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Visual Abstract

The self is a distinct entity from the rest of the world, and actions and sensory feedback are our channels of
interaction with the external world. This study examined how the sense of control influences people’s percep-
tion of sensorimotor input under the framework of categorical perception. Twenty human participants (18
males, two females) took part in both experiments. Experiment 1 showed that the sensitivity (d9) of detecting a
20% change in control from no change was higher when the changes occurred at the control-category bound-
ary than within each category. Experiment 2 showed that the control categories greatly affected early attention
allocation, even when the judgment of control was unnecessary to the task. Taken together, these results
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showed that our perceptual and cognitive systems are highly sensitive to small changes in control that build
up to a determinant change in the control category within a relatively narrow boundary zone between catego-
ries, compared with a continuous, gradual physical change in control.

Key words: categorical perception; consciousness; motor control; sense of agency; sensorimotor perception;
signal detection theory

Introduction
In daily life, people control the objects surrounding

them to varying degrees. The subjective feeling of control-
ling events and changes in the external world, through
one’s own actions, is called the sense of control (or,
broadly, the sense of agency). The sense of control serves
as an important dynamic cue to distinguish the scope of
the self, from the rest of the world, as an extension of stat-
ic self. Things that one controls can be integrated into the
scope of the self (Tsakiris et al., 2006; Kao and Goodale,
2009; Salomon et al., 2013). In fact, many psychological
studies have shown that the self has a privileged category
in our cognitive system (Rogers et al., 1977; Tacikowski
and Nowicka, 2010; Salomon et al., 2013). Many types of
information, or sensory inputs with certain features, such
as name, face, and voice, are associated with the self.
These features are usually categorically organized as self

versus others, with a clear border between the two cate-
gories (Keyes, 2012). However, in the case of control, un-
like the passive and static features of the self, dynamic
relationships between action and sensory input serve as
cues to identify the self. The sensorimotor relationship be-
tween motion/action and feedback can be continuous in
the physical world. How the cognitive system processes
this extension of the self, which is perceived based on the
control over the external world, remains largely unknown.
Many existing models for the sense of control empha-

size the role of sensorimotor signals. For example, the
comparator model suggests that prediction errors, gener-
ated from discrepancies between sensory predictions,
based on motor commands and actual sensory feedback
diminish the sense of control (Blakemore et al., 1998,
1999; Frith et al., 2000a,b; Wolpert and Ghahramani,
2000; Brooks and Cullen, 2013). In addition to the predic-
tive comparison mechanism, a recent study showed that
the mechanisms that detect the regular relationship be-
tween action and feedback contribute significantly to the
sense of control (Wen and Haggard, 2020). However, little
is known about the mechanisms linking continuous sen-
sorimotor signals and the cognitive judgment of control.
Humans tend to perceive the world in a meaningful way,

using categories of terms that are formed through evolution
or learning (Livingston et al., 1998). Many human percep-
tions are highly categorical, such as color (Bornstein and
Korda, 1984), speech (Liberman et al., 1957; Pisoni and
Tash, 1974), and facial expression (Etcoff and Magee, 1992;
Calder et al., 1996; Young et al., 1997). Early categorization
benefits the rapid resolution of ambiguity and efficient deci-
sion-making. Once a category is formed, it becomes
unnecessary to paymuch attention to within-category differ-
ences, and decisions based on categories or prototypes
can be made smoothly (Etcoff and Magee, 1992).
Categorical perception shapes our perception, reducing
sensitivity to within-class differences, while increasing the
sensitivity to between-class differences (Goldstone and
Hendrickson, 2010). Furthermore, previous studies also
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Significance Statement

Categorical perception is an important cognitive function that connects human low-level perceptual sys-
tems with high-level conceptual systems. Categorical perception has been intensively studied with sensory
features (e.g., color and faces), but little is known about sensorimotor information, despite its importance for
interacting with the external world. This is the first study to show that individuals perceive their control in
meaningful categories rather than via linear encoding. The categorical perception of control diminishes sen-
sitivity to differences within control categories, while increasing sensitivity to sensorimotor inputs at the con-
trol-category boundaries. The findings broaden our understanding on how human action influences the
perception of action consequences, and how humans organize the external world according to the conse-
quences of their actions.
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showed that between-category differences capture
visual attention and result in pop-out (Jonides and
Gleitman, 1972; Wolfe et al., 1992). This indicates that
the influence of categories on perception is rather automatic.
In summary, the criterion for categorical perception is how
the perceptual sensitivity to a difference/change in the
stimuli is shaped by the subjective categories, rather
than the cognitive judgment itself (Goldstone, 1994;
Goldstone and Hendrickson, 2010).
Figure 1 shows our hypothetical schema in the present

