuals’ 

metacognitive ability to make perceptual decisions has been studied extensively (Ais et 

al., 2016; Deroy et al., 2016; Fleming et al., 2012; Gardelle et al., 2016), little is known 

about the metacognition of sense of agency.  
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In particular, metacognitive sensitivity is intrinsically affected by the accuracy 

of first-order judgment (Fleming & Lau, 2014). Because the judgment of agency is an 

integration of multiple processes including both high and low level signals, and both 

internal and external cues (Moore & Fletcher, 2012; Wen et al., 2015), experimental 

manipulation of sense of agency remains difficult. Most previous studies asked 

participants to judge sense of agency using either rating scales (e.g., Ebert & Wegner, 

2010; Sato & Yasuda, 2005; Wegner et al., 2004) or yes-no responses (e.g., Farrer et al., 

2003; Maeda et al., 2012; Saito et al., 2017). Many previous studies measured how 

sense of agency was affected by experimenter-induced disturbances to the consequences 

of one’s own action. These manipulations of self-caused events were designed to make 

the signals for self-control ambiguous. In such ambiguous settings, judgements of 

agency may reflect the dual influences of a participant’s sensitivity to whether they 

actually have agentic control over the outcome, and the degree of their trait bias to 

self-attribute agency, irrespective of their actual degree of control (Wen, 2019; Wen & 

Imamizu, 2022). 

In the present study, we measured the perceptual sensitivity of the sense of 

agency, as distinct from bias in agency judgments, using a forced-choice paradigm. We 

also measured the metacognition of sense of agency. In essence, we considered 

detection of one’s control over an environmental object as a first-order judgment of 

agency, akin to classical perceptual judgement. We then considered participants’ 

confidence in their agency detection as a second-order, metacognitive judgment, akin to 

classical perceptual confidence judgements (Fleming, 2017; Fleming et al., 2010; 

Fleming & Lau, 2014; Maniscalco & Lau, 2012). Through this approach, we could 

investigate how much the processes that involve detection of control are accessible to 
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metacognition. 

According to the influential comparator model of motor control, efference 

copies of motor commands generate a sensory prediction in the brain and is compared 

with the actual sensory input (Blakemore et al., 1998, 2002). This requires an internal 

model of the relation between motor commands and resulting sensory events. Sense of 

agency is reduced when the sensory input does not match the prediction: what happened 

is not what was predicted on the basis of the efference copy (Blakemore et al., 1998, 

2002). Furthermore, previous studies showed that detecting a decrease in control is 

more salient than detecting an increase in control (Wen et al., 2021; Wen & Haggard, 

2018). This indicates that the process of detecting control may differ from the process 

from detecting a loss of control (Wen et al., 2021). People can detect their control via a 

predictive process, in which they form a sensory prediction and continuously search for 

a match to the sensory prediction. Such prediction-based processes recall comparator 

model, but may have very different neural mechnisms (Wen et al., 2019). Previous 

studies reported that self-generated events attract attention (Kumar et al., 2015; 

Salomon et al., 2013; Wen & Haggard, 2018), indicating the possibility that the search 

for control can be conducted without attentional monitoring. Furthermore, we recently 

suggested that a second mechanism may contribute to sense of agency.  

People can also detect a regular relationship between their own actions and 

external events even when they cannot predict the sensory outcome of any individual 

action, due to lacking an internal model (Wen & Haggard, 2020). Specifically, Wen and 

Haggard (2020) showed that people can recognize the object that contained their 

real-time mouse movements among several objects, even on trials where the dot 

motions on the screen were spatially rotated by 90 degrees relative to the mouse 
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movements, and, crucially, when participants were prevented from simply learning the 

90 degree visuomotor transformation by random trial-to-trial variations in angular bias. 

Whereas participants readily learn a 90 degree transformation when it is consistent 

(Imamizu et al., 2000), randomly interleaving 90 degree and 0 degree rotations made 

dot motion unpredictable, and prevented model learning. Participants’ detection of 

control in such conditions cannot be based on model predictions. Instead, detection of 

control must occur because participants notice a regular relation between actions and 

sensory input, occurring over a series of several actions. This visuomotor correlation 

allowed them to have the sense of agency even though they cannot perform 

model-based control. Such a process reflects an online recalibration of the sense of 

agency (Stern et al., 2022). It is more retrospective than predictive and requires access 

to short-term memory. It is likely that conscious monitoring plays an important role in 

this regularity detection process. 

In summary, the present study proposed a novel approach to measure both the 

sensitivity of control detection and the metacognition of control detection. We used a 

design that allowed us to distinguish the respective contributions to sense of agency of a 

predictive process and a regularity-based process. We could then ask which of these two 

processes supported higher metacognitive sensitivity, which implies gerater accessibility 

of high-level conscious thought. Participants continuously moved the computer mouse 

for 3 s, while they observed the movement of two visual objects on the computer screen. 

