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Abstract

The ability to initiate an action quickly when needed and the ability to cancel an impending action are both fundamental to
action control. It is often presumed that they are qualitatively distinct processes, yet they have largely been studied in isolation
and little is known about how they relate to one another. Comparing previous experimental results shows a similar time course
for response initiation and response inhibition. However, the exact time course varies widely depending on experimental condi-
tions, including the frequency of different trial types and the urgency to respond. For example, in the stop-signal task, where
both action initiation and action inhibition are involved and could be compared, action inhibition is typically found to be much
faster. However, this apparent difference is likely due to there being much greater urgency to inhibit an action than to initiate
one in order to avoid failing at the task. This asymmetry in the urgency between action initiation and action inhibition makes it
impossible to compare their relative time courses in a single task. Here, we demonstrate that when action initiation and action
inhibition are measured separately under conditions that are matched as closely as possible, their speeds are not distinguishable
and are positively correlated across participants. Our results raise the possibility that action initiation and action inhibition may
not necessarily be qualitatively distinct processes but may instead reflect complementary outcomes of a single decision process
determining whether or not to act.

NEW & NOTEWORTHY The time courses of initiating an action and canceling an action have largely been studied in isolation,
and little is known about their relationship. Here, we show that when measured under comparable conditions the speeds of
action initiation and action inhibition are the same. This finding raises the possibility that these two functions may be more
closely related than previously assumed, with potentially important implications for their underlying neural basis.

action inhibition; action initiation; reaction time; stop-signal task; timed response

INTRODUCTION

In some situations, external events require us to rapidly
generate an action. For instance, if a pedestrian steps into
the street, a driver may need to quickly step on the brake
pedal. At other times, we may need to prevent a planned
action from being initiated. For instance, a pedestrian about
to step into the street may need to prevent themselves from
doing so if a speeding car suddenly approaches. These reac-
tive processes of action initiation and action inhibition in
response to external events are complementary to one
another in dictating whether or not we perform actions in
the world. Action initiation and action inhibition are gener-
ally considered to be qualitatively distinct, however, and
possibly supported by distinct neural circuitry. In previous
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work, these two processes have mostly been studied sepa-
rately with distinct experimental approaches. Consequently,
it has not been possible to directly compare their properties
and, more generally, understand exactly how they relate to
one another.

The speed of action initiation has been studied through
simple reaction time (RT) tasks. In this approach, partici-
pants generate a predetermined response (e.g., a button
press) as rapidly as they can after a cue is presented. People
are typically able to initiate a response in this way in ~180-
220 ms (1, 2). Action inhibition has mostly been studied with
the stop-signal task. In this task, people are asked to choose
and generate a response to an imperative “go” stimulus as
quickly as possible (e.g., pressing a specific button) but must
cancel this response in the event of a “stop” signal. It is
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typically found that people can successfully cancel an action
if the cue arrives ~200-250 ms before the action would be
initiated (3-6). However, the exact timings of action initia-
tion and action inhibition vary widely and seem to be
strongly dependent on experimental conditions, such as the
number of choice responses involved and the frequency of
trials in which a response is required (7-10). This makes it
challenging to compare action inhibition and action initia-
tion by comparing previous studies.

In principle, it should be possible to compare the speed of
action initiation and action inhibition within the stop-signal
task, since it engages both processes. In general, it takes a
shorter time to cancel a response than to initiate one in the
stop-signal task (10, 11). However, this apparent speed
advantage of action inhibition over action initiation likely
does not reflect a general difference in their properties.
Because stop-signal tasks were originally designed to exam-
ine action inhibition, they contain an inherent asymmetry
between the urgency to generate a response to the go cue
and the urgency to cancel a response after the stop cue; can-
cellation of a response has to occur before the movement is
generated, but, in contrast, a response can be voluntarily
produced at any time after the go cue. In fact, despite being
asked to respond as quickly as they can, participants have
been found to systematically delay the time at which an
action is generated to accommodate the stopping behavior
(12-15), leading to much longer response times than would
normally be required to initiate a response. This suggests
that the time at which the response is seen to be generated
may not truly reflect how fast an action could be initiated
(16, 17). In addition, because of their primary focus on action
inhibition, stop-signal tasks also contain an asymmetry in
the frequency of trials that require a response or not (e.g.,
25% “stop” trials vs. 75% “respond” trials). These asymme-
tries make it impossible to directly compare the properties of
action initiation and action inhibition within a single task.

To more fairly compare the relative speeds of action initia-
tion and action inhibition, we performed an experiment to
measure them in two separate tasks in which participants had
to either generate an action or cancel an intended action in a
reactive manner. By measuring action initiation and inhibi-
tion in separate tasks, we were able to match the conditions as
closely as possible. Key to our experimental design was that
participants were trained to always respond at a prescribed
time in each trial (i.e., a timed-response approach) (17) or to
withhold their prepared responses at the prescribed time (i.e.,
anticipated response inhibition approach) (3, 11, 18). By occa-
sionally and unexpectedly switching the required behavior,
either from requiring no response to requiring a response or
from requiring a response at the prescribed time to requiring
no response, we were able to measure the time course of ini-
tiation and inhibition in symmetric conditions, allowing us to
directly compare them.

MATERIALS AND METHODS
Experimental Design

Participants.
Thirty-six right-handed participants (15 female; 1 nonbinary)
between 18 and 41 yr of age took part in the study. The
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experimental procedure was approved by the Johns Hopkins
School of Medicine Institutional Review Board. All partici-
pants gave written informed consent and received $15 per
hour for their participation. Data from one participant who
did not follow the task instructions well were excluded from
analyses (Supplemental Figs. S1 and S2).