study, that categorical perception of control links continu-
ous sensorimotor signals with cognitive judgment of con-
trol. The sensorimotor relationship between action and
feedback is continuous in the physical world. On the other
hand, many previous studies revealed nonlinear judgment
(i.e., categorization at the cognitive level) of the sense of
agency (Farrer et al., 2008, 2013; Maeda et al., 2012; Wen
et al., 2020). Our hypothesis is that perception of control
is categorical. This hypothesis predicts that discrimination
sensitivity is high between categories but that the sensi-
tivity is low within a category. We experimentally exam-
ined this prediction. Alternatively, if the perception of
control is not categorical even when the judgment is non-
linear, then there should be comparable discrimination
sensitivities if the distances in sensorimotor input are the
same, regardless of whether the differences in sensorimo-
tor input are between or within categories.
This study directly examines the above hypothesis,

using a control discrimination task in the first experiment
to specifically examine the participants’ ability to detect
small changes in control. Furthermore, the second experi-
ment examines whether control categories influence

visual attention (Jonides and Gleitman, 1972; Wolfe et al.,
1992) while explicit judgment of control is task irrelevant.

Experiment 1: Detection Sensitivity of a
Change in Control
Materials andMethods
Participants
Twenty healthy participants took part in two experi-

ments on different dates (mean age=21.9, SD=1.7, 18
males, two females, 18 right-handed participants). Two
left-handed participants self-reported daily use of their
right hand to manipulate a computer mouse. All partici-
pants used their right hands to move the mouse during
the tasks. All participants had corrected-to-normal visual
acuity. The exclusion criterion for Experiment 1 was a
lower detection accuracy than the chance level (,200
correct responses, in 400 trials). One participant met this
criterion and was excluded from the results of Experiment
1 (detection accuracy =39.8%). The experiment was con-
ducted according to the principles of the Helsinki
Declaration and was approved by the local ethics commit-
tee. All participants provided written informed consent
before participation.

Motion stimuli
A 40-pixel dot was used as the stimulus in the experi-

ment. The dot was presented at the center of the screen
(resolution: 1680� 1050 pixels) at the beginning of each
trial, and remained stationary until participants started
moving the mouse. The onset, offset, and velocity of the
dot motion always corresponded to the mouse’s

Figure 1. Hypothetical schema of categorical perception of control. Continuous relationship between actual control and sensorimo-
tor information (i.e., on the left) may be organized in a nonlinear fashion at the cognitive level (i.e., on the right), and such categoriza-
tion at the cognitive level is associated with higher discrimination sensitivity at the boundary between categories, compared with
that within each category. In the experimental tasks, participants moved a computer mouse to trigger the motion of a dot on a
screen. The controllability of the dot was experimentally manipulated by changing the direction of the dot movement from the
mouse movement. The angular error between the mouse and the dot corresponds to the sensorimotor information that determines
the sense of control.
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movement, but the direction of the dot’s motion was a
combination of real-time input from the mouse’s motion
and 10,000 consecutive prerecorded motions on each re-
fresh frame (60Hz). Specifically, on each refresh frame, if
the mouse’s position changed from the previous frame,
the moving angles were calculated according to the
mouse’s movement and other prerecorded movements.
Depending on the level of control, a moving vector for the
dot was generated, with a magnitude corresponding to
that of the mouse’s movement, in a direction generated
from the angle between the directions of the mouse and
prerecorded movements (Fig. 2). Finally, the moving vec-
tor was used to update the position of the dot. For exam-
ple, as shown in Figure 2, for 80% control, the direction of
stimulus movement was generated between the angle of
the mouse’s movement and the prerecorded motion, at
an 80/20 ratio for each moment segment at 60Hz. Ten
thousand motions were prerecorded by the experimenter
(Wen et al., 2018), and a randomly selected section was
used for each trial/stimulus. This paradigm provided sen-
sorimotor input at the physical level as a linear function of
actual level of control, allowing us to examine the poten-
tially discrete or nonlinear perceptual nature of control.
The prerecorded other’s movements were recorded
mouse movements of the experimenter at each frame
(60Hz) from a pilot recording session, in which the experi-
menter had full control over the dot (i.e., moving the dot
as moving a mouse cursor). Such prerecording ensures
smooth and continuous motion of the stimulus and cre-
ates joint control between the participants and someone
else. In addition, random motion was not suitable for the
present paradigm, because it is a lack of continuance and
causes vibration-like motion of the stimulus when com-
bined with participants’ mouse movement. In addition,
the raw input from the mouse movements was adjusted
to 40%, to prevent the stimulus from excessive motion.
Finally, when the dot reached the border of the screen, it
was blocked by the border (i.e., the dot could not move
beyond the border). An algorithm was used to re-select a
new section of prerecorded motion that moved the dot to-
ward the inner part of the screen when the dot reached
the border area. The algorithm was designed to reduce