They were asked: over which object did you have more control? One of the objects (the 

distractor) moved on a pre-recorded trajectory entirely unrelated to the participant’s 

actions. The other object (the target) moved according to a blend of the participant’s 

own actions and pre-recorded movements. The proportions of the participant’s action 
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and of the pre-recorded movement could be controlled by the experimenter. Notice that 

all objects moved with the same velocity as the mouse movements, meaning that 

temporal cues are not useful for detecting which target was controlled. Following each 

control detection judgment, participants gave a yes/no metacognitive judgment 

regarding whether they were confident of their control detection judgement. A correct 

detection response is when the target was selected. This paradigm allows us to calculate 

the first-order d’ using the signal detection theory (Green & Swets, 1966) (i.e., the 

discrimination sensitivity between a controllable object and an uncontrollable object) 

besides the judgment bias. In all the trials, we combined participants’ mouse movements 

with a pre-recorded movement, the proportion of which was controlled by a staircase 

procedure. In half of the trials at random, we also added an angular bias of 90 degrees to 

the motion of the target. As a result, the displayed moving direction always deviated 

from the intended moving direction, creating significant prediction errors in the 

predictive process. However, this 90-degree rotation did not affect the spatial similarity 

of the spatial patterns between one's mouse movements and the displayed movements. 

For example, if someone draws a straight line with the mouse, a 90-degree rotation will 

result in a straight trajectory on the screen that is rotated by 90 degrees (assuming that 

no pre-recorded motion has been mixed in with one’s own movement). In such cases, 

there is a regular relationship, or spatial correlation, between one’s mouse movements 

and the displayed target trajectory (Wen & Haggard, 2020). On the other hand, consider 

a participant who makes very wiggly, oscillatory mouse movements. If they see that dot 

A moves in an oscillatory fashion, whereas dot B moves in a smoother way, they may 

judge that they control dot A. Crucially, they can use this heuristic both in a 0 degree 

angular bias condition, and in a 90 degree angular bias condition, and they can use it 
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even if the angular bias varies randomly across trials. Thus, even in the absence of any 

predictive model relating the spatial features of their movement to the spatial 

displacements of the dot, they can use the regular relation between movement events, 

such as moments of high and low acceleration in an oscillating trajectory, and visual 

events, to identify which dot they control. We refer to this as the regularity process for 

the detection of agency. The ability to use regularity as a cue to agency presumably 

varies among individuals. Those who can better detect regularity are expected to 

perform better than those who are less proficient at detecting regularity, particularly 

when a varying angular bias prevents use of a learned predictive model. 

In addition, confidence ratings allow us to calculate the metacognitive 

sensitivity (meta-d’) of the sense of agency (Charles et al., 2013; Fleming & Lau, 2014; 

Rouault et al., 2018; Rounis et al., 2010). Importantly, we maintained the accuracy of 

the control detection at 70% by increasing/decreasing the proportion of pre-recorded 

motion in 5% steps, using a 2-up/1-down staircase (Fleming et al., 2010; Garcı́a-Pérez, 

1998). We could thus investigate metacognition of control while the first-level 

sensitivity (i.e., the accuracy of control detection) was held constant.  

 

2 Methods 

2.1 Participants 

The study has been approved by the local ethics committee of the University of 

Tokyo. Participants were recruited by advertising in the university. Fifty-five 

participants took part in this experiment (22 females, average age = 23.9 year, SD = 7.0 

years). All participants provided written informed consent before participation, and 
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received reimbursement for their time.  

 Our pilot testing using a small number of repetitions (20 repetitions in each 

condition) confirmed a large effect size in the differences in the proportion of added 

pre-recorded movements and motor control performance between the two designed 

experimental conditions with 0° and 90° angular bias (Cohen’s d = 0.78 and 1.24, 

respectively). However, due to the small number of trials, we were unable to acquire 

stable metacognitive measures in the pilot testing. To conduct correlation analyses 

between the first-order performance and metacognition among participants, we chose a 

sample size of 40 to ensure sufficient power. 

A criterion of data exclusion was set before the experiment. Participants whose 

staircase hit the bottom (i.e. 0% of pre-recorded movement) in any of the conditions in 

the control detection task should be excluded. This case usually reflects poor control 

detection performance with an angular bias of 90°. In our pilot testing, three participants 

out of 20 matched this criterion for data exclusion in the condition of 90° angular bias. 

In the actual experiment, 15 participants out of 55 matched this criterion, resulting in a 

final sample size of 40. 

 

2.2 Experimental Task and Procedure 

Participants were tested individually, using a 27-in LCD monitor with a 

resolution of 1,920 pixels × 1,080 pixels (597 mm × 336 mm, width × height), a 

keyboard, and a computer mouse. They were seated approximately 60 cm from the 

monitor. Participants conducted two experimental tasks. The control detection task was 

the main task to measure the sense of agency and confidence and was conducted first. 

The reaching task was an additional task to measure the extent of prediction errors 
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reflected by motor control performance and was conducted after the control detection 

task. 

In each trial of the control detection task (Figure 1A), participants were shown 

a black 12.4-mm (40 pixels) square and a black 12.4-mm dot with a gray background. 