General procedures.

Participants sat in front of a laptop with a gray screen and
with a keypad next to it. The keypad was positioned so that
participants could comfortably rest the index finger of their
right hand on a mechanical key mounted on the keypad. On
every trial, a white target line was placed with the same dis-
tance from the bottom of the screen and a circle was dis-
played at the top center of the screen (Fig. 1). Once the trial
started, the circle moved downward vertically and partici-
pants were asked to either press the key or do nothing when
the moving circle reached the target line. The circle stopped
moving once a response was registered, or it kept moving to-
ward the bottom of the screen.

In each trial, whether or not a response was required in a
given trial depended on the color of the circle (white or
black; more details in R-f0-NR condition and NR-to-R condi-
tion). Since perceptual processing (potentially influenced by
color and illuminance contrast of visual cues) plays a critical
role in action initiation (1) and action inhibition (19), we

No-Switch
(~70% trials)

Switch
(~30% trials)

R-to-NR
(600 trials)

NR-to-R

(600 trials)

@ Do not Respond

Figure 1. Experiment procedure. Participants were asked to either press a
key or do nothing when a moving circle reached the target line. Whether
or not a response was required in a given trial depended on the color of
the circle (e.g., white = respond; black = do not respond). The actual circle
color was counterbalanced across participants, controlling for the poten-
tial perceptual differences of black and white colors. The circle always
started with the same color within each block of 100 trials. In ~70% of tri-
als, the circle remained the same color throughout. However, in another
~30% of trials, the circle changed color before it hit the target line, forcing
participants to cancel a preplanned response or to initiate a response
when the circle crossed the line. By manipulating the time at which the
circle color changed in each condition, we were able to compare people’s
ability to stop themselves from generating a planned response (“R-to-NR”
condition; top) to the ability to rapidly generate a response (“NR-to-R” con-
dition; bottom). Participants completed 12 blocks of 100 trials, generating
204 switch trials in each condition.
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counterbalanced the association between response and the
color of the moving stimulus so that for half of the partici-
pants white color cued a response (i.e., press the key) and
black color indicated that no response was needed (i.e., do
not press the key) and this association was reversed for the
other half of the participants, so as to control for the poten-
tial perceptual differences between black and white colors.

Feedback was given in each trial. For trials where a
response was required, a red cross mark was shown if the
circle did not intersect the line when it was stopped by a
response or if the circle left the screen with no response hav-
ing been generated and a green check mark appeared if the
circle intersected the target line when it was stopped by a
response. The feedback was used to encourage participants
to respond with accurate timing and minimize tendencies to
delay their response to gain more time to make decisions. In
trials in which no response was required, a green check mark
was displayed if the circle left the screen without a response
having been made and a red cross was displayed if any
response was generated at all.

Criterion task.

Before the experimental trials began, participants completed
two criterion blocks. In these two blocks, all trials required a
response, for participants to become familiar with the timing
requirement of the response. The meaning of the color used
in this task was consistent with that used in subsequent tasks
for each individual. In the first and easier criterion block, the
moving circle started from the top center of the screen and
dropped toward the bottom of the screen with a constant
speed, which took 900 ms in total. A white target line was
placed 750 ms from the top and thus 150 ms from the bot-
tom. The circle diameter was sized such that it took 120 ms
for the circle to move across the target line. The block ended
with five consecutive correct responses (i.e., any part of the
circle stopped on the line). Participants then performed the
second and more difficult criterion block, which matched
the conditions of the main experiment, i.e., the diameter of
the circle was reduced to 60 ms and it took 500 ms from the
trial onset to the center of the circle intersecting the target
line and another 120 ms to the bottom of the screen.
Similarly, five consecutive correct trials were required to end
this block.

After successfully completing these two criterion blocks, par-
ticipants then performed the main task with a response-to-no
response (R-to-NR) condition and a no response-to-response
(NR-to-R) condition. Half of the participants performed the R-
to-NR condition for six blocks of 100 trials followed by perform-
ing the NR-to-R condition for six blocks of 100 trials. The order
of these two conditions was reversed for the other half of the
participants. The speed estimated for each condition did not
depend on the order of which condition was first performed
(Supplemental Fig. S3).

R-to-NR condition.

This task is also known as the adaptive or anticipated stop-
signal task (3, 10, 11, 18) and has been used to examine how
fast participants can decide to cancel a prepared response
that was originally planned to be executed. The moving
circle always started with the color that cued a response
(white for half of participants and black for the other half). In
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a random ~30% of trials (204 out of 600 trials), the circle
turned to the not-responding color while it was moving to-
ward the target line. The time of color switch before the cen-
ter of the circle intersected the target line was randomly
drawn from a uniform distribution between 50 and 500 ms
with a step size of 16.7 ms. The choice of this step size was
constrained by the refresh rate of the monitor, which was 60
Hz. Thus, there were 28 possible time points at which the
circle color changed. The closer the time point was to the tar-
get line, the shorter time available to make a decision.

NR-to-R condition.

This task, conceptually similar to the timed-response task
commonly used in motor reaching tasks (17, 20), was used to
examine how fast participants can initiate a response. Trials
started with the circle defaulted to the not-responding color
(white for half of participants and black for the other half)
and switched to the responding color in a random subset of
trials. Consistent with the R-to-NR condition, the proportion
of color-switch trials was ~30% of trials (204 out of 600 tri-
als) and the time of color change ranged from 50 to 500 ms.
These switch trials and their corresponding color change
times were matched between these two conditions on a trial-
by-trial basis. One participant showed clear evidence of
guessing the required response in the NR-to-R condition
(Supplemental Figs. S1 and S2), and we therefore excluded
this participant from subsequent analysis.

