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SUMMARY

In everyday life, people control objects in the world around them to varying de-
grees. The processes people actively use to establish their control, while interact-
ing with an environment containing large ambiguity, remain unknown. This study
examines how people explore their control over the environment and how they
detect small differences in control among objects. In the experimental task, par-
ticipantsmoved three dots on a screen and identified one dot overwhich the level
of control is different from that of the other two. The results support a two-step
behavior mechanism underlying the sensing of control difference: People first
explore their overall control in the environment, and then the results of the initial
exploration are used to selectively tune the direction (i.e., either more or less) of
the detected control difference, ensuring efficient and rapid detection of the
type of control difference that is potentially important for further action selec-
tions.

INTRODUCTION

When people move around in an environment and interact with external objects, some objects may

respond well to people’s action, whereas others may not. The relation between one’s voluntary actions

and actual feedback causes the subjective feeling of controlling external events. This subjective feeling

is called the ‘‘sense of control,’’ which is also called the ‘‘sense of agency’’ in the literature. The sense of

control helps people to efficiently allocate attention to the objects they can better control (Kumar et al.,

2015; Salomon et al., 2013; Wen and Haggard, 2018) and to select among alternative actions to optimize

outcomes (Eitam et al., 2013; Karsh et al., 2016).

In daily life, aside from use of well-learned tools, people generally need to find out the extent of their po-

tential control over novel objects. How do they do this? People might confirm their control by comparing

the sensory predictions based on their motor commands with the actual sensory feedbacks, as the compar-

ator model suggests (Blakemore et al., 2002; Frith et al., 2000). They might also sense their control via retro-

spective processes, such as inference (Synofzik et al., 2013; Wegner, 2003) and regularity detection (Wen

and Haggard, 2020). Nevertheless, most of the prior studies assumed that the sense of control was a

type of feeling or judgment based on sensorimotor signals sensed from both the body and the

environment.

The processes underlying the sense of control over a single object have been extensively studied over the past

several decades (Haggard, 2017, 2019; Haggard and Chambon, 2012; Moore, 2016; Moore and Fletcher, 2012).

However, in daily life, people usually simultaneously interact with multiple objects, some of which they may be

able to control. Sensing control among multiple objects, particularly the differences among them, is important

for human decision making and action selection. For example, in the case of driving a vehicle, the driver has

effective control over both the wheels (controlling the direction) and the engine (controlling the speed). Usually,

the driver does not consciously think about her or his control over themultiple parts of the car, sincemaintaining

good control is highly probabilistic knowledge from daily use. In this case, any unpredicted sensory feedback

due to a sudden loss of control (e.g., a malfunctioning part) is usually salient. As another example, when one

presses a button on a remote control device when the associated machine is unknown, our perceptual system

is tuned to detecting expected (based on one’s action) sensory feedback. Empirical studies show that both un-

predicted action consequences due to lack of control (Blakemore et al., 1998) and predicted action conse-

quences (Kumar et al., 2015; Wen and Haggard, 2018) could capture bottom-up attention. How does the cogni-

tive system knowwhen to attend to control andwhen to attend to the lack of control when top-down attention is

not involved? The mechanisms underlying such efficient sensing of control among multiple objects remain

poorly understood. The simplest model for sensing control difference would be directly based on the same
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model of the sense of control for a single object: People can sense their levels of control over different objects

one by one and then compare the obtained results, subsequently giving attention to the ‘‘odd’’ one. However,

such sequential sampling of control is not cognitively efficient. The research on human information processing

proposed a two-process theory, suggesting that detection, search, and attention allocation involve both parallel

automatic detection processes and sequential controlled search processes (Schneider and Shiffrin, 1977). Auto-

matic detection is linked to bottom-up attentional allocation, resulting in pop-out phenomena in extreme cases

(Salomonet al., 2013).On the other hand, controlled search is linked to top-downattentional allocation. Previous

studies showed that humans can rapidly allocate their attention depending on control in a bottom-up fashion

(Salomon et al., 2013; Wen and Haggard, 2018). Such phenomena reflect automatic detection rather than

controlled search and cannot be explained by sequential sampling of control.

Here, we suggest that the control context plays a critical role in the cognitive system allocating cognitive

resources for control sensing. Control context refers to the level of overall control over multiple interacting

objects. It determines the current state of control. For the above example of vehicle control, the control

context is high because people usually have a high level of control over many of the vehicle’s components

(e.g., wheels, engine, and brakes) in daily use. In such cases, people do not need to pay so much attention

to confirm their control. On the other hand, control context is low in the condition of interacting with many

uncontrollable objects. We suggest that control context tunes the perceptual sensitivity in detecting

different directions of control differences. Importantly, control context is sensed via the initial exploration

behavior before people detect control difference in the environment. Once the ambiguity of control over

the majority of objects is solved, orientating cognitive resources in a selected direction of difference is

more efficient for humans than sequential sensing of control. Moreover, as described in the examples of

a vehicle and a remote control, such selective attention is also important for a human’s adaptive behavior.