the possibility of the dot sticking to the border, especially
when participants had little control over it. A demo task
and source code of this paradigm can be found at the first
author’s website (http://www.robot.t.u-tokyo.ac.jp/;wen/
code/).

Control discrimination task
In the control discrimination task of Experiment 1, par-

ticipants used a computer mouse to move a dot on the
screen for 6 s in each trial and made a binary judgment on
whether their control over the direction the dot moved
had changed (Fig. 3A). Participants were instructed to
continuously and freely move the mouse to explore their
control over the dot on the screen. No specific instruc-
tions for movement were given. In half of the trials, the
level of control over the dot remained constant, while in
the other half, the level of control increased or decreased
by 20% (e.g., from 20% to 40% control) halfway through
the trial (i.e., 3 s from the onset of the first mouse move-
ment). There were two increase blocks and two decrease
blocks in the control discrimination task. The two types of
blocks were performed in ABAB sequence, and the se-
quence of increase/decrease was offset between partici-
pants. At the start of each block, a message appeared on
the screen, prompting participants if an increase or a de-
crease in control should be detected. The screen back-
ground was gray, and all stimuli and messages were
displayed in black. At the start of each trial, the number of
current and total trials in the block was displayed on the
screen for 1.5 s and then replaced with the stimulus dot.
According to the block type, as participants moved the
dot, an “Increase” or “Decrease” message was displayed
in dark gray at the top of the screen. Six seconds after the
onset of the first mouse movement, the dot disappeared
and the participants pressed one of two response keys
(yes or no), in response to whether they felt their control of
the dot change during the trial. The initial control for the
increase blocks was 0%, 20%, 40%, 60%, or 80%, and
the initial control for the decrease blocks was 20%, 40%,
60%, 80%, or 100%. The magnitude of change was al-
ways 20%. The starting points of the prerecorded move-
ments were randomly selected for each trial, and were

Figure 2. An example of a motion combination algorithm with 80% control. The direction of the visual stimulus (dot) on the screen
(red arrow) was generated between the direction of mouse movement (a, in the left panel) and the direction of a prerecorded motion
(b , in the middle panel), with an 80/20 ratio at each moment segment (60Hz). Each direction is represented by the deviation from
the right horizontal direction (indicated by dashed lines). The magnitude (M) of the dot movement was equalized to the size of the
mouse movement.
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used to ensure the smooth movement of the dot. Each
block consisted of 100 trials (10 repeats of each initial
control condition), and the level of control changed in 50
trials, while remaining constant at the initial control level in
the other 50 trials. The trial sequence was randomly as-
signed for each block. A total of 400 trials were conducted
in the control discrimination task. The participants per-
formed one increase and one decrease practice block be-
fore the actual task. Each practice block consisted of four
trials. For the increase practice block, control increased
from, or remained constant at, 0% or 60%. In the de-
crease practice block, control decreased from, or re-
mained constant at, 60% or 100%. The sequence of
practice blocks between participants was also offset.

Control rating task
The control rating task followed the control discrimina-

tion task. In each control rating task trial, participants
rated their control of the dot’s direction after moving the
dot for 3 s (Fig. 3B). At the beginning of each trial, a dot
was displayed on the screen, and participants continu-
ously moved a mouse to trigger the movement of the dot.
The level of control of the dot was between zero and
100%, in a 10% step range. Three seconds after the first
mouse movement, this dot was replaced by a rating indi-
cation on the screen. Participants rated their control of
the dot, from three options: 1 = no control, 2 = partial con-
trol, 3 = full control. Each control condition was repeated
10 times, resulting in 110 trials in total. The trial sequence
was randomized for each participant. Participants per-
formed six practice trials before the actual task. For prac-
tice, the level of control was 0%, 60%, or 100%,
repeated twice each time. The practice trial sequence
was randomized.