Data and Statistical Analysis

Speed-accuracy trade-off.

Our primary analysis was focused on the trials in which the
color switched in both conditions. We assessed the time
course over which participants were able to abort an
impending action in the R-to-NR condition by constructing
a speed-accuracy trade-off relating the time available to can-
cel a response and the probability of the response being suc-
cessfully canceled. For visualization purposes, we estimated
this speed-accuracy trade-off with a 50-ms sliding window
on the time available to cancel a response (i.e., allowed RT;
see below for details). Similarly, the speed-accuracy trade-off
can also reveal how rapidly a response can be initiated in the
NR-to-R condition.

Response correctness.
In our original speed-accuracy trade-off analysis (Fig. 2), a
trial in which a response was required was considered to be
successful only if a response was made while the circle was
not below the target line (i.e., within a 30-ms time window
below the target line). In practice, participants often did gen-
erate a response but did so after the circle was no longer
overlapping the line. We designated these trials as failures
and considered them to be equivalent to not generating a
response at all. However, we designated a trial that does not
require a response as correct if participants did not press the
button before the trial ended. This nonproduced response
could be >30 ms after the target line if it were generated.
This designation of correctness included a strong require-
ment of timing accuracy when initiating a response in the
NR-to-R condition but not when canceling a response in the
R-to-NR condition (Fig. 2C). This asymmetry in the analysis
may have affected our estimation of the relative timing of
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Figure 2. Canceling an impending response is not faster than initiating one. A: the allowed reaction time (RT) was quantified as the time elapsed from
color change to the time of the button press when participants generated a response. When no response occurred, the allowed RT was approximated
as the time interval between the color change to the typical time of button presses in comparable trials (see MATERIALS AND METHODS for more details). B:
behavior of 1 exemplar participant. In trials in which only a very short allowed RT was allowed, this participant consistently made the wrong choice as to
whether to respond or not. When a longer allowed RT was allowed, this participant was able to consistently make the correct choice to respond or not.
Vertical jitter was added to allow individual data points to be seen more easily. NR-to-R, no response-to-response; R-to-NR, response-to-no response. C:
the raw data were used to construct speed-accuracy trade-offs, showing the probability of a correct choice as a function of allowed RT. D: mean speed-
accuracy trade-offs for each condition across all participants (dashed lines) were well captured by a computational model (solid lines) in which we
assumed that the decision to respond or not could be thought of as a discrete event occurring at a random time T~/\/(u7 02) after the circle changes
color. E: we used this model to estimate the average time needed to cancel an intended response g in the R-to-NR condition and the average time to
initiate a response g in the NR-to-R condition. Across all participants, jiyg (294.5 £ 28.3 ms; mean + SD) was comparable to g (289.0 £ 24.4 ms; mean +

SD; equivalence and noninferiority test). 95% Cl, 95% confidence interval.

going and stopping. To match the timing requirement, we
further used a 35-ms time window below the target line.
Results from these two different criteria for correctness are
consistent with one another (Supplemental Fig. S4 and
RESULTS).

Allowed RT.

By manipulating the time at which the circle changed its
color (between 50 and 500 ms before the targeted line), we
forced participants to cancel an intended response in the
R-to-NR condition or press a button in the NR-to-R condi-
tion within a particular amount of time, referred to as
allowed RT. In the R-to-NR condition, when participants
failed to cancel an impending response the allowed RT
was quantified as the time elapsed from color change to
the time of the button press. When no response was gener-
ated, the actual allowed RT was not observable and so
instead the allowed RT was approximated by the intended
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allowed RT, i.e., the time interval between the center of
the circle and the target line at the moment of color
change. In the NR-to-R condition, the allowed RT was cal-
culated as the time interval between color change and the
time of response if participants pressed a button before or
when the circle reached the target line, whereas it was
approximated as the interval between color change and
the target line (i.e., intended allowed RT) if participants
did not generate a response or the response was made later
than the target line (i.e., the circle was no longer overlap-
ping the target line).

When using the intended RT described above, we inher-
ently assumed that the not-produced response would have
had accurate timing (i.e., exactly 500 ms after the trial
started) if it was produced, which, however, is not true in
reality. All participants had an idiosyncratic tendency to
respond consistently earlier or later than the target line
(Supplemental Fig. S5). To better approximate the true RT,
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we first calculated how much later or earlier each participant
responded to trials in nonswitch trials in which the circle
was in the responding color throughout the trial (i.e., 396 out
of 600 trials, ~70% in the R-to-NR condition). From these
measurements, we randomly drew a sample and added it to
an intended RT to approximate the unobservable true
allowed RT. We repeated this bootstrapping process 1,000
times for each individual and modeled the mean speed-ac-
curacy trade-off.