This two-step control sensing hypothesis is summarized in Figure 1. First, the two-step hypothesis assumes

an initial exploration of control context followed by a later usage of control difference. In the first step of

initial exploration of control, sensorimotor information can be processed in parallel to quickly solve the am-

biguity of control context (Friston et al., 2016). In the second step, sensory feedback is then associated with

each object to compute the sense of control and allocate cognitive resources in only one direction of con-

trol difference. The sensing of control is not necessarily a matter of cognitive judgment. It can also be

implicitly conducted, automatically influencing human behavior and perceptions. The hypothesis of two-

step control sensing suggests that the initial sensing is critical. For example, sensing a low level of control

context (e.g., level 3, assuming there are 10 levels from 1 to 10 with 5 being the medium level) enhances the

sensitivity of detecting a higher level of control than 3 (e.g., level 4) but decreases the sensitivity of detect-

ing a lower level of control than 3 (e.g., level 2). On the other hand, if the initial sensed control is level 2 (i.e.,

a low level), both levels 3 and 4 should be easy to detect. Alternatively, from the viewpoint of sequential

sampling of control, the magnitude of difference between level 2 and level 3 should determine the sensing

sensitivity, regardless of the initial level of control context.

In order to examine the two-step control sensing hypothesis, we designed a novel control difference detec-

tion task (Figure 2). In this task, participants freely explored their control over three visual objects by moving

Figure 1. Hypothesis of Two-Step Control Sensing
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their finger on a touchpad. Two objects among three were under the same level of control (30%, 50%, 70%,

or 90%). The remaining one object was under at a level 10%, 20%, or 30% more or less than the other two

objects. We focused on whether the level of control over the majority (i.e., two of three stimuli, which is

considered the control context) affects the detection accuracy. Participants freely explored their control

over the three objects and detected the target over which the control was slightly different from the others.

The velocity, onset, and offset of the dots’ movements were normalized to match the participants’ finger

movements, while the directions of the dots were mixed based on the participants’ movements and

randomly selected sections from 10,000 pre-recorded motions (Wen et al., 2018) for each dot. The three

dots moved at the same speed but in very different directions from each other because a different section

of pre-recordedmotions was applied to each dot. Consequently, the only cue that could be used to identify

the target dot was the sensorimotor correlation between one’s real-time movements and the moving di-

rection of the dot (i.e., the levels of control). The level of control over the two distractors was the same

but slightly differed from the target, and it was defined as the control context, since the distractors were

the majority of the stimuli. In the control difference detection task, theoretically, one can solve it by sam-

pling the level of control over the three objects and then comparing the sampling results among them (i.e.,

the alternative hypothesis of sequential sampling of control). In such a case, the magnitude of difference in

control between the target and control context should determine the detection accuracy, regardless of

whether the target was under more or less control than the control context. In other words, the hypothesis

of sequential sampling of control predicts a main effect of the magnitude of difference on detection accu-

racy, and this effect should not interact with control context. In contrast, our two-step control sensing hy-

pothesis predicts that the difficulty of detecting the target does not only depend on the extent of actual

difference in control between the target and the distractors but also heavily relies on the control context

illustrated in Figure 1. In short, the proposed theory predicts an interaction between the control context

and the effect of the magnitude of difference on detection accuracy. After identification of the target

dot, participants also made an explicit judgment on whether they felt that the selected dot was under

more or less control than the other two dots. Furthermore, we examined the two-step control sensing hy-

pothesis by kinematic analyses of the free-exploration movements (see Results for details). In addition to

the main task, participants made binary judgments (i.e., yes/no) on their control of a single dot, over which

the actual level of control was between 0% and 100% at 10% steps, after freely moving it for 3 s in each trial.

This binary control judgment task was designed to measure the psychological function of the sense of con-

trol in the present control paradigm.

RESULTS

Detection Accuracy: Effect of Control Context

Figure 3 shows the detection accuracy for each condition in the control difference detection task. We

focused on whether the control context selectively affected the detection accuracy depending on the di-

rection difference between the target and the control context. The detection accuracy for each condition

except for 0% difference was compared with the chance level (33.3%) using one-sample t tests. The signif-

icance level was set to .002 (= .05/22) according to Bonferroni’s correction for multiple comparison. Sha-

piro-Wilk’s tests confirmed no significant deviation from normality for all the conditions (the same signifi-

cance level as the t tests was used). The detection accuracy was significantly better than chance in the +20%

and +30% conditions when the control context was at 30% (t(15) = 4.89 and 8.84, respectively, ps < .001; see

red asterisks), in the +10%, +20%, and +30% conditions when the control context was at 50% (t(15) = 8.11,

Figure 2. Timeline of Control Difference Detection Task

Yellow text shows levels of control over each dot in an example of one experimental condition, but this was not shown on the screen during the experiment.
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7.68, and 5.35, respectively, ps < .001), in the �10%, �20%, and �30% conditions when the control context

was at 70% (t(15) = 4.17, 16.86, and 19.89, p = .001, p < .001, p < .001, respectively), and in the�10%,�20%,

and�30% conditions when the control context was at 90% (t(15) = 7.39, 10.48, and 25.49, respectively, ps <

.001). The detection accuracy did not significantly differ from the chance level in the remaining conditions.