Procedure
Participants performed the experiments individually in a

quiet room. They were seated ;60 cm away from a 22-
inch LED monitor (DELL P2217). The response keys on
the keyboard were labeled, and the keys that were not

required for tasks were removed to prevent accidental re-
sponses. Participants first performed the control discrimi-
nation task, followed by the control rating task. The first
task took approximately 1 h, including instruction and
practice, and the second task took;8 min.

Data analysis
First, we used control ratings to estimate the subjective

boundary between no-control and full-control. To do so, the
points of subjective equality (PSEs), when participants gave
50% of the trials no-control or full-control ratings, were cal-
culated using logistic regressions with the generalized linear
model function of MATLAB, Statistics and Machine
Learning Toolbox (R2017a, The MathWorks). Next, we cal-
culated d9 (d-prime) of signal detection theory (Green and
Swets, 1966) from the responses, and used a 5� 2 (com-
parisons� direction of change) repeated-measures ANOVA
to examine whether d9 was indeed higher when the change
occurred at the subjective boundary compared with when it
occurred within each subjective category. In case of signifi-
cant main effect or significant interaction, Bonferroni correc-
tion of p value was used for post hoc comparisons, the
original p values were multiplied by the number of compari-
sons, and the significance level was 0.05. At last, d9 in each
condition was also compared with zero using one-tailed
one-sample t tests. The Holm–Bonferroni method was used
for ten one-sample t tests.

Results
Subjective control categories
First, Figure 4A shows the averaged angular error in each

actual control condition in the control rating task. The results
showed that angular error, as a sensorimotor input, is a line-
ar function of the actual level of control. On the other hand,
the subjective rating of control is a logistic-like function of
the continuous sensorimotor input (Fig. 4B).
Next, the subjective boundary between the no-control

and full-control ratings was estimated (Fig. 4C). The main
interest of the present study was whether perceptual

Figure 3. Experimental tasks. A, Control discrimination task. Participants moved a mouse to trigger a 6-s motion of a dot on the
screen. At the end of each trial, participants made a binary judgment on whether they felt that their control over the direction of
dot’s movement had changed (increased or decreased) during the trial. B, Control-rating task. Participants rated their control over
the dot out of three: 1 = no control, 2 = partial control, 3 = full control.
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sensitivity (i.e., d9) is higher when a change in control oc-
curs at the boundary of control categories than when it
occurs within a control category. The average PSE of no
control was 38.0% (SD=10.9%) and the average PSE of
full control was 71.2% (SD=6.6%; Fig. 4C, left and right
vertical lines in yellow shaded area). The yellow area is re-
garded as the boundary between the no-control and full-
control categories.

Detection sensitivity of a change in control
Next, we investigated the sensitivity to changes in con-

trol; d9 of signal detection theory (Green and Swets, 1966)

was calculated from the responses as a detection sensi-
tivity index of a 20% change in control from no change.
The change in control was kept constant at 20% under all
conditions. However, the actual change of sensorimotor
input at the physical level differed slightly between condi-
tions (Fig. 4D). A 5� 2 (comparisons � direction of
change) repeated-measures ANOVA on the change of an-
gular error revealed a significant main effect of compari-
son (F(4,72) = 4.34, p=0.003, partial h2 = 0.19), and a
significant interaction between the comparison and direc-
tion of change (F(4,72) = 3.54, p=0.011, partial h2 = 0.16).
The main effect of direction change was nonsignificant

Figure 4. Results of Experiment 1. A, Individual and average plots of angular error against actual control. Colors represent individual
results. Open squares and black lines represent averages. These plots indicate that angular error, as a sensorimotor input, is a linear
function of the actual level of control. In addition, every 20% control difference corresponds to an angular error difference of ;15°.
B, Individual and average plots of control rating against angular error. Colors represent individual results. Open squares and black
lines represent averages. These plots show that the subjective judgment of control is a logistic-like function of continuous sensori-
motor input. C, Proportion of each rating response (no control, partial control, and full control). Black curves represent the logistic
fitting results for the no-control and full-control responses. The yellow area indicates the range between the no-control and full-con-
trol PSEs. The left and right sides of the yellow rectangle indicate the no-control and full-control PSEs (50% threshold), respectively.
Error bars represent standard errors. D, Change of angular error under each change condition (i.e., increase or decrease conditions).
Under all conditions, the magnitude of control change was 20%. However, the actual change of angular error differed slightly be-
tween conditions. Because the physical change of control did not, as expected, remain constant between conditions, d9/DE was
used (with DE representing the change in angular error), instead of raw d9, to exclude the influence of unbalanced physical changes
between conditions in all statistical analyses. E, Sensitivity (d9/DE) calculated from the response of the control discrimination task.
The squares and bold lines indicate averaged d9/DE under each condition. Shadows represent 95% confidence intervals. Error bars
represent standard errors. Red asterisks represent significant post hoc pairwise differences.
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(F(1,18) = 0.50, p=0.491, partial h2 = 0.03; Mdecrease =
15.3°, SDdecrease = 1.44°, Mincrease = 14.94°, SDincrease =
0.85°).
To control for the influence of unbalanced sensorimotor