The two shapes were presented at random positions in the central area of the screen, 

with a maximum distance of 77.5 mm (250 pixels) from the center, and a minimum 

distance of 62 mm (200 pixels) between them. Participants were asked to move the 

mouse freely to trigger the movement of the two objects. The velocity, onset, and offset 

of the shapes’ motion corresponded to participants’ mouse movement, while the 

directions might be different from the mouse movement (Wen et al., 2020). In the case 

of the distractor, at each moment during the mouse movement, the x- and y-axes of one 

of the two shapes were a replay of pre-recorded movements, with the moving distance 

normalized to match the mouse movement. A section was randomly chosen from 50,000 

pre-recorded continuous movements for each trial. In this case, participants did not have 

any control over the shape’s moving direction. In the case of the target, the moving 

direction of the stimulus was a combination of participants’ mouse movements and 

another section of pre-recorded movements (Figure 2). In this case, participants had an 

intermediate level of actual control over the stimuli. Specifically, at each moment during 

the mouse movement, the x- and y-axes of the pre-recoded movement were normalized 

to match the mouse movement, and then mixed with the mouse movement with certain 

weightings depending on the proportion of pre-recorded movements at each axis. For 

example, in the case of 70% pre-recorded movements, pre-recorded movements was 

mixed with participants’ mouse movements at a 70/30 ratio. This method allows free 

manipulation of the proportion of self-motion between 0-100% (see S1 for a 
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demonstration video showing how the actual displayed movements looked). When 

combined with an angular bias, the mixed movement will be rotated clockwise to a 

certain degree. In addition, during the calculation of stimulus movement, the magnitude 

of mouse movement was reduced to 1/5 to prevent excessive movement stimuli. At last, 

the stimuli were restricted within the screen when they reach the border of the screen. In 

such case, the algorithm re-selected a new section of pre-recorded movements that 

moves away from the border.  

 

 

Figure 1. The timeline of the two experimental tasks. 
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Figure 2. An example of one frame showing how the visual cursor might be generated.  

In this example, 70% of pre-recorded movements is applied (left).  An additional 

90-degree angular bias could also be applied (right). 

 

In half of the trials, participants were controlling a square, the dot shape 

corresponding to the distractor, and in the other half of the trials, they were controlling a 

dot and the square was the distractor. Participants moved the two stimuli using the 

mouse for 3 s. Thereafter, they identified whether they felt they had more control over 

the square or over the dot, by pressing one of two labeled response keys on the 

keyboard. After this control detection response, they made a binary confidence 

judgment (low confidence vs high confidence) by pressing one of two labeled keys on 

the keyboard. The message of “next trial” on screen was shown 0.5 s after the 

confidence judgment. 

In the control detection task, there were two conditions, one condition with 0° 

angular bias combined with a proportion of X% pre-recorded movements, and another 

condition with 90° angular bias combined with a proportion of Y% pre-recorded 

movements. X% and Y% were adjusted using a 2-up/1-down staircase procedure at 5% 

step, to hold the detection accuracy around 70%. Specifically, after each trial, the 
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proportion of pre-recorded movements was increased by 5% if the following three 

conditions are all matched:  

(1) participants had made two or more than two continuous correct responses;  

(2) the average detection accuracy in the most recent 10 trials was above 70%;  

(3) the proportion of pre-recorded movements was not increased in the last 

trial.  

On the other hand, the proportion of pre-recorded movements was decreased by 5% if 

the following two conditions are all matched:  

(1) participants made an incorrect response;  

(2) the average detection accuracy in the most recent 10 trials was below 70%. 

This staircase procedure has been confirmed to be effective to hold the performance 

comparable between the two conditions in our pilot testing. The initial value of X% and 

Y% was set to 60% and 45%, which was most likely to result in average detection 

accuracy of 70% across individuals according to our pilot results. Each condition was 

repeated 110 times. The initial 10 trials of each condition were excluded from analyses 

because the staircase was less stable during the initial stage. The proportion of 

pre-recorded movements was not changed for the first 4 trials, to calculate the initial 

detection accuracy. In addition, 30 extra trials with an angular bias of 30° and a fixed 

proportion of 40% of pre-recorded movements were mixed, to prevent adapting to 

certain angular transformations. The total number of trials was 250 in the control 

detection task. The trial order was fully randomized for each participant, and the 

stairecase was manipulated separately in the background for each condition. The trials 

were divided into three blocks, containing 80, 80, and 90 trials, respectively. 

Participants took a break between blocks. A large number of trials were to ensure a 
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stable measure of metacognition. Participants practiced for 6 trials, containing 3 trials of 

each condition with the proportion of pre-recorded movements fixed at the initial value. 

After the control detection task, participants performed the reaching task 

(Figure 1B), with two conditions that match the averaged value of the proportion of 

pre-recorded movement in the control detection task. The proportion of pre-recorded 

movements  used in the reaching task was constant for each participant, but differed 

among individuals according to their performance in the control detection task. The 

reaching task provided a test of whether participants can adapt to the 90-degree angular 

bias under conditions where 0-degree and 90-degree angular biases are randomized. 