In short, the results show that the participants were only able to detect the target when the control over it

was more than the others in the low-control context (30% and 50%) or when the control over it was less than

the others in the high-control context (70% and 90%).

One may argue that the above results are due to poor resolution of difference at extremes. In other words,

perceiving a difference between two levels of control may be difficult if the two levels are both very high or

both very low, but it may be easy if the two levels are both intermediate. Therefore, we chose three pairs of

control difference from the experimental conditions, and each of the participants was required to identify

either the lower level or the higher level of each pair as the target. We compared the detection accuracy for

each pair between the condition when people need to detect poor control from relatively good control and

that when people need to detect good control from relatively poor control. For example, if one can tell the

difference between 30% control and 50% control, theoretically the difficulty of detecting 30% control from a

50% control context should be the same as that of the reverse condition. The three pairs were 30% versus

50%, 50% versus 70%, and 70% versus 90%, where either side was the control context or the target. Figure 4

shows the identification accuracies obtained for these pairs. A repeated-measures ANOVA (3 3 2, type of

comparison [30% versus 50%, 50% versus 70%, and 70% versus 90%)3 direction [more versus less]) revealed

a significant main effect of the type of comparison (F(2, 30) = 35.01, p < .001, partial h2 = .700), a significant

main effect of direction (F(1, 15) = 6.31, p = .024, partial h2 = .296, better performance in the condition of

less control than in that of more control), and a significant interaction (F(2, 30) = 35.79, p < .001, partial h2 =

.705). Mauchly’s test of sphericity indicated that the assumption of sphericity had not been violated (type of

comparison: c2(2) = 5.591, p = .061; interaction: c2(2) = 4.077, p = .130). Bonferroni correction was used for

post hoc comparison (i.e., multiplying p value by the number of repeated comparisons). Regarding the

main effect of type of comparison, the detection accuracy was higher in the comparison between 50%

and 70% than in the other two comparisons (ps < .001, original p values multiplied by 3). Regarding inter-

action, we compared detection accuracy between the more and the less conditions for each type of com-

parison. The task performance was better in the more condition for the comparison between 30% and 50%

control (p = .003, original p value multiplied by 3), and it was better in the less condition for the comparison

between 70% and 90% control (p < .001, original p value multiplied by 3). There was no significant differ-

ence between the more and less conditions for the comparison between 50% and 70% control (p = .303,

original p value multiplied by 3).

Figure 3. Detection Accuracy for a Dot under a Different Level of Control (10%–30%more or less) than the Other

Two Dots

Red asterisks represent significant differences from chance level (i.e., dashed lines) (a Bonferroni-corrected significance

level of .002 was used). Error bars represent 95% confidence intervals. *p < .002, one-sample t tests against 0.33.
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In summary, the results clearly show that control context modulated the perceptual sensitivity to control differ-

ence. This perceptual sensitivity does not directly reflect the differences between sensorimotor signals at

different control levels. For example, the detection accuracies were significantly different between detecting

30% target control from a 50% control context and detecting 50% target control from a 30% control context,

despite the fact that the differences in sensorimotor signals in the two caseswere identical.Moreover, our results

also showed that the perceptual sensitivity of control difference was higher when the control was at an interme-

diate level (50%–70%) than when the control was at an unambiguously high or low level.

Explicit Judgments of Control

In the control difference detection task, participants made the explicit judgment of whether the dot they

selected was under more or less control than the other two dots. This question was designed to clarify

the basic sense of control over the selected stimulus: Did they have a correct sense of control over the

different objects when they correctly identified the target dot? Figure 5A shows the proportion of correct

direction responses to the number of correct detection trials when the detection performance was better

than chance level (i.e., in the 11 experimental conditions marked with red asterisks in Figure 3). The propor-

tion of correct judgments on the direction of control difference was high (above 77%). Furthermore, we

found a positive correlation between the proportion of correct control judgments and the detection accu-

racy in the 11 conditions at the individual level (Figure 5B). The average correlation coefficient was .34 (SD =

.28), which was significantly larger than zero (t(15) = 4.88, p < .001, Cohen’s d = 1.22, the normality was

confirmed by a Shapiro-Wilk’s test, W = .967, p = .782). In short, when participants correctly detected

the target dot, they certainly felt a clear sense of control over it.