inputs, d9 was divided by the actual change in angular
error (i.e., d9/DE, where DE represents the change in an-
gular error; Fig. 4E), and this value was used for all statisti-
cal analyses. The results of d9/DE in Figure 4E show
peaks of detection sensitivity at the boundaries of the
control categories for both a 20% increase and a 20% de-
crease in control, supporting the prediction of categorical
perception of control. A 5 (comparison: 0% vs 20%, 20%
vs 40%, 40% vs 60%, 60% vs 80%, or 80% vs 100%)� 2
(change direction: decrease or increase) repeated-meas-
ures ANOVA on d9/DE revealed a significant main effect of
comparison (F(4,72) = 20.08, p, 0.001, partial h2 = 0.53)
and a significant interaction between change direction
and comparison (F(4,72) = 6.45, p, 0.001, partial h2 =
0.26). The main effect of change direction was nonsignifi-
cant (F(1,18) = 0.002, p=0.963, partial h2 ,0.01). The main
effect of comparison showed that the subjective sensitiv-
ity to change showed significant differences, depending
on whether the change occurred within, or between, con-
trol categories. Because the subjective boundaries of the
control categories were between 38.0% (SD=10.9%) and
71.2% (SD=6.6%), changes between 40% and 60%, and
between 60% and 80%, are considered to be at the
boundary. Post hoc comparisons confirmed that the d9/
DE in these conditions was significantly larger than for the
other conditions. For the decrease condition, the d9/DE of
80% to 60% change was significantly larger than 20% to
0%, 40% to 20%, and 100% to 80% changes (p, 0.001,
p=0.002, p=0.042, respectively), but did not significantly
differ from the detection of a decrease from 60% to 40%
(p=0.131). Under the increase condition, the d9/DE of
40% to 60% change was significantly larger than the 0%
to 20%, 20% to 40% and 80% to 100% changes (p=
0.004, p=0.038, and p=0.009, respectively). However, it
did not significantly differ from the detection of an in-
crease from 60% to 80% (p. 0.999). In summary, the re-
sults of d9/DE revealed that detection sensitivity to small
changes in control was higher at the boundaries of the
control categories than within the same control category,
clearly supporting the hypothesis of categorical percep-
tion of control.
Furthermore, the significant interaction between com-

parison and direction of change of the ANOVA revealed
an effect of change direction in control on detection sensi-
tivity. The d9/DE of detecting a decrease from 100% to
80% control was significantly above zero (t(18) = 3.60,
p=0.002, Cohen’s d=0.83). However, the d9/DE to detect
an increase from 80% to 100% control was not signifi-
cantly different from zero (t(18) = 1.53, p=0.144, Cohen’s
d=0.35). This indicates that, when participants initially
had higher levels of control (in the category of full control),
they could detect changes toward the boundaries of con-
trol but were insensitive to changes toward the current
control category extremes. This phenomenon was also
observed when people initially had low levels of control (in
the category of no control). Specifically, the d9/DE of

detecting an increase from 20% to 40%, was significantly
above zero (t(18) = 2.74, p=0.013, Cohen’s d=0.63).
However, the d9/DE of detecting a decrease from 40% to
20%, did not significantly differ from zero (t(18) = 0.97,
p=0.347, Cohen’s d=0.22). This phenomenon indicates
that the establishment of a subjective control category se-
lectively biases the detection sensitivity, according to the
direction of change.
In summary, the results of Experiment 1 support the hy-

pothesis of categorical perception of control as shown in
Figure 1. Experiment 2 further examined whether the influ-
ence of control categories held when the cognitive judg-
ment of control was task irrelevant.

Experiment 2
Materials andMethods
Participants
The participants were the same as those in Experiment

1. Experiment 2 took place at least one week after
Experiment 1. The exclusion criterion for Experiment 2
was ,75% of the valid trials (i.e., trials with correct target
identification and RTs within 63 SD from individual aver-
age). No participant met this criterion.