Successful adaptation would imply comparable reaching performance in the 0-degree 

and 90-degree conditions after repeated exposure, whereas little or no adaptation would 

imply consistently worse reaching performance in the 90-condition.  

In each trial of the reaching task, a dot was shown at the center of the screen 

with a 5.3 mm (20 pixels) black cross. The actual control of this dot was exactly as one 

of the two conditions in the control detection task. A target cross was randomly 

presented at one of four positions, which are 125.6 mm (405 pixels) horizontally or 

vertically away from the center of the screen. Participant moved the dot to touch the 

cross as quickly as possible by moving the mouse. The cross disappeared once it is 

touched by the dot, and then re appeared at a new possible out of the rest three possible 

positions. Participants were instructed to move the dot to touch the cross as many times 

as possible in each trial. Each trial lasted for 10 s from the onset of the first mouse 

movement. Each condition was repeated 10 times, and 10 extra trials with an angular 

bias of 30° and 40% of pre-recorded movements were mixed. There were therefore a 

total of 30 reaching trials. Participants practiced for 6 trials, containing 2 trials of each 
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angular bias condition (0-degree, 30-degree, and 90-degree), before the actual reaching 

task. The order of the trials was randomized. The whole experiment took 50-60 min for 

each participant. 

 

2.3 Data analyses 

Results from 200 trials (excluding the 20 initial trials and the 30 extra trials) in the two 

experimental conditions in the control detection task were used for the estimation of 

perceptual sensitivity (d’) and bias in the first-order judgment using Signal Detection 

Theory (Green & Swets, 1966). This perceptual sensitivity reflects the ability to 

distinguish an object that is under partial control from an object that is under no control. 

Because the task is designed to hold the detection accuracy constant at around 70%, we 

expect no difference in the first-order judgment between the conditions of 0° and 90° 

angular bias.  

Furthermore, by combining the response of control detection and the 

confidence rating, we can estimate the meta-d’ as the index of metacognitive sensitivity 

using the fitting method (Charles et al., 2013; Fleming & Lau, 2014; Rouault et al., 

2018; Rounis et al., 2010). The meta-d’ approach is based on an ideal observer model of 

the link between type 1 and type 2 signal detection theory. Given a particular type 1 

variance structure and bias, the method fits type 2 responses (i.e. confidence rating) into 

a family of type 2 ROC curves and determines the best fitting curve to find out meta-d’ 

(Fleming & Lau, 2014). The meta-d’ can be expressed relative to d’ to provide a 

measure of metacognitive efficiency. We compared the metacognitive sensitivity 

between the two experimental conditions. In addition, to analyse metacognitive bias, we 

retrieved the confidence criteria (C2_S1 and C2_S2), corresponding to the boundary the 
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two confidence levels separating the low confidence responses from the high confidence 

responses for S1 (target is the noncontrollable object) and for S2 (target is the 

controllable object) respectively. We then computed the distance of the averaged 

confidence criteria for S1 and S2 to the first-order decision criterion (C1), which is 

denoted C2, to examine the distance between the confidence and first-order criterion 

(Charles et al., 2020; Sherman et al., 2018). In addition, because the confidence axis is 

not linear, we computed the log value of the distance as  

logC2  = (log(-C2_S1) + log(C2_S2))/2 

The closer the confidence criterion is to the decision threshold, the more 

participants will have a tendency to report high confidence (Charles et al., 2020). 

Next, to measure individual differences in the ability to use the 

prediction-based process and regularity-based process, we calculated the individual 

threshold of each process. The prediction-based process compares the intended motion 

(i.e., predicted moving direction) with the displayed motion. Therefore, the angular 

error between one’s mouse movement and the displayed movement is useful for the 

predictive process. The larger the difference in angular error between the target and the 

distractor, the easier it is to detect the target using the predictive process. Figure 3A and 

3B show the plots of angular errors against proportions of pre-recorded movements for 

the target in the condition of 0-degree angular bias and 90-degree angular bias, 

respectively. The angular error was useful for detecting the target only in the 0-degree 

condition. Because the staircase procedure ensured that the proportion of other’s 

movement is adjusted so that accuracy is at the detection threshold, we can calculate the 

individual threshold of target detection based on the predictive process by simply 

averaging the value of angular errors at all the reversal points of the staircase in the 
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condition of 0-degree angular bias for each individual (Garcı́a-Pérez, 1998). This value 

was used as the index of efficiency of predictive process (a larger value refers to higher 

efficiency). Figure 4A shows the histogram of this measure of the efficiency of 

predictive process i.e. the angular errors for detecting the target at 70% accuracy in the 

condition of 0-degree angular bias. 

In the case of 90-degree condition, angular errors are no longer useful to 

distinguish the target from the distractor. On the other hand, the spatial correlation 

between one’s movements and the displayed movements can still be useful. Figure 3C 

and 3D show the plots of bidimensional correlation against proportions of pre-recorded 

movements for the target in each condition. Bidimensional correlation is often used to 

evaluate how similar two 2-D spatial patterns are (Tobler, 1965; Wen et al., 2013). 