Kinematic Analyses: Timeline of Control Sensing

We first examined the total moving distance in each trial among conditions to confirm the following two

predictions: (1) more movements are linked to better control; (2) fewer movements are linked to correct

detection of the target. Then, we examined the above two effects along the timeline to determine when

people perceived the difference in control context and when they detected the target.

Figure 6 shows the kinematics of the participants’ motion. Figure 6A shows the averagedmoving distance of the

finger in each condition. Previous developmental search reported that the detection of control (i.e., detection of

Figure 4. Detection Accuracy in the Selected Experimental Conditions

Red bars represent identification accuracies when the target was under more control than the distractors; blue bars

represent identification accuracies when the target was under less control than the distractors. For example, in the 30%

versus 50% condition, the red bar shows the detection accuracy when the target was 50% control and the distractors were

under 30% control, whereas the blue bar shows the detection accuracy when the target was 30% control and the

distractors were under 50% control. Error bars represent 95% confidence intervals.
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the contingency between one’s action and sensory feedback) has a reinforcement effect on the frequency of

behavior (Rochat andMorgan, 1995; Rovee andRovee, 1969). Furthermore, Karsh andEitam suggested that con-

trol is an internal reward for humans, enhancing the speed of action execution and increasing the frequency of

action selection (Karsh and Eitam, 2015; Karsh et al., 2016; Penton et al., 2018). We also observed this phenom-

enon in the moving distance among different conditions of control context (Figure 6A, see below for details of

statistics).Moreover, our experimental task was strongly goal oriented. After the target is identified, i.e., once the

control difference is successfully sensed, the main motivation of movement diminished, and thus movements

should decrease. Figure 6A showed a trend of less moving distance in the conditions with better detection ac-

curacy (e.g., more conditions in 30% and 50% control context, less condition in 70% and 90% control context),

supporting the prediction of a decline in movement when the target is detected. The behaviors in this task pro-

vide proxies for the timeline in the sensing of control: when people find their control over the environment and

when they find the target. The details of the statistics are given below.

Normal distribution of the results from all the 12 conditions was confirmed with the Shapiro-Wilk’s tests (ps

> .05). The mean moving distance was analyzed with a 3 (direction of difference between target and

context: more, less, and no difference) 3 4 (control context: 30%, 50%, 70%, and 90%) repeated-measures

ANOVA. The Greenhouse-Geisser correction was used because Mauchly’s test of sphericity was violated

(direction of difference: c2(2) = 4.899, p = .086; control context: c2(5) = 20.069, p = .001; interaction:

c2(20) = 43.483, p = .002). The ANOVA revealed a significant main effect of direction of difference

(F(1.544, 23.162) = 12.69, p < .001, partial h2 = .458), a significant main effect of control context (F(1.606,

24.093) = 14.03, p < .001, partial h2 = .483), and a significant interaction (F(3.135, 47.018) = 5.51, p =

.002, partial h2 = .269). Bonferroni correction was used for post hoc comparison. First, we examined the

main effect of control context. Participants moved their fingers for a significantly longer distance when

the control context was highest than under the three other control context conditions (90% control context

versus 30% control context: p = .004; 90% control context versus 50% control context: p = .006; 90% control

context versus 70% control context: p < .001, original p values multiplied by 6). There was no significant

difference in moving distance among the 30%, 50%, and 70% control contexts. The longer moving distance

in the 90% control context reflects control-motivated movements: people were more willing to move their

fingers when they felt better control over the stimuli. Importantly, this effect holds even when we exclude

the possible influence of task difficulty by only considering the no difference condition (gray bars in Fig-

ure 6A). A repeated-measures ANOVA revealed the significant main effect of control context on the mov-

ing distance in the no difference condition (F(3, 45) = 6.07, p = .001, partial h2 = .288; Mauchly’s test of sphe-

ricity: c2(5) = 9.014, p = .109). Bonferroni-corrected comparisons showed that people moved significantly

more in the condition of 90% control context than in the conditions of 30% control context (p= .031, original

p value multiplied by 6) and 50% control context (p = .022, original p value multiplied by 6).

Figure 5. Response on Direction of Control Difference

(A) Proportion of correct responses on direction to the number of correct detection trials in the conditions when the

participants’ detection performance was better than chance level. Results show that, when participants correctly

identified the target, they also had an explicit and correct sense of control over it. Error bars represent 95% confidence

intervals.