Stimuli and task
In the visual search task of Experiment 2, participants

were asked to locate a circle with one gap on the right
(i.e., the visual target), from a total of four circles (Fig. 5A).
The other three circles had gaps on the left and right. The
circles were 60 pixels, and the widths of the circle borders
and gaps were both 10 pixels. In each trial, the initial posi-
tions of the circles were randomly generated to meet the
requirement that the distance from the center of the
screen to each circle was ,350 pixels, and the minimum
distance between each circle was at least 150 pixels.
There were no gaps in the circles, unless they were
moved. Participants were asked to move the circles by
moving the computer mouse, while searching for the vis-
ual target. The onset, offset, and velocity of all circles cor-
responded to the mouse’s movement, and the motion of
the mouse had specific levels of control over the direc-
tions of the circles. Participants were asked to press the
space bar as soon as they found the visual target, which
stopped the moving circles so that the gaps disappeared.
Numbers from one to four were displayed in the center of
each circle. Participants then pressed one of the four
number keys (1–4) to identify the visual target. If there was
no response 5 s after the start of the first mouse move-
ment, the trial ended and, in this case, the visual target
was skipped.
When participants moved the mouse, three out of four

circles always moved in a coherent direction, while one
moved slightly differently to the others. The group in co-
herent motion was called the majority, and the stimulus
that moved differently was called the exception (Fig. 5B).
The visual target was either the exception or the majority.
Under the experimental conditions, the participants’ con-
trol over the exception or the majority differed by 20%.
Three sets of control level were selected: 10% versus
30%, 50% versus 70%, and 80% versus 100%. These
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sets corresponded to the no-control category, the bound-
ary of control-category boundaries, and the full-control cat-
egory, respectively. The control level for the exception was
20% more, or 20% less, than the majority (e.g., there were
trials where the exception was under 50% control while the
majority was under 70% control, and trials where the excep-
tion was under 70% control while the majority was under
50% control). At baseline, there were no stimuli under the
control of the mouse (all were under 0% control), but the
moving speed corresponded to the mouse’s motion. At
baseline, the direction of the stimulus was generated by
combining two randomly selected sections of a prerecorded
motion (for example, consider two other people controlling
the stimuli). The first prerecorded motion controlled 50%
of the exception (i.e., 50% of exceptions were controlled by
the second prerecorded motion) and 30% of the majority
(i.e., 70% of the majority was controlled by the second pre-
recorded motion). In all four conditions, including at base-
line, the combination ratios were selected to ensure that the
motions of the exception and the majority shared 80% of
the movement direction, and moved in different directions
for the remaining 20%. This resulted in a constant 20% vis-
ual difference between the exception and the majority,
under all four conditions.
In summary, there were two types of visual target: the

majority or the exception � [three comparisons (10% vs
30, 50% vs 70%, 80% vs 100%) � two exception control
types (more or less than the majority control) 1 one
baseline] = 14 conditions, each condition repeated 15
times, and a total of 210 trials were performed. The trial

sequence was randomized for each participant. In addi-
tion, participants performed eight practice trials, with two
control conditions, each repeated twice. One was the
baseline condition, and the other condition controlled the
exception and the majority at 40% and 60%, respectively.

Data analysis
Trials with reaction time (RT) exceeding 63 SD from in-

dividual average were excluded from analyses (3.8% of all
the trials). The difference in RT between the exception
(when the target was the exception) and the majority
(when the target was in the majority) conditions was used
as the index for how much attention was automatically
captured by the perceptual difference between the two. A
repeated-measures ANOVA (comparison: 10% vs 30%,
50% vs 70%, 80% vs 100%) was used to examine
whether visual attention was equally captured by the 20%
difference in control in the above three conditions. In case
of significant main effect, Bonferroni correction of p value
was used for post hoc comparisons. Furthermore, the
three experimental conditions were also compared with
individual baseline conditions using paired t tests. A
Bonferroni-adjusted significance of 0.017 was used for
the three comparisons.

Results
Influence of control categories on early attentional
allocation
Experiment 1 revealed the typical phenomenon of cate-