Speed-accuracy trade-off model.
To quantify the speed-accuracy trade-off, we assumed that
canceling an intended response in the R-to-NR condition
occurred at a random time Tyg ~ A (lng, Oxg)- A response
would be correctly aborted with a probability ang (close to 0)
if the available allowed RT was shorter than Twg. Similarly, a
response would be correctly aborted with probability Bxr
(close to 1) if allowed RT was longer than Txg. A value of
Bnr that is less than 1 indicates that a response may not be
correctly stopped even given long allowed RT, reflecting
“trigger failure” where the stop process is never initiated
because of participants being inattentive to the signal. The
presence of trigger failure could yield overestimations of
the action inhibition speed (6, 21, 22), because the speed
was often calculated with respect to the point where the
probability of responding (or not responding) was at 0.5
(23), with an implicit assumption that Byr Was 1. Instead,
our model estimated the center of the speed-accuracy
trade-off (i.e., not necessarily at 0.5 accuracy level if fygr <
1), so it took the trigger failure effect into account to esti-
mate the stopping speed ungr, confirmed by parameter re-
covery analysis (Supplemental Fig. S6).

According to our model, the probability, in trial i, of observ-
ing a correct response cancellation (¢ = 1), given the prepara-
tion time (¢') is given by

PNR(C[‘I[) = O(NRP(t[ < TNR) + BNRP(l‘i > TNR)

= ONR [1 — Onr ([[“LNRv GZNR)] + BnrONr (lj“lNRv G%\IR)

where Ong (¢ | png, o%g) is the cumulative normal distribu-
tion of Tyg.

Similarly, in the NR-to-R condition, the probability of cor-
rectly initiating a response given the preparation time (¢Y) is

Pr(c]f) = ogP(F < Tr) + BrP(F > Tx)
= OR [l — q)R(l‘i)} + BR(I)R(ti)

where @ (/) = @y (|, 03 ) is the cumulative normal distri-
bution of Tk.

We estimated the parameters p, o, o, B for both conditions,
using maximum likelihood estimation with the MATLAB
function fmincon. Parameter recovery analysis showed that
the parameter of interest, y, could be reliably estimated from
our model (Supplemental Fig. S7).

Modeling the time of response.

Time of response was the time elapsed from the trial onset to
the time at which the response was made, if any. In our
speed-accuracy trade-off analysis, we relied on a proxy
allowed RT for trials in which a response was not produced.
To avoid this reliance, we also estimated the speed of making
a response in the NR-to-R condition by fitting the time of

response, y, with two linear functions, which intersected at
an intended allowed RT of pr:

o + Bi(t— pr) + M(0,0%,8), t < pr
Ho + B2t —ur) + N(0,67), 1> pp

In this model, we took the time of transition between these
components, pr, as the minimum time at which participants
could initiate a response as required after the color change.
For intended allowed RT ¢t > uy, we assumed that partici-
pants could successfully time the response so that the button
press would occur as the circle crossed the target line. In this
case, the observed time of response would follow a Gaussian
distribution centered on the required time of response, g
(~500 ms). When intended allowed RT ¢ < pr, we assumed
that participants behaved in a reactive manner to the
appearance of stimulus and that therefore the time of
response would increase as a function of ¢ — . We observed
that the timing of these late responses followed a typical
reaction time distribution, with participants occasionally
exhibiting unusually late responses. We therefore assumed
that the residual term in the upper equation followed an
exponentially modified Gaussian distribution M(0, 62,3), a
long-tailed distribution that is commonly used to describe
reaction time distributions. This choice could still accommo-
date participants who did not generate occasional very late
responses since M approaches a Gaussian distribution when
3 is close to zero.

Although this model resembled participants’ behavior in
the NR-to-R condition quite closely, we also observed that
participants’ behavior would deviate from the pattern
described by the model on a small subset of outlying trials.
We assumed that these trials either reflected 1) lapses in
which participants may have been inattentive to the stimu-
lus so that even when the intended allowed RT was quite
long they responded only very late (i.e., after the stimulus
disappeared from the screen; the time of response > 620 ms)
or 2) anticipatory response in which participants correctly
guessed that they would need to press the button despite the
stimulus changing color very late. Including these trials in our
analysis could significantly influence the model fit, as demon-
strated by the parameter recovery analysis (Supplemental Fig.
S10). We therefore sought to exclude such trials from our anal-
ysis by excluding trials with very late responses despite a very
long intended RT (lapses) or correctly timed trials with a very
low intended RT (anticipatory guesses). We determine the
cutoffs of the long enough and short enough intended
allowed RT on an individual basis based on the time point at
which the performance accuracy reached within 5% of the
upper asymptotic of the speed-accuracy trade-off and the
time point at which the performance accuracy increased
above the lower chance level of the speed-accuracy trade-off
by 5%, respectively (see Modeling speed-accuracy trade-off).
There were 10 out of 7,770 trials where participants made a
late response given long allowed RT (lapses) and 59 out of
7,770 trials where participant anticipated to respond (antici-
patory guess). The anticipation trials primarily occurred in
four participants.

Parameters po, Bi, B2, U1 O1ts Or, 0 Were estimated by maxi-
mum likelihood estimation with MATLAB function fmincon.
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To avoid a local minimum estimation, we ran the maximum
likelihood estimation with 100 random starting values.
A parameter recovery analysis indicated that our model
fitting yielded unreliable estimation of true parameters
(Supplemental Fig. S8). We found, based on parameter
recovery, that it was better to constrain o, to be >0.005,
to avoid poor-quality fits. For the same reason, we also
regularized the fits by penalizing the log-likelihood with

LL+ = LL — y(oy — 0.03)% — v(5 — 0.03)” — y(j1p — 0.5)?

o and & were included to avoid unrealistic estimation of
or ~ 0 and & ~ 0. We chose 0.03 for o,; and §, as it was the
mean value of initial estimation across participants. We also
regularized po and set it to 0.5 s because our data showed
that participants tended to respond around the target line
given a long enough RT (Supplemental Fig. S5). We set y =
2,000, which avoided overfitting these three parameters to
the particular value we selected. Parameter recovery demon-
strated that this regularized fitting procedure led to reliable
estimation of the true parameters when applied to synthetic
data (Supplemental Fig. S9).