(B) Per-individual plot showing proportion of correct judgment against detection accuracy in the conditions when the

participants’ detection performance was better than chance level. Different colors represent individuals. Solid lines

represent the results of linear regression for each individual.
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Furthermore, the significant interaction confirmed our prediction that declines in movements were associ-

ated with correct detections (i.e., less control condition in 30% and 50% control contexts and more control

condition in 70% and 90% control contexts). We compared the moving distance between each control dif-

ference condition in each control context. For the 30% control context, movements did not differ among

control difference conditions (F(2, 30) = 0.71, p = .498, partial h2 = .045). For the 50% control context,

the main effect of control difference was significant (F(2, 30) = 7.64, p = .002, partial h2 = .337). Averaged

moving distance was shorter in the more control condition than in the other two conditions (more versus

less: p = .048; more versus no difference: p = .010, original p values multiplied by 3). For the 70% control

context, the main effect of the control difference condition was significant (F(2, 30) = 8.77, p = .001, partial

h2 = .369). Movements were fewer in the less control condition than in the other two conditions (more

versus less: p = .003; less versus no difference: p = .017, original p values multiplied by 3). For the 90% con-

trol context, the main effect of control difference was also significant (F(2, 30) = 7.00, p = .003, partial h2 =

.318). Movements were fewer in the less control condition than in the other two conditions (more versus

less: p = .038; less versus no difference: p = .013, original p values multiplied by 6). In addition, a simpler

comparison of moving distance between correct detection trials and incorrect detection trials (excluding

the no-difference trials) showed that movement distance was significantly shorter in correct trials than in

incorrect trials (Mcorrect = 5,003, SDcorrect = 1,165, Mincorrect = 5,187, SDincorrect = 1,169, where the unit

was pixels of mouse movement; t(15) = 2.53, p = .023, Cohen’s d = 0.63). In summary, as we predicted, a

higher control context was linked to more movements (shown by the main effect of control context on mov-

ing distance), and successful detection of the target was linked to a reduction in movements.

Moreover, in order to examine the temporal feature of active sensing of control, we used a sliding window of 1 s

with 0.2-s steps and calculated the moving distance accumulated within each window. The moving distance in

each sliding window is depicted in Figure 6B. The drop in averaged moving distance in each window along the

timeline again confirmed the predicted effect of goal achievement (i.e., a decrease in motion when the target is

successfully detected). According to the analyses of moving distance from all trials (Figure 6A), themain effect of

control context on moving distance reflects control-motivated behaviors. In other words, when sliding the time

window, the emergence of the main effect of control context indicates that people understand the control

context. On the other hand, the analyses from all trials also revealed that the moving distance was shorter for

the trials in which the target was more successfully identified. Therefore, the decreased moving distance in

the trials indicates the identification of the target. Here, we divided the trials into five control difference &

Figure 6. Moving Distance of the Finger on the Touchpad

(A) Total moving distance in each condition. Error bars represent 95% confidence intervals.

(B) Moving distance in each sliding time window of 1 s at 0.2-s steps, depending on the control difference condition (no difference, more, or less) and

response (correct or incorrect). Results show that a higher control context is linked to more movements, whereas correct detection of the target is linked to

reduced movements. Vertical gray broken lines show the time window from which the main effect of control context emerged, indicating the sensing of

control context. Vertical black broken lines show the time window from which the interaction between control context and trial type emerged, indicating the

identification of the target (i.e., control difference).
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response conditions: no difference, more control & correct response, more control & incorrect response, less

control & correct response, and less control & incorrect response. Because participants were more successful

in identifying a more controllable target in the poor control context but more successful in identifying a less

controllable target in the good control context, an interaction between control context and control difference

& response would be a sign of sensing the control difference. This interaction better reflects the influence of

goal achievement than the decreased movement in correct detection trials, since a gradual decrease in move-

ment was observed in all conditions, even when the target was not detected. In order to avoid false significance

due to multiple comparisons, an effect in a time window can be confirmed as significant only when its signifi-

cance holds in all of the subsequent time windows.

We conducted 4 3 5 (control context 3 control difference & response) repeated-measures ANOVA while

sliding the time window. Greenhouse-Geisser correction was used.We found that themain effect of control

context became significant from the sixth time window (F(1.578, 23.672) = 4.56, p = .028, partial h2 = .233;

main effect remaining significant in all of the subsequent windows), and the interaction became significant

from the 16th time window (F(3.371, 50.562) = 2.89, p = .039, partial h2 = .161; interaction remaining signif-

icant in all of the subsequent windows). The results show that during the sensing of control difference

among objects, people explored and understood their control over the environment within the first 2 s

(i.e., the end of the sixth time window). Good control maintained the movement frequency, whereas

poor control reduced it. Then, about 4 s after the onset of movement (i.e., the end of the 16th time window),

detection of the target resulted in decreased movement. Taken together, the analysis of a sliding window

supports our hypothesis by showing that people first explore their control over the environment and then,

under the resulting tuned perceptual sensitivity, find the control difference.

Binary Judgment of Control: Actual Control Mapping to Subjective Judgment of Control

Finally, Figure 7 shows the binary judgment and the logistical fitting curves in the control judgment task.