Bidimensional correlation can therefore be used to measure the contribution of the 

regularity mechanism, in both 0-degree and 90-degree conditions. Bidimensional 

correlation requires longer samples than angular errors, because correlations can only be 

estimated reliably when many datapoints are available. Therefore, bidimensional 

correlation is most likely to be used in the 90-degree condition, when the more efficient, 

faster method of angular error detection is not available. In the condition of 90-degree 

angular bias, in contrast, adjusting the proportion of other’s motion does not affect 

angular errors, since these are always at the maximal level, Figure 3B, but only affects 

the bidimensional correlation. Therefore, the staircase in the condition of 90-degree 

ensured that the input of bidimensional correlation achieved the threshold for detecting 

the target using the regularity detection process. We averaged the value of 

bidimensional correlations at reversal points in the condition of 90-degree angular bias 

for each individual and used this average value as the index of efficiency of regularity 
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detection (larger value in this case refers to poorer efficiency: note the inverse relation 

compared to the predicted process). Figure 4B shows the histogram of bidimensional 

correlations for detecting the target at 70% accuracy in the condition of 90-degree 

angular bias. The individual variance when using bidimensional correlation (i.e., 

regularity cues) for control detection is relatively larger than when employing prediction 

errors (i.e., predictive cues) for the same task. 

 

Figure 3. Plot of angular errors (A and B) and bidimensional correlations (C and D) 

against proportions of pre-recorded movements in each angular bias condition. Angular 

errors increase linearly when the proportion of pre-recorded movements increases in the 

0-degree angular bias condition and remain constantly at their maximum in the 

90-degree angular bias condition. On the other hand, bidimensional correlations 

decrease linearly when the proportion of pre-recorded movements increases in both 

angular bias conditions. 
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Figure 4. Histograms of angular errors (A) and bidimensional errors (B) for detecting 

the target dot with 70% accuracy in the conditions of 0-degree angular bias and 

90-degree angular bias, respectively. Fitted normal distribution curves are also shown. 

 

We next investigated whether individual differences in metacognition of 

agency were related to differencs in the efficiency of the predictive and regularity-based 

processes, using structure equation modelling (SEM) (see Results and Figure 6 for the 

details for the model). The SEM contained four variables: the efficiency of the 

predictive process, the efficiency of regularity detection (see above), the sensitivity of 

sense of agency (d’) and the sensitivity of metacognition (meta-d’). The SEM was 

conducted to examine individual differences in how agency was computed, rather than 

the effect of manipulating experimental condition. Furthermore, as no significant 

differences in d’ or meta-d’ were found between the 0-degree angular bias and 

90-degree angular bias conditions , d’ and meta-d’ were averaged across the two 

conditions for each participant. We focused on whether the efficiencies of the two 
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internal processes for agency computation are associated with metacognitive awareness.  

 

3 Results 

Figure 5 shows the results of d’ and meta-d’, corresponding to the sensitivity 

of control detection judgement, and of metacognitive judgment of agency respectively. 

Mean d’ was successfully controlled at a constant level in our task. A 2×2 (type of 

sensitivity, d’ vs meta-d’ × angular bias, 0 vs 90) repeated-measures ANOVA revealed 

neither significant main effect nor significant interaction (for the main effect of type of 

sensitivity: F(1, 39) = 1.55, p = .220, partial η2 = 0.038; for the main effect of angular 

bias, F(1, 39) = 0.22, p = .638, partial η2 = 0.006; for the interaction: F(1, 39) = 0.011, p 

= .918, partial η2 < .001). The sensitivity of control detection and metacognition of 

control was thus comparable. This means on average the metacognitive sensitivity did 

not differ between the conditions when people detect their control using 

prediction-based processes and regularities. Bayes factor estimations (using LearnBayes 

package in R) showed that the posterior probability of no difference in d’ and meta-d’ 

between the two experimental conditions was high (τ = .01; BF = .500 and .500, 

respectively). Furthermore, as shown in Figure 5, there were large individual 

differences in meta-d’ while d’ was well controlled. We suggest that a key source of 

individual differences may lie in the degree to which each individual can access the 

internal processes of prediction and regularity-detection that underlie control detection. 

In addition, the mean type 1 beta (criterion) was -.07 (SD = .19) and -.13 (SD = .19) in 

the 0-degree condition and the 90-degree condition, respectively. The average logC2 

was -0.20 (SD = .20) and -0.22 (SD = .25) for the 0-degree condition and the 90-degree 

condition, respectively. There was no significant difference in m-dist across the 
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conditions (t(39) = 1.004, p = .322, Cohen’s d = .12). 

 

 

Figure 5. The results of d’ and meta-d’ in the two angular bias conditions. 