Statistical analysis.

Data (e.g., unr VS. pr) Were analyzed by paired ¢ test at the sig-
nificance level of o = 0.05 after examining the normality of
samples. For this test, we reported the 95% (1 — o) confidence
interval (CI). Because nonsignificant outcomes from hypoth-
esis testing do not necessarily support that two samples are
not different from one another, we further conducted the
equivalence and noninferiority test (24, 25), which allows us
to statistically test the equivalence between ung and pg.
Under this test, the null hypothesis is that puygr and ug and
are different, whereas they are assumed to be equivalent
under the alternative hypothesis. Power analysis indicates
that the sample size n = 35 (out of 36) had 80% power to
detect an effect size of 0.7 between conditions (24).
Therefore, we set the upper and lower bounds of the equiva-
lence and noninferiority test as 0.7 and —0.7, corresponding
to the equivalence bound between 16.5 ms and —16.5 ms in
the scale of reaction time. Importantly, the significant result
from the equivalence test does not suggest that the differ-
ence between ungr and pg is exactly zero. Instead, their equiv-
alence was considered within the equivalence margin (i.e.,
—16.5 ms to 16.5 ms). As such, pxg — pr could be significantly
different from zero based on a paired ¢ test (e.g., difference =
8 ms, which might not be biologically meaningful regarding
human reaction time), while this difference is still bounded
within the equivalence margin. For the equivalence test, we
reported the 90% confidence interval, which yields a o =
0.05 significance level for testing equivalence (25), matching
the same significance level with the paired ¢ test we used.

RESULTS

Participants performed two tasks designed to assess how
quickly they could generate or cancel a movement in
response to an unexpected cue. Participants viewed a circle
moving vertically downward to cross a horizonal line (Fig. 1)
and were instructed to either press a button when the circle
overlapped the target line or do nothing, depending on the
color of the circle as it crossed the line. By varying the initial
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color of the circle and unexpectedly changing the color dur-
ing the trial (switch trials; 30% of all trials), we created two
separate conditions to assess the speed of action initiation
and action inhibition, respectively: In the Response-to-No-
Response (R-to-NR) condition, participants needed to rapidly
abort an initially prepared response [similar to anticipated
stopping paradigms (3, 6, 11, 18)]; in the No-Response-to-
Response (NR-to-R) condition, participants needed to rapidly
initiate a response that they had not originally intended to.

In switch trials of the R-to-NR condition, participants had
to abort an impending response. The amount of time avail-
able to participants to inhibit their response, which we term
the allowed RT (Fig. 2A; MATERIALS AND METHODS), was deter-
mined by the time at which the circle changed color, which
varied from 50 to 500 ms before crossing the target line. The
performance of one exemplar participant is shown in Fig.
2B, top. When the allowed RT was very short (<100 ms), this
participant almost always failed to abort their prepared
response, suggesting that making a response is prepotent
(see also Supplemental Fig. S2). However, at longer allowed
RTs (>300 ms), this participant was able to correctly cancel
the response in almost all trials. At intermediate allowed
RTs, the participant was sometimes successful and some-
times unsuccessful in canceling their response. This behav-
ior was broadly consistent with previous findings in the
stop-signal task (6, 8, 10, 11, 18).

In switch trials of the NR-to-R condition, participants had
to rapidly generate a response. Behavior in this condition
was similar but complementary to that in the R-to-NR switch
trials (Fig. 2B, bottom). The same participant failed to initiate
a timely response if the circle changed color shortly before it
crossed the line (<100 ms allowed RT), but when allowed a
longer RT to react to the color change (>300 ms allowed RT)
they always correctly generated a response as the circle
crossed the target line.

From this raw response data, we constructed a speed-ac-
curacy trade-off for each condition (R-to-NR and NR-to-R),
based on a 50-ms sliding window on the allowed RT. This
trade-off function describes the probability of correctly
aborting a response (R-to-NR) or the probability of generat-
ing a well-timed response (NR-to-R) as a function of allowed
RT (Fig. 2C). For the exemplar participant in Fig. 2B, the cen-
ters of the two speed-accuracy trade-off functions were both
located at ~280 ms, indicating that the average times required
to cancel a response (R-to-NR condition) or initiate a response
(NR-to-R) were comparable. Averaged behavior across all
participants (n = 35 out of 36; MATERIALS AND METHODS;
Supplemental Figs. S1 and S2) showed the same pattern (Fig.
2D, dashed lines), with comparable RTs required to initiate a
response and to cancel the initiation of a response.

To more precisely quantify how quickly participants could
cancel a response in the R-to-NR condition, we considered a
simple model, similar to the classic race model of stopping
behavior (4) and related to prior work on movement initia-
tion (17), in which we assumed that the cancellation of a
response was a discrete event occurring at a random time
Txr ~N (Lnr, o%g) after the circle changed color. On a given
trial, if the time needed to cancel a response (Twr) Was
shorter than the allowed RT, participants would successfully
avoid generating a response. But if the required time, Tyg,
was longer than the allowed RT, participants would fail to
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cancel the impending response. This led to a predicted prob-
ability of being correct that increased smoothly as a function
of allowed RT, as observed in the data. An analogous model
was applied to the NR-to-R condition. In this case, the com-
mitment to initiating a response was assumed to be made at
arandom time T ~\ (g, c3) after the circle changed color.
Note that this event did not determine the timing of the
response, which we assume was determined by a separate
process and was synchronized with the motion of the circle.
On a given trial, the participant would succeed at correctly
generating the response at the right time only if Tyr was
shorter than the allowed RT on that trial. Thus, pyg and pg
represented the average times required either to cancel a
movement or initiate a movement, respectively.