The fitting curves show how the objective level of control was mapped to subjective judgment of control

Figure 7. Response and Logistic Fitted Curves in the Binary Control Judgment Task

Colors represent individuals. Dots connected by lines represent the participants’ responses, and curves represent the

logistic fitting results. Black broken lines and black dots represent the mean proportion of Yes-responses (self-control

response).
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(Yon et al., 2019). Binomial logistic regressions were carried out withMATLAB R2017a (TheMathWorks, Inc.)

using the generalized linear model function in the Statistics and Machine Learning Toolbox. The point of

subjective equality (PSE) was calculated to predict 50% of Yes-response from the logistic functions. The

mean average of PSE was 58.4% of actual control, ranging from 35.6% to 76.2%, with a standard deviation

of 9.5%. According to these results, we concluded that the participants felt a reliable sense of control over

the majority of stimuli in the conditions of 70% and 90% control context but felt weak or no sense of agency

over the majority of stimuli in the conditions of 30% and 50% control context. Furthermore, the results of

binary agency judgment also confirmed that the selection of the four control contexts (30%, 50%, 70%,

and 90%) had roughly balanced distance from the midpoint of subjective feeling of control rather than

the midpoint of actual control. In addition, there was no significant correlation between the individual

PSE and task performance.

DISCUSSION

This study examined the sensing of control difference among objects. Previous studies suggest that the

sense of control over an object is based on the relationship computed from one’s action and the sensory

feedback from that object. In this study, we extended the present theories by proposing a two-step model

of the sensing of control for multiple objects, stressing the importance of control context in control sensing.

We suggest that the early sensing of control affordances from the environment is critical for the subsequent

precise sensing of control difference. Our two-step control sensing model was supported by the following

results. First, the sensing of control difference between two levels of control was greatly affected by control

context, suggesting the existence of an initial step that explores the level of overall control over multiple

interacting subjects. For example, as shown in Figure 4, the accuracy of detecting a 50% control target from

a 30% control context was significantly higher than the accuracy of detecting a 30% control target from a

50% control context, regardless of the fact that the comparison was between 30% and 50% control in both

cases. The significant interaction between control context and the effect of magnitude of control difference

on detection accuracy provides evidence against the alternative hypothesis of sequential sampling of con-

trol. Second, the results of the kinematic analyses in Figure 6 show that the effect of control context on the

participants’ motion emerged much earlier than the effect of goal achievement (i.e., detection of control

difference) on participants’ motion. This result supports our two-step model by showing that people first

sense the control context and then orient their attention to the target that is under a different level of con-

trol from the others.

The results from this study show that a high control context selectively enhances the sensitivity of detecting

the lack of control but weakens the sensitivity of detecting more control. By contrast, a low control context

shows the opposite effects, enhancing the detection of more control but weakening the detection of less

control (Figure 3). Importantly, these results cannot be simply explained by the poor resolution of senso-

rimotor signals when they are at extremes. For example, it is difficult to discriminate the brightness be-

tween two stimuli if they are both very bright or very dark, but it is easier to discriminate them if their bright-

ness levels are at intermediate values, despite the fact that the physical difference values between pairs are

identical (Goldstone, 1994). However, we argue that our findings indicate something more than this psy-

chological characteristic. We found that, even for the same comparison of control difference, the discrim-

ination of control was dramatically influenced by the control context (Figure 4). For instance, for the com-

parison between 30% and 50% control, people were able to perceive the difference between the two levels

when the control context was 30% and the target was under 50% control (detection accuracy = 49.4%), but

they were unable to identify the target when the control context was 50% and the target was under 30%

control (detection accuracy = 26.9%, nonsignificant difference from chance level). The results clearly

showed that the sensing of control difference is not a simple projection of the comparison between senso-

rimotor signals. In addition, our results also show that more moderate levels of control are easier to detect

when among more extreme control contexts. The comparison between moderate levels of control was

more accurate than those between extreme levels (Figure 4). This is in line with a well-known phenomenon

called categorical perception, which has been reported in many types of perception such as color, lan-

guage, and face (Goldstone, 1994). The initial exploration of control context can be considered a fast cat-

egorizing behavior, and the result of categorization shapes the following behaviors and perceptions

related to further exploitative sensing of control. However, the sensing of control is usually an interplay be-

tween voluntary actions and perception, whereas in the traditional research on categorical perception only

passive sensory input is involved. In our experimental task, the three stimuli moved in very different direc-

tions, so one could not perform the task with only visual input. The only cue to solve it was the sensorimotor
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correlations among one’s motion and the dots’ moving directions. Our findings shed light on how people

solve the ambiguity of control through their actions and how this initial sensing behavior influences the

perception of action consequences.