gorical perception when people detect a change in

Figure 5. Visual search task of Experiment 2 and the effect of target type on RT. A, Visual search task. Participants moved a mouse
to trigger the movement of four circles to search for a circle containing one gap to the right (i.e., the visual target) as quickly as pos-
sible, and identified the visual target by pressing a number key. B, Target type (majority or exception) in the visual task. The differ-
ence in RT for target detection between the two target types reflects the perceptual difference between the majority and exception
stimuli. C, Capture of attention measured by difference in RT between exception and majority target conditions. Shadows represent
95% confidence intervals. Error bars represent standard errors. Red asterisks represent significant post hoc pairwise differences.
Dashed lines and green shading represent the baseline condition and its 95% confidence interval, respectively.
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control. However, it was still unclear whether sensorimo-
tor signals are categorically processed when they have
not been transformed into subjective categories of con-
trol. Experiment 2 focused on the categorical perception
of sensorimotor processing at lower levels, when the
judgment of control at higher cognitive levels was un-
necessary for the task. The strategy for investigating the
effect of categorical perception of control on visual atten-
tion allocation was as follows. Theoretically, exceptions
automatically capture visual attention; therefore, detec-
tion is quicker if the visual target is the exception (Fig. 5B,
target is the exception). On the other hand, if the visual
target belongs to the majority, detection takes longer (Fig.
5B, target is one of the majority). The difference in detec-
tion time between exception and majority conditions
should reflect the perceptual difference between excep-
tions and majorities (Fig. 5B, bottom). Therefore, the dif-
ference in RT between the exception (when the target was
the exception) and the majority (when the target was in
the majority) conditions was used as the index for how
much attention was automatically captured by the per-
ceptual difference between the two. This study investi-
gates whether this index is affected by the difference in
control between the majority and exception within the
same category or at category boundaries.
Figure 5C shows the change in the index of attentional

capture, according to whether the difference between the
majority and the exception was within-category or at the cat-
egory boundaries. A repeated-measures ANOVA (compari-
son: 10% vs 30%, 50% vs 70%, 80% vs 100%) revealed a
significant main effect of comparison (F(2,38) =12.36, p,
0.001, partial h2 = 0.39). Bonferroni-adjusted post hoc com-
parisons showed that the effect of target type was signifi-
cantly greater in the 50% versus 70% condition than the
10% versus 30% and 80% versus 100% conditions
(p=0.010, p, 0.001, respectively). The results reveal cate-
gorical perception at the sensorimotor level, even when the
judgment of control was unnecessary for the task. When the
level of control was at the boundary of the control categories,
a 20% sensorimotor difference automatically captured great-
er attention, compared with when the 20% sensorimotor dif-
ference was within the category of control.
To determine whether control had a boosting or an in-

hibitory effect on attention, in addition to the visual dif-
ference between the majority and the exception, the
performance in each of the three experimental condi-
tions was compared with the performance at baseline.
Specifically, when participants had no control over the
stimuli at baseline, target type’s (majority vs exception)
effect on RT should only be because of the visual differ-
ences between target types. On the other hand, in the
three experimental conditions where participants had
some control over the stimuli, target type’s effect on RT
should be a combination of visual and sensorimotor
correlation differences. There was no significant differ-
ence between baseline and the 50% versus 70% con-
trol condition (t(19) = 2.37, p = 0.029, Cohen’s d = 0.53),
but the effects under the other two conditions were sig-
nificantly smaller than at baseline (for 10% vs 30%,
t(19) = 6.26, p, 0.001, Cohen’s d = 1.40; for 80% vs

100%, t(19) = 6.02, p, 0.001, Cohen’s d = 1.35). The re-
sults showed that control had an inhibitory effect on
processing the difference between the exception and
the majority.

Discussion
The present study reveals categorical perception of

control by showing high discrimination sensitivity be-
tween two different levels of control when the comparison
is at the boundary of the control categories, rather than
when they are within the same control category, control-
ling for the distance of sensorimotor input. In Experiment
1, participants determined whether their control of a mov-
ing dot changed during the trial. Reflecting sensitivity to a
20% change while controlling sensorimotor input, the d9/
DE was largest when the initial control was at an interme-
diate level, which corresponded to the boundary of the
control categories. Furthermore, Experiment 2 showed
that a small difference in sensorimotor input captured
more visual attention at the boundary of the control cate-
gories than within each control category, even when ex-
plicit judgment of control was task irrelevant. In summary,
similar to the static features of the self, such as self-voice,
name, and face, control, which is a dynamic extension of
the self, is also categorically organized as self versus
other.
The results of control rating in Experiment 1 showed a