We fitted these models to each participant’s data via maxi-
mum likelihood estimation, yielding model fits that closely
matched the empirical data (Fig. 2D, solid lines; see
Supplemental Fig. S1 for individual fitting). By comparing
the estimates of ungr to pr across participants, we found that
the time required to cancel the initiation of an impending
response (ungr: 294.5 + 28.3 ms; mean = SD) and the time
required to initiate a response (ur: 289.0 * 24.4 ms; mean *
SD) were not significantly different from one another [ung —
pr: 5.5 + 24.4 ms, Cohen’s d = 0.207, t(34) = 1.34, paired ¢
test, P = 0.19, 95% CI: [-2.8 ms, 13.9 ms]; Fig. 2E] and were
also highly correlated across participants (p = 0.58, P <
0.001). The equivalence and noninferiority test demon-
strated that these two speeds were statistically equivalent
(Prower < 0.001, Pypper = 0.004; 90% CI: [—1.5 ms, 12.5 ms]).
These speeds were not depending on whether the NR-to-R or
R-to-NR blocks were completed first and did not change dif-
ferentially with practice (Supplemental Fig. S3). Thus, when
we compared action initiation and action inhibition under
experimental conditions that were as closely matched as
possible, we found that generating a response takes the same
amount of time as canceling one.

Because unr and pr represent the RT at which perform-
ance accuracy reaches the center of the speed-accuracy
trade-off function, their estimates were sensitive to exactly
how we defined whether a trial was performed correctly or
not. In our initial analysis, a late response (if the circle was
below the target line without overlapping it at the time the
response was made) of an NR-to-R trial was considered as
incorrect, whereas in R-to-NR trials it was impossible to dis-
tinguish between trials in which a response was canceled at
the correct time and trials in which a response was delayed
before being canceled. This unavoidably imposed a stronger
requirement of timing precision on initiating a response
than canceling a response [asymptotic accuracy: B =
0.89+0.06 vs. B = 0.96%0.05; t(34) = —5.26, paired ¢ test,
P < 0.0001, 95% CI: [-0.09, —0.04]]. However, this aspect of
the analysis did not greatly bias our estimate of the time
course of action initiation. When we relaxed the timing
requirement for correct responding in the NR-to-R condition
to match the asymptotic accuracy in the R-to-NR condition
[0.94+0.06 vs. 0.96=0.05; t(34) = —1.9, paired ¢ test, P =
0.07, 95% CI: [-0.04 ms, 0.01 ms]], the resulting estimate of
LR (286.3 = 23.6 ms) was only 2.7 ms different from the origi-
nal analysis and was only 8.2 ms shorter than pyg [unr — Hr:
8.2 £ 23.5 ms, Cohen’s d = 0.31, t(34) = 2.06, paired t test, P =
0.047, 95% CI: [0.0 ms, 16.3 ms], power = 0.25; Supplemental
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Fig. S3]. Although there was a statistical difference between
unyr and pg after the upper asymptotic accuracies were
matched, the difference of only 8.2 ms may not be large
enough to be meaningful at the scale of typical human reac-
tion times. Moreover, the statistical power to detect this dif-
ference based on our sample size was only 0.25. Indeed, the
difference between puyng and the updated py fell within the
equivalence bound between —16.5 ms and 16.5 ms (Pjower <
0.001; Pypper = 0.009, 90% CI: [1.5 ms, 14.9 ms]). Therefore,
our conclusion about action initiation and action inhibi-
tion having a similar time course was not strongly biased
by the presence of late responses.

Similar to other analyses of behavior in stop-signal tasks,
the preceding analyses relied on designating a proxy RT for
trials where a response was never generated, and it is possi-
ble that this might have influenced the results. We consid-
ered an alternative analysis of behavior in the NR-to-R
condition that only included trials in which a response was
generated and was based on the actual time of those
responses as a function of the intended allowed RT (i.e., time
interval between color change and the target line). We
observed that when the intended allowed RT was long (e.g.,
>350 ms), participants were often able to make a response
around the target line. However, when the intended allowed
RT was short (e.g., <250 ms) participants often did generate
a response, but later than required by the task: The time of
response Kept increasing with shorter intended allowed RT
(Fig. 3A). This suggested that the time of response should ex-
hibit two distinct patterns that were joined at a particular
intended RT. We assumed that the timing of the transition
between these two distinct patterns coincided with the mini-
mum time at which participants could successfully initiate a
movement in response to the color change. To estimate the
threshold allowed RT at which this switch occurred, pr, we fit
a simple model of the timing of participants’ responses as a
function of intended allowed RT (MATERIALS AND METHODS).
The model comprised two linear components: one to repre-
sent accurately timed responses at longer intended allowed
RTs and one to represent delayed, reactively generated
responses at very short intended allowed RTs (Fig. 34, solid
light blue line), with the transition between these occurring at
ur. The estimates of pr (301.1 + 37.1 ms; mean + SD) obtained
with this approach were in close agreement with the original
estimate of ur based on designative proxy RTs (p = 0.68; P <
0.0001). These alternative estimates of the time needed to ini-
tiate a movement also did not differ significantly from the
time that participants needed to cancel a previously intended
response, ung, estimated in the R-to-NR condition [ung — pzt
—6.57 = 35.23 ms, Cohen’s d = —0.20, t(34) = —1.11, paired ¢
test, P = 0.28, 95% CI: [-18.73 ms, 5.53 ms]; Fig. 3B]. Results
from the equivalence and noninferiority tests confirmed that
these two speeds were equivalent to each other (Piower =
0.002; Pypper < 0.001, 90% CI: [-16.6 ms, 3.6 ms]). This result
accords with our initial analysis that action initiation and
action inhibition follow a similar time course.