 

We considered how sensitive each individual’s sense of agency was to the true 

degree of control over the visual objects. As we argued above, this could depend on two 

different cognitive processes: the predictive process, and the regularity detection 

process.  Further, these two processes could be associated with different levels of 

metacognitive awareness. To examine this hypothesis, we entered d’, meta-d’ and our 

estimates of the efficiency of each of the component internal processes into a structural 

equation model (Figure 6A). Note that in the predictive process, larger values indicate 

greater efficiency. In contrast, in the regularity detection process, larger values indicate 
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less efficiency in detecting regularities. The standardized coefficient of each path within 

the SEM, the plot of individual efficiency of the predictive process against meta-d’, and 

the plot of individual efficiency of regularity detection against meta-d’ are shown in 

Figure 6A, B, and C, respectively. Because the control detection accuracy was 

controlled using the staircase, there is relatively little variance in d’, we did not 

therefore focus on the paths involving d’, although a path from d’ to meta-d’ was 

included on the theoretical grounds that metacognitive judgement is based on 

monitoring first-level information (Fleming & Lau, 2014). The model-fit criteria and fit 

indices are shown in Table 1.  

First, as predicted, we found that efficiency of the predictive process 

significantly and negatively influenced metacognitive sensitivity (meta-d’) (β = -.358, p 

= .016; r = -.331, p = .037). That means, when first-level detection accuracy was well 

controlled among individuals, people who were more efficient in detecting control using 

prediction-based process tended to show less accurate confidence judgments, indicating 

that they have poorer metacognitive access to the predictive processes. In other words, 

people who are highly sensitive to predictive cues to control may not closely track their 

internal processes of detecting control in their metagocognitive awareness.  

On the other hand, efficiency of regularity detection also varied widely across 

people, but was less related to meta-d’ (β = .172, p = .249; r = .058, p = .722). To 

directly compare the path linking the predictive process to meta-d’ with the path linking 

the regularity mechanism to meta-d’, we constrained the coefficients of the two paths to 

be equal in one model (i.e., the constrained model) and compared the model-fit indices 

with the proposed, unconstrained model in which metacognition could be differentially 

related to the predictive and regularity-based processes (i.e., the unconstrained model). 
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Only the proposed (uncontrained) model showed good fit to the data, indicating that the 

strength of the two paths are significantly different (Table 1). Regularity is another 

perceptual cue for people to detect their control besides prediction errors, especially in 

the condition of 90-degree angular bias when the angular error is always large but the 

spatial pattern can still be recognized. Individual differences in the efficiency of 

regularity detection did not affect metacognitive sensitivity.  Thus, we found evidence 

that strong reliance on predictive processes for computing sense of control was 

associated with lower metacognitive awareness, but we found no evidence for any 

particular relationship between regularity detection processes and metacognition..  

 

Table 1. Model-fit criteria and the fit indices of the proposed model and the constrained 

model. The proposed model closely fits the data. 

 χ²/df GFI AGFI RMSEA 

Criterion of good fit < 2.0 > .90 > .90 < .08 

Unconstrained model 1.178 .972 .858 .067 

Constrained model 65.185 .654 .136 1.283 

Note: The unconstrained model was the proposed model. The constrained model was 

used to compare the path linking the predictive process to meta-d’ with the path linking 

the regularity mechanism to meta-d’. 
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Figure 6. Structural equation model (SEM) of metacognitive sensitivity and the 

efficiencies of two internal processes (A), the plot of efficiency of predictive process 

against meta-d’ (B), and the plot of efficiency of regularity detection against meta-d’ (C) 

 

Finally, we considered the possibility that participants may have adapted to the 

90-degree angular bias after repeated exposure. In that case, they would not need to 

switch to regularity detection in the 90-degree condition but could use prediction-based 

processes from an updated internal model as cues for control detection. We planned that 

motor adaptation should not occur, by randomly switching between the two angular 

biases.  However, we verified whether this manipulation worked by analyzing a 

reaching task performed after the main control detection task. If participants could learn 

a new model for the 90-degree angular bias, then their reaching performance would 

gradually become as accurate in the 90-degree as in the 0-degree condition. In fact, the 

gap in task performance between the two conditions did not reduce with experience 

(Figure 7, the grey line). A repeated-measures ANOVA of on the difference in task 

performance between the two conditions revealed no significant differences between the 
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10 successive presentations of the reaching task (F(9, 351) = 0.885, p = .539, partial η2 

= 0.022). This suggests that randomization of angular biases successively prevented 

motor adaptation.  

 

 

Figure 7. The number of successful hits on target in a reaching task presented at 

different stages of the reaching task. Note that participants do not adapt to the 90-degree 

angular bias, and their reaching does not improve even when they were repeatly 

exposed to the angular bias. Transperate background represents standard errors between 

participants.  