typical logistic-like function of subjective judgment of
control basing on continuous sensory input (Fig. 4B).
Such logistic-like function of subjective judgment can be
observed in many modalities and perceptions, especially
when binary judgment is used. In contrast, some previ-
ous studies also reported a linear-like control rating bas-
ing on continuous sensorimotor discrepancies (Saito et
al., 2015; Wen et al., 2015; Krugwasser et al., 2019).
However, the steepness of the function of control judg-
ment was not the focus of the present study. The most
important feature of categorical perception is its influ-
ence on perceptual sensitivity (i.e., the hypothesis
shown in Fig. 1, middle panel). Categorical perception
diminishes perceptual sensitivity to within-category dif-
ference, while enhancing perceptual sensitivity at the
boundary of categories. The mechanism allows people
to process complicated sensory input with lower cogni-
tive loads and provides us with proto-symbolic thinking
(Goldstone and Hendrickson, 2010). Our results showed
that the perceptual processing of sensorimotor input
was shaped by the subjective categories of control, sup-
porting our hypothesis that the perception of control is
categorical, shown in Figure 1.
A recent study that examined the timeline of how the

brain processes sensorimotor signals (i.e., spatial discrepan-
cies) for self-other attribution reported that the bilateral pre-
central gyri and left inferior parietal lobe (IPL) process
sensorimotor discrepancies at an earlier stage, and the right
supramarginal gyrus, which is a portion of the IPL, represent
the information sensitive to self-other attribution at a later
stage (Ohata et al., 2020). In addition to an understanding of
the neural basis of sensorimotor processing and cognitive
judgment of control, the findings of categorical perception of
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control further reveal an interplay between cognitive judgment
of control and perceptual processing of sensorimotor signals.
The information flow is probably not one-way from sensori-
motor processing to cognitive judgment.
Experiment 1 revealed that discrimination sensitivity is

high between categories but that the sensitivity is low
within a category, which was predicted by our main hy-
pothesis that perception of control is categorical.
Moreover, Experiment 1 also revealed an interesting
phenomenon in within-category discrimination. That is,
the initial control affects sensitivity to small changes in
control when the changes occurred within a category. If
individuals already had a relatively high level of control
(within the full-control category), a 20% increase in con-
trol (i.e., from 80% to 100%) was ignored, while a 20%
decrease in control (i.e., from 100% to 80% control) was
significant, despite the fact that the comparisons of sen-
sorimotor input were the same in both cases. This was
the case when the no-control category was initially
formed, where an increase from 20% to 40% control
was detectable, but a decrease from 40% to 20% con-
trol was ignored. This phenomenon is consistent with
previous studies of categorical perception that examined
within-category changes. Once a subjective category
has been formed, changes in toward the prototype of the
category are less detectable than changes toward the
boundaries (Etcoff and Magee, 1992; Acker et al., 1995).
Further, a recent study on the sense of control also re-
ported that initial exploration of control greatly influences
the detection sensitivity of changes in the subsequent
sensing of control (Wen et al., 2020). Moreover, previous
studies reported both that lack of control is salient
(Blakemore et al., 1998; Timm et al., 2014) and that con-
trol captures attention (Salomon et al., 2013; Wen and
Haggard, 2018). Here, categorical perception of control
presents a framework for understanding these phenom-
ena; suggesting that differences in control potentially
cause determinant changes in the control category is
significant. When the initially-formed category (i.e., the
default category) is full control, a lack of control captures
attention. On the other hand, when the initially formed
category is no control, gaining control is then significant.
Furthermore, Experiment 2 shows that differences in

control at the control-category boundaries attracted early
visual attention more than those within each category of
control. The results may be explained by the effect of the
automatic processing of the sense of control on attention-
al allocation, even when task irrelevant. Future research
should consider this issue. Furthermore, Experiment 2
showed that this effect of categorical perception was
mainly because of the inhibition of early attention alloca-
tion to differences within the same category (i.e., the com-
parisons of 10% vs 30% control and 80% vs 100%
control). The within-category sensorimotor differences
significantly decreased the effects of the target type on
RT in the 10% versus 30% and 80% versus 100% control
comparisons. However, the overall controllability of the
baseline condition (i.e., 0% overall control in the baseline)
did not match other conditions (i.e., higher overall control),
making it unclear whether the differences between the

baseline and other conditions were because of a nonzero
difference in control between the exceptions and majority
or because of different overall controllability. Follow-up
experiments with different levels of overall control to
match the three experimental conditions can be used to
further examine this issue.
In summary, this study supports the hypothesis of cat-

egorical perception of control for both the sense of con-
trol at a cognitive level and the implicit processing of
sensorimotor input. When individuals interact with the
external world, sensorimotor input can vary dramatically.
Categorical perception helps our cognitive system allo-
cate resources to the most critical quantitative changes
in sensorimotor input. Categorical perception of control
also allows us to meaningfully process the relationship
between actions and changes in the external world, and
these meaningful representations of control, in turn, af-
fect our sensitivity to the consequences of our actions.
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