DISCUSSION

By matching experimental conditions as closely as possible
between initiating an action and inhibiting an impending
action, we found that the time requirements for these two
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Figure 3. Alternative analysis based on the pattern of delayed responses. A: the time of response data as a function of intended reaction time (RT) from
the same exemplar participant as in Fig. 2B. The time of response was measured as the time interval between trial start and the time at which a response
is made. Intended allowed RT was the time interval between color change and the target line. Since this analysis focused only on trials in which a
response was actually generated, it did not rely on approximating unobserved RT. We fitted the time of response data with 2 linear functions of intended
allowed RT, which intersected at ur, a parameter that represents the minimum allowed RT at which an accurately timed response could still be made. B:
across all participants, the estimates of pur (301.1+ 37.1 ms; mean + SD), the alternative estimate of time required to initiate a response, were comparable
to unr (294.5 + 28.3 ms; mean £ SD), the original estimate of the time required to cancel a response. The crossed circles are illustrative examples of out-
lier trials, attributed to attentional lapses and anticipatory guesses, which were excluded from the model fits (see MATERIALS AND METHODS). 95% Cl, 95%

confidence interval.

processes are comparable, both at ~290 ms (note that this
included an ~33 ms delay caused by the visual display, which
was not accounted for in our calculations).

We used the anticipated stop-signal task (i.e., the R-to-NR
condition) to examine action inhibition. Although less
widely used than the classic and orthodox stop-signal task
(6), the anticipated stop-signal task has been proven to pro-
vide reliable estimates of how quickly one can cancel a pre-
pared response (3, 10, 18). Using the anticipated stop-signal
task allowed us to compare estimates of the timing of action
inhibition to an analogous measure of the timing of action
initiation using a timed-response approach. Measuring these
two timings in two separate conditions also allowed us to
match the design of the experiment as closely as possible
across conditions (e.g., trial frequency and trial sequence).

By focusing our analysis on the speed-accuracy trade-off
(i.e., the probability of trial success as a function of allowed
RT), our estimate of the speed of action inhibition in the
anticipated stop-signal task was not influenced by the possi-
bility of trigger failures (i.e., trials in which the stop process
is never initiated because of participants being inattentive
to the signal), which can bias estimates of the speed of
action inhibition in the classic stop-signal task (6). In par-
ticular, trigger failures influence only the asymptote but
not the slope of the speed-accuracy trade-off in our results
(Supplemental Fig. S6) and consequently do not impact
our estimates of the speed of action inhibition. Although it
may be possible to mitigate the effects of trigger failure
through Bayesian analysis approaches (22), the anticipated
stop-signal task resolves this problem in a more straight-
forward manner.

It could still be argued that the results from the antici-
pated stop-signal task might not be generalizable to action
inhibition measured through the classic stop-signal task.
However, the time needed to inhibit an action found in the
classic stop-signal task (3-5, 10) falls in a range similar to the
typical response times identified in simple reaction time
studies (1, 2), with both typically ~180-300 ms. Both times
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can be reduced to ~150 ms if triggered by an unexpected
event (17, 26, 27). Moreover, the speed of action initiation
and action inhibition are both sensitive to the proportion of
trials that require a response (or no response). Action initia-
tion speed becomes faster when there are a greater fraction
of trials requiring a response (7, 9), whereas action inhibition
becomes more proactive (28) and its speed appears to
become faster when more trials require no response (Ref. 29,
but see Ref. 30).

It is arguable that distinct preparation processes may be
involved between conditions. In particular, preparing the
required action in advance in the R-to-NR condition may
invoke a preparatory suppression process that prevents the
action from being generated too early, whereas in the NR-to-
R condition a response might reflect simple reaction without
the movement being prepared in advance (31). However,
because participants only performed a single action in the
experiment, we consider it unlikely that the action would
not be prepared beforehand. Nevertheless, it is impossible
for us to exactly know the preparatory state of participants
in our task. Future investigations that probe the neuro-
physiological mechanisms involved may help to deter-
mine whether or not preparation is indeed the same in
these two experimental conditions.

To our knowledge, only one previous study experimentally
compared the speeds of action initiation and action inhibition
(32). This study had several methodological differences from
the work presented here. There was a 50% frequency of switch
trials in each condition (as opposed to 30% in our study),
which induced greater proactive action initiation and action
inhibition. This study also used already well-learned color-
response mappings (green = respond vs. red = don’t respond)
that are likely to lead to faster behavior compared with the ar-
bitrary color-response mappings that we used (33). In addi-
tion, a more continuous interceptive movement was required
in that task, which may invoke distinct response inhibition
mechanisms compared with the simple key press in our task
(34-36). Nevertheless, that study found similar speeds
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between action initiation and action inhibition, consistent
with our results. This consistent result suggests that the simi-
lar time course between action initiation and action inhibition
might be robust across different types of task variations,
including how familiar the task requirements are, the type of
action generated, and the degree to which the behavior may
be proactive.