 

4 Discussion 

The present study aimed to dissociate sensitivity in sense of agency from 

judgment bias based on signal detection theory, and to compare sensitivity in first-order 

control detection with the metacognitive sensitivity of agency judgement (i.e., 
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sensitivity of confidence judgements about one’s own agency).. We developed a novel 

paradigm in which participants identified which of two visual objects they more 

strongly controlled. This paradigm allowed us to calculate the perceptual sensitivity (d’) 

for identifying one’s own agency based on signal detection theory (Green & Swets, 

1966). By randomly interleaving trials with and without a 90-degree visuomotor bias 

transformation, we could distinguish two distinct cognitive mechanisms contributing to 

sense of agency, one based on prediction of the visual consequences of the current 

movement, and one based on regularities between multiple movements and their 

corresponding visual consequences. Specifically, a prediction-based method cannot 

correctly detect agency when the visomotor transformation is volatile, yet a 

regularity-based method remains viable. Furthermore, after each detection, we asked 

participants to give a confidence rating of their response, which we used to calculate the 

metacognitive sensitivity (meta-d’) of the sense of agency, again using a signal 

detection theoretic approach (Maniscalco & Lau, 2012). 

There are several interesting and novel findings from our results. First, we 

found large individual differences in how participants detected their own agency, with 

some participants relying more on prediction-based processes, and others relying more 

on regularities defined across multiple movements. Both mechanisms showed large 

individual differences in sensitivities. Second, metacognitive sensitivities showed 

comparable mean levels to first-order control detection sensitivities, showing that the 

internal processes of sense of agency are highly available for conscious access. Third, 

there were large individual differences in metacognitive sensitivity even when 

first-order sensitivity was well controlled among individuals. These individual 

differences in metacognition were significantly and negatively correlated with the 
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individual differences in the effiency of the predictive component underlying the sense 

of agency, but were not correlated with the efficiency of regularity detection. These 

results showed that, while predictive mechanisms can provide sensitive first-order 

agency detection performance, they do not support accurate computation of confidence: 

participants who were excellent at control detection with very noisy sensory input using 

the prediction-based process in fact showed poorer confidence judgements than 

participants with less good control detection. In contrast, individual differences in the 

efficiency of regularity detection were also substantial, but did not significantly 

correlate with metacognitive sensitivity. This pattern of results shows that the 

regularity-based process is more consistently accessible to metacognition across 

individuals than the prediction-based process. People who are good at regularity 

detection do not show better or poorer megacognitive sensitivies than people who can 

not efficiently use regularities. We next extend our discussion on these findings. 

First, regarding the individual differences in the sense of agency, results of 

previous studies using explicit agency ratings were likely to be affected by individual 

criteria of judgment (see Wen & Imamizu, 2022 for a review). For example, most 

studies show a general bias towards self-attribution of agency (Tsakiris et al., 2005). 

Individuals may express this general bias to varying extents. Because of such biases, 

indirect measures such as sensory attenuation and intentional binding have been 

proposed as alternative measures of sense of agency. However, these measures depend 

on perceptual domains such as tactile sensation or time perception. It remains unclear 

whether individual differences in perceptual sensitivity to these underlying domains 

affects sense of agency. Some recent studies using a control detection paradigm have 

used standard frameworks for perceptual sensitivity and metacognition to study sense of 
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agency (Constant et al., 2022; Wang et al., 2021; Wen & Haggard, 2020; Wen & 

Imamizu, 2022). The present study further provided a method for studying 

metacognition of sense of agency while controlling the first-order sensitivity of the 

sense of agency.  

Our experimental design also allowed us to identify specific cognitive 

mechanisms underlying the sense of agency, based on sensory predictions and on 

regularity detection. We found that individual differences in the efficiency of the 

regularity detection mechanism were strikingly large. Fifteen participants out of 55 

originally tested were excluded from data analyses because they failed to detect the 

object they controlled in the 90-degree angular bias condition even when the proportion 

of pre-recorded movements approached 0%. The excluded participants were presumably 

unable to use the regularity detection process to identify the target, even when the 

difference in regularity between the target and the distractor was maximal. 

Secondly, we found that the metacognitive sensitivity was at a comparable 

level as the first-order detection sensitivity on average. This may seem surprising. 

According to computational models of confidence judgment (Kepecs & Mainen, 2012; 

Meyniel et al., 2015; Pouget et al., 2016; Sanders et al., 2016), metacognitive judgments 

depend on reviewing the reliability of the first-order evidence, and estimating the 

likelihood of a correct or incorrect decision based on that evidence. The metacognitive 

accuracy was 63.2% (SD = 8.5%, range = 41 – 81%) and 62.5% (SD = 9.9%, range = 41 

– 78%) in the condition of 0- and 90-degree angular bias, respectively, which was only 

slightly lower than the first-order detection accuracy (for 0-degree angular bias, M = 

70.4%, SD = 2.0%, range = 65-75%; for 90-degree angular bias, M = 70.0%, SD = 2.4%, 

range = 63-75%). However, the individual difference in metacognitive sensitivity was 
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large considering the fact that the first-order detection sensitivity was well controlled 

among individuals. In addition, we used angular bias manipulations to encourage 

participants to use regularity, rather than prediction, for control detection. These 

manipulations did not result in significant mean differences in meta-d’. This was not 

predicted and seems inconsistent with our findings that the predictive processes are less 

accessible to metacognition. Some participants showed higher metacognitive sensitivity 

than first-order sensitivity. This implies that, in error trials, they were able to detect they 

made a mistake and indicated that they were not confident in their first-order decision. 