Moreover, the movement kinematics revealed temporal features of the sensing of control difference. The

analysis of moving distance in sliding windows showed that people perceive the difference between con-

trol contexts at a very early stage, within 2 s after the onset of movement (Figure 6). Such a sense of control

over the control contexts influenced the explorative movements among conditions of control context:

There was more motivation for sensing motion in a higher control context. Next, once people detect

the target, their movements decrease following goal achievement. This effect arose 4 s after the onset

of movement, showing that the sensing of control context and the sensing of control difference are not

simultaneous. Instead, the latter occurs after the former. The results support our hypothesis of a two-

step control exploration: People first sense their control over the environment, and then this initial sense

of control tunes the perceptual sensitivity for the subsequent precise sensing of control. In other words,

people do not sense their control over the three dots one by one and then simply sum them up or compare

them.

The findings of the present study provide insight relevant to the debate over the role played by prediction

of action outcomes. The classic account, such as the comparator model, suggests that people are very sen-

sitive to deviation from the prediction of action consequences (Blakemore et al., 1998), as revealed by the

phenomenon of sensory attenuation. In sensory attenuation, sensory input that does not match the predic-

tion based on one’s motor commands is perceived more intensely than that matching the prediction, since

the former is ‘‘canceled’’ from perception (Blakemore et al., 1999; Wolpert and Flanagan, 2001). Further-

more, recent studies have suggested that the perception of predicted action outcomes is actually initially

‘‘facilitated’’ (Roussel et al., 2013), and the deviation from the prediction becomes salient while the evi-

dence of ‘‘cancellation’’ is revealed at a later point in time (Yon and Press, 2017). In addition, Press et al.

(2019) suggested a two-process model, in which the perceptual system initially upweights sensory input

that is likely to occur and deviant events become surprising when they are perceived as errors at a later

point in time (Press et al., 2019). Our results support the latter theory of a later sensitivity to ‘‘errors.’’ We

found that people were sensitive to errors only after sensing a high control context. The initial sensing

of control context resembles the acquisition of probabilistic knowledge regarding action outcomes in

the two-process model of Press et al. (2019).

In summary, this study’s results support our hypothesis of two-step sensing of control over the environ-

ment. People first sense their overall control over the environment at an early stage. Such an early sense

of control tunes the perceptual sensitivity of detecting more or less control in the subsequent more precise

sensing of control. However, it remains unknown whether the sensing of more control or less control in the

second stage shares the same processing mechanism of sensorimotor signals. Nevertheless, our results

show that control over the environment is critical. When people do not have much control over the envi-

ronment, the cognitive system is selectively sensitive to more control. Once control has been acquired,

any small lack of control is highly salient.

Limitations of Study

There are various issues with the task that need to be discussed. Although in most conditions the three dots

moved in different trajectories, the greater the level of contextual control, the more that the finger move-

ment would globally dominate the stimuli’s coherent motion. In such cases, detection of a less coherent

motion may be easier than that in a condition with lower control context. For example, the detection ac-

curacy of 10% less control was indeed higher in the 90% control context than the 70% control context

(60% versus 48%). However, we argue that our main findings stand even after considering the influence

of the coherent motion in a high control context. First, this effect cannot account for the asymmetrical

detection accuracy for more and less controlled targets in the same control context. Second, it cannot ac-

count for the higher detection accuracy of a 50% controlled target from 30% control context compared with

that of a 30% controlled target from 50% control context.

Another issue with the task is that it allows free exploration. The participants may have used very different

motion or control sensing strategies, which perhaps resulted in the large individual difference in binary

control judgments shown in Figure 7. However, we believe that the free-exploration process is critical to
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studying the active sensing of control. Any regulation of motion may bring an unexpected effect to the

sense of control, such as comparison between goal and goal achievement (Wen et al., 2015b, 2015a). More-

over, although free exploration may cause a large deviation in motion, active motion itself indeed provided

important and useful implicit proxies for the sensing of control, as shown in Figure 6 and the kinematic

analyses.

In the end, one may argue that the effect of control context is due to top-down selective attention. How-

ever, we believe this was unlikely, because both directions of control difference were equally presented for

each control context, and this fact was clearly explained to the participants.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2020.101112.
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Transparent Methods 

Participants 

Sixteen healthy participants took part in the experiment (14 males and 2 females, mean age = 22.1 years, 

SD = 1.0 years). All participants were right-handed except for two. The two left-handed participants self-

reported the daily use of their right hand for manipulating a computer mouse and touchpad. All participants 

used their right hand to operate a touchpad in the task, and they all had corrected-to-normal visual acuity. 

The sample size was chosen based on a power calculation using G*Power 3 (Faul et al., 2007, 2009) and 

an effect size estimated based on pilot data from a similar control exploration task to produce a power larger 

than 0.95 (alpha = .05, Cohen’s d = 1.12 compared to chance level when people identified an object over 

which they had 50% control among four objects). The experiment was conducted according to the principles 

of the Helsinki Declaration and was approved by the Ethics Committee of the Department of Psychology 

at the University of Tokyo. All participants provided written informed consent prior to participation. 