Our finding of comparable speeds between reactive action
initiation and action inhibition was based on the equiva-
lence and noninferiority test instead of Bayesian hypothesis
testing. Bayesian hypothesis testing is considered the
“standard” test to detect the absence of an effect. The Bayes
factor, however, depends on selected priors that are often
unknown and subjective. In our data, the Bayes factor
indeed was not stable; how strongly the null hypothesis
appeared to be favored depended strongly on the selected
priors, although the Bayes factor robustly supported the null
hypothesis in all cases. Despite being less widely employed,
the equivalence and noninferiority test has long been estab-
lished (24, 25). Its result does not suggest that the speeds of
action initiation and action inhibition are exactly the same.
Instead, there was no systematic speed advantage of one pro-
cess over the other. As an advantage of the equivalence test,
these two speeds were concluded to be significantly equiva-
lent within the [-16.5 ms, 16.5 ms] boundary based on our
sample size. Future studies with larger sample sizes may be
needed to test their equivalence within smaller equivalence
intervals. However, it is questionable whether response time
differences at the magnitude of a few milliseconds are mean-
ingful with respect to human behaviors and nontrivial noise
in measurements.

The fact that action inhibition is not faster than action ini-
tiation suggests that to successfully cancel responses on a
regular basis, the timing of generating a response would
have to be systematically delayed. That is, successfully can-
celing an action depends not only on the inhibitory proc-
esses associated with preventing an action from being
generated, the “emergency brake” (27, 37-43), but also on
being able to delay the timing at which any response would
occur, buying additional time for permitting the possibility
of use of the emergency brake. This capacity to decouple our
responses to external stimuli from the appearance of the
stimulus itself is known as “freedom from immediacy” (Refs.
16, 17; see also Refs. 44, 45). Indeed, slowing of responses has
been commonly observed in previous stop-signal tasks (12—
14, 46-48). As a result, response times in stop-signal tasks
are typically hundreds of milliseconds longer than what we
observed in the present study (e.g., Ref. 10) and are accompa-
nied by delayed motor cortex excitability (49). Intriguingly,
it has been found that for participants to successfully cancel
the response, the response only needs to be delayed by an
amount of time slightly greater (~5 to 20 ms) than the time
lag between seeing the primary go signal and seeing the stop
signal (12). The fact that this adjustment can be so small pro-
vides further evidence that action initiation and action inhi-
bition occur over similar timescales.

By measuring action initiation and action inhibition
under two separate and symmetric conditions, while tightly
controlling the timing of responses, we observed comparable
and highly correlated speeds between these two processes.
Although it is premature to draw a conclusion solely based
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on the behavioral data, we speculate that action initiation
and action inhibition might not reflect two distinct proc-
esses, as is often assumed. Instead, action initiation and
action inhibition may be two complementary outcomes of a
single process determining the decision about whether to act
or not. Indeed, in the context of voluntary movement, the
decision of whether or not to act is thought to be an impor-
tant function that is independent of decisions about how
and when to act (16).

If it really is the case that action initiation and action inhi-
bition are more closely related than previously thought, they
would share similar neural substrates (e.g., Refs. 50, 51), but
this may not be apparent when they are assessed under very
different experimental conditions. It has been well estab-
lished that action selection in humans is interactively con-
trolled through multiple cortico-basal ganglia pathways. The
direct and indirect pathways work together to modulate
ongoing movement and steer the responding or no-respond-
ing decision in a proactive manner (8, 40, 52, 53). Reactive
inhibition, as studied in our task and most other stop-signal
tasks, is believed to be controlled by the hyperdirect pathway
that serves as an emergency brake that can abruptly abort a
response (27, 37-43). However, this understanding has
largely been established through the lens of conventional
stop-signal tasks, which prioritize the importance of stop-
ping a response over that of initiating a response. One possi-
ble hypothesis based on our behavioral data is that the
hyperdirect pathway may work like a switch, not only serv-
ing as an emergency brake but also potentially serving as an
emergency accelerator, allowing a response to be initiated
reactively even it is not initially planned to be. Beyond the
basal ganglia, there also remains a question of whether
action initiation follows a similar temporal cascade from the
frontal and motor cortices to muscles and behavior that has
been identified in action stopping (54-57). We suggest that
to better understand the similarity and differences in neural
basis of action initiation and action inhibition, it is critical
for future research to examine them in tandem, under
closely matched experimental conditions, as we have shown
here.

Another approach to examining the relationship between
action initiation and action inhibition is by comparing them
in patient populations. Under closely matched experimental
conditions (e.g., NR-to-R vs. R-to-NR), correlated deficits in
both action initiation and action inhibition would suggest a
general mechanism for deciding whether to act or not to act.
It is also possible, however, that an impairment in this pro-
cess could manifest as an asymmetry between acting and
not acting, if the underlying decision becomes biased in a
particular direction. In particular, being predisposed toward
acting rather than not acting may lead to faster and yet pre-
mature action initiation and deficit performance of action
inhibition, or vice versa. For example, a recent study using
the classic stop-signal task reported impairment of action in-
hibition in patients with Parkinson’s disease, whereas these
patients made response ~250 ms faster than healthy peers
(58). We hope that our findings and framework can help
inform future studies to understand the possible mecha-
nisms underlying how these two facets of action control may
be related to one another in both clinical and healthy
populations.
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