This is usually the case when time-pressure is applied to the first decision – yet no 

explicit time pressure was present in our task. If we assume that accidentally pressing 

the wrong response key was rare, we might ask: if people knew they were wrong 

without being given more evidence, why didn’t they make the correct response from the 

beginning? Some participants might still have adopted spontaneously a strategy where 

they made fast guesses that they then evaluated as incorrect when reporting their 

confidence.  

In addition, the number of trials in our study is relatively smaller compared to 

previous studies (e.g., 210 trials in Rouault et al., 2018; 300 trials in Rounis et al., 2010), 

and the number of trials may affect the test-retest reliability (Guggenmos, 2021). The 

relatively small number of trials in our study is due to the longer duration of each trial. 

Despite this, the estimation of meta-d' in our study still effectively captures the 

distribution of individual metacognitive sensitivity.  

Given these substantial individual differences in agency sensitivity, we could 

examine the likely sources of metacognition of agency. In particular, we asked whether 

the confidence in agency judgements (captured by the meta-d’ measure) was related to a 
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prediction-based process or a regularity-based process. We reasoned that low 

metacognitive sensitivity could arise if the processes of control detection were not 

tracked by metacognition – perhaps because they occurred below the level of conscious 

metacognitive monitoring. The results of SEM confirmed this possibility: We found a 

significant and negative influence of individual efficiency of the predictive process on 

meta-d’. This supports our hypothesis that the internal processes of control detection 

may not be accessible to metacognition. Prior research on the metacognition of visual 

detection also reported large individual differences in metacognitive sensitivity while 

the first-order detection accuracy was held constant (Fleming et al., 2010). Previous 

literature on sense of agency has suggested a strong link between conscious experience 

and predicting the outcomes of action (Blakemore et al., 1998). Our findings suggest 

that these links apply to first-level cognition, but may not apply to metacognition. 

Because our stimuli were adapted to each individual, the evidence regarding 

control would be lower for more sensitive individuals. Could this lead to a trivial 

negative correlation between first-order sensitivity and metacognitive sensitivity? 

Metacognition relies on access to internal processes during the first-level judgment. If 

the internal processes for the first-level judgment are fully accessible to metacognition, 

then metacognitive sensitivity should be comparable to the first-level performance, 

regardless of how challenging the first-order judgment is. The lack of a significant 

correlation between the sensitivity of regularity detection and metacognitive sensitivity 

indicates that some people can detect their control under very difficult conditions, even 

when the regularity (measured by the bidimensional correlation) is low. In such cases, 

their metacognitive sensitivity is not reliably lower than that of people who require high 

regularity to detect control. This means that the internal processes of regularity 
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detection are probably equally accessible by metacognition among individuals 

regardless of their efficiencies. Regularity detection requires the ability to establish 

hypotheses regarding the relationship between one’s own motion and the sensory 

feedback, and actively sample evidence to test these hypotheses across multiple actions. 

Consciousness monitoring is probably required for these processes. 

Previous research has discussed the link between the sense of agency and 

metacognition (Carruthers, 2012; Constant et al., 2022; Krugwasser et al., 2022; 

Metcalfe et al., 2013; Metcalfe & Greene, 2007). Earlier studies suggested that the sense 

of agency is elicited by the internal monitoring of intentions and outcomes (Metcalfe et 

al., 2013), and multiple cues are integrated during the judgment of agency (Moore & 

Fletcher, 2012; Synofzik et al., 2009). However, no study has ever examined to which 

extent people can access the internal processes underlying the sense of agency. A recent 

study using an exploratory modelling approach showed that although the noise level at 

the sensory input influenced the explicit judgment of agency, in the same way that noise 

affects perceptual confidence ratings, the judgment criterion of agency does not involve 

metacognitive noise estimates (Constant et al., 2022). In other words, agency judgments 

reflect the first-order process of the sensory input rather than metacognitive monitoring 

of the internal processes. The present study further showed that the first-order internal 

processes underlying the sense of agency may not be fully accessible by metacognition. 

Particularly in very sensitive people, the first-order detection of control can occur 

without metacognition. 

In conclusion, the present study is the first to examine how metacognition of 

control is linked to individual sensitivity of the sense of agency. We found large 

individual differences in the sensitivity of sense of agency, in both the processes of 
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detecting control via sensory predictions and regularities. Moreover, we found that 

people who have highly efficient predictive processes probably detect control using a 

circuit that does not support metacognitive access. On the other hand, the detection of 

regularity is probably more accessible by metacognition. Detecting one’s control in the 

environment plays an important role in motor learning, decision making, and social 

interaction. Research on the developmental processes and abnormalities of sense of 

agency and metacognition are expected to understand why an accurate sense of agency 

is important for humans. 
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