Tasks and Procedures 

Participants conducted two tasks: a control difference detection task followed by a control judgment task. 

Figure 2 illustrates the timeline of a trial in the control difference detection task. In the control difference 

detection task, people had different levels of control over three visually identical stimuli on the screen 

(details given below). Participants freely explored their control over the three objects and then selected one 

target over which they felt the control was different from the other two in each trial. Two objects among 

the three were under the same level of control (30, 50, 70, or 90%). The control over these two dots was 

called control context. The level of control over the target was 10, 20, or 30% more or less than this context.  

The task was programed and conducted using Matlab (R2012b, MathWorks) and Psychtoolbox-3. 

During each trial, three 40-px (11.28-mm) white dots were presented in the center area of a 22-inch LED 

monitor (P2217c, DELL, 1680×1050 px, 0.282mm/px, refresh rate = 59 Hz). The observation distance was 

about 50 cm. The positions of the dots were randomly generated by the program, under the restriction of a 

maximum distance of 400 px from the center of the screen and a minimum distance of 200 px between dots. 

The dots remained static on the screen until participants started to move their index finger on a touchpad. 

The velocity, onset, and offset of the dots’ movements were normalized to match the participants’ finger 

movements, while the directions of the dots were mixed based on participants’ movements and randomly 

selected sections from 10,000 pre-recorded motions. The magnitude of mouse movement was reduced to 

4/10 to prevent excessive movement of the stimuli. The algorithm of motion blending was identical to that 

in Wen, Brann, Di Costa, and Haggard (2018). Specifically, a section of pre-recorded movements was 

randomly selected for each dot in each trial. At each refreshed frame, if participants moved their finger on 

the touchpad from the last frame, a pre-recorded movement was taken out, and its direction was mixed with 

the direction of the participant’s finger movement at a certain ratio depending on the level of control. For 

example, if a dot was under 30% control, the direction of the pre-recorded motion was mixed with the 

direction of the participant’s motion at a 70/30 ratio. Finally, the mixed motion was normalized to match 

the magnitude of the participant’s finger movement, and thereafter it was used to re-draw the dot on the 

screen. In addition, because different sections of pre-recorded motion were selected for different dots, the 

three dots moved in different directions even when the control over them was at the same level (if the 

control was less than 100%). Participants were told to freely explore their control over the three dots by 

continuously moving their fingers on a touchpad for 5 s and then to select, by pressing a number key, the 

one dot they felt was under a different level of control from the other two dots when the three dots stopped 

with numbers shown beside them. Thereafter, participants answered whether their control over the dot they 

selected was under less or more control than the other two dots by pressing one of two buttons labelled 

‘LESS’ and ‘MORE.’ 

 There were two within-participant independent variables. The first was control context, which was 

set at 30, 50, 70, or 90% in each trial. The control contexts were selected to cover the range from the sense 

of not-in-control to the sense of in-good-control according to our pilot results (also see results in Figure 7). 

The second variable was the control difference between the target and the context, which was set at -30, -

20, -10, 0, +10, +20, or +30%. Note that the two variables were not fully factorially designed, since the +20 

and +30% conditions were not applicable to the control context of 90%. There were 26 possible 

combinations of the two independent variables, each repeated 10 times, resulting in a total of 260 trials. 

The trial order was randomized. There were 26 extra trials (1 repeat for each condition) conducted for 
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practice before the actual task. The actual task took 45 min on average. 

 After the main task (i.e., control difference detection task), participants then performed a short 

control judgment task, in which they explored their control over one dot for 3 s and then answered whether 

they felt that the dot was under their control by pressing one of two keys labeled ‘Yes’ and ‘No.’ There 

were 11 levels of actual control within the range of 0–100% at 10% steps. Each level was repeated 10 times, 

resulting in 110 trials. The trial order was randomized. This task was designed to measure the point of 

subjective equality (PSE) in control in order to compare it with the control context in the main task. There 

was no practice for this task, since the participants had familiarized themselves with the dot motion 

experimental setup in the main task. The control judgment task took 5 mins on average. The experiment 

took approximately one hour for each participant, including instructions, practice, and actual tasks. 

Data and Code Availability 

Original data have been deposited to Mendeley Data: [DOI: 10.17632/8r4y4zmdvn.1]. 

Wen, Wen; Shibata, Hiroshi; Ohata, Ryu; Yamashita, Atsushi; Asama, Hajime; Imamizu, Hiroshi (2020), 

“The dataset of the study on active sensing of control difference”, Mendeley Data, v1 

http://dx.doi.org/10.17632/8r4y4zmdvn.1 
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