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Independence of Movement Preparation and Movement
Initiation
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Initiating a movement in response to a visual stimulus takes significantly longer than might be expected on the basis of neural transmission delays, but it is unclear why. In a visually guided reaching task, we forced human participants to move at lower-than-normal reaction
times to test whether normal reaction times are strictly necessary for accurate movement. We found that participants were, in fact,
capable of moving accurately ⬃80 ms earlier than their reaction times would suggest. Reaction times thus include a seemingly unnecessary delay that accounts for approximately one-third of their duration. Close examination of participants’ behavior in conventional
reaction-time conditions revealed that they generated occasional, spontaneous errors in trials in which their reaction time was unusually
short. The pattern of these errors could be well accounted for by a simple model in which the timing of movement initiation is independent
of the timing of movement preparation. This independence provides an explanation for why reaction times are usually so sluggish:
delaying the mean time of movement initiation relative to preparation reduces the risk that a movement will be initiated before it has been
appropriately prepared. Our results suggest that preparation and initiation of movement are mechanistically independent and may have
a distinct neural basis. The results also demonstrate that, even in strongly stimulus-driven tasks, presentation of a stimulus does not
directly trigger a movement. Rather, the stimulus appears to trigger an internal decision whether to make a movement, reflecting a
volitional rather than reactive mode of control.
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Significance Statement
The reaction time, i.e., how quickly we can initiate a movement in response to a stimulus, is important for daily activities such as
driving and is also a critical tool in neuroscience, used to probe a multitude of cognitive functions. However, there remains a
surprising lack of basic understanding about exactly what determines reaction times, even for simple movements such as reaching
to a target. We show that the reaction time for a reaching movement does not reflect the moment that the movement becomes ready
to execute. Instead, the reaction time is determined by a separate initiation process. These findings suggest a distinct neural basis
for preparation and initiation of movement and provide an explanation for the sluggishness of typical reaction times.

Introduction
Each time we make a movement, a series of processes must occur
in our brain that include perceiving the cue, deciding on highlevel movement goals (e.g., where to move), and determining the
low-level details of the movement that will achieve those goals
(e.g., which muscles to contract and when; Haith et al., 2015a;
Smeets et al., 2015; Wong et al., 2015). It is commonly assumed
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that a movement will be initiated as soon as these movement
preparation steps are complete (Donders, 1969; Rosenbaum,
1980; Erlhagen and Schöner, 2002; Cisek, 2006; Smeets et al.,
2015). Consequently, the reaction time (RT) has long been
thought to directly reflect how long it takes to prepare a movement. Here, we challenge this view.
Reaching to a visually presented target typically incurs an RT
of ⬃200 –300 ms (Welford, 1980). This is far longer than might
be expected on the basis of neural transmission delays (Carpenter, 1999). However, it is well known that goal-directed responses
can occur at much shorter latencies if participants are required to
correct an ongoing movement. Humans react to displacements of
a target (van Sonderen and Denier van der Gon, 1991; Gritsenko
et al., 2009) or cursor (Day and Lyon, 2000; Franklin and Wolpert, 2008) during a movement with latencies of ⬃150 ms. Mechanical perturbations of the arm elicit goal-directed responses in
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as little as 100 ms (Pruszynski et al., 2008; Yang et al., 2011;
Nashed et al., 2014).
The reason for the discrepancy between the latency of online
feedback corrections and the latency of movement initiation remains unknown. One possible explanation is that participants
always generate a response as soon as possible but that initiating a
movement takes longer because it entails additional processing
steps (Smeets et al., 2015). Another possibility is that participants
are capable of initiating an accurate movement much earlier but,
for some reason, delay their initiation. For example, it is well
known that simple RTs (i.e., initiating a pre-prepared movement
in response to a “go” cue) can be shortened by ⬃70 ms if participants are startled by a loud acoustic stimulus at the time of the go
cue (Valls-Solé et al., 1999; Carlsen et al., 2004).
We performed two experiments to more clearly characterize the relationship between preparation and initiation of
movements. Although movement preparation cannot be measured directly, it is possible to establish its progression indirectly by forcing participants to move at lower-than-normal
RTs and assessing the accuracy of their movements as a function of the imposed RT (Schouten and Bekker, 1967; Ghez et
al., 1997; Haith et al., 2015a). Using this approach, we found
that reaching movements to a visual target become accurately
prepared in ⬃130 ms, ⬃80 ms earlier than typical RTs. We
further sought to more precisely determine the relationship
between the timing of movement preparation and movement
initiation in a given trial. One possibility is that movement
initiation always occurs at a fixed delay after movement preparation (Luce, 1986). Alternatively, there may be no causal
relationship between preparation and initiation; the timings
of these two events might be determined independently. In
this case, delaying the mean time of movement initiation
could serve to avoid the risk of initiating a movement before it
has been prepared.

Materials and Methods
A total of 22 human participants were recruited for this study (10 in
Experiment 1 and 12 in Experiment 2). All participants had no known
neurological disorder and provided written consent before participation.
All procedures were approved by the Johns Hopkins University School of
Medicine Institutional Review Board.
Experimental setup. Participants sat at a glass-surfaced table with their
arm supported by a plastic cradle mounted on pressurized air jets, allowing frictionless planar movements of their arm. Participants viewed a
display through a mirror positioned horizontally above their arm (Fig.
1A). The position of the hand was tracked at 130 Hz by a magnetic
tracking device (Flock of Birds; Ascension) and was displayed veridically
via the mirror as a small, blue cursor (5 mm diameter). Participants were
required to move their hands rapidly to guide a cursor through a presented target (25 mm diameter) from a central start location (10 mm
diameter). There were eight possible target locations, distributed equally
around the start location at a distance of 80 mm and indicated by a small
(10 mm diameter) gray circle. On-screen feedback graphically indicated
the peak tangential velocity attained on each trial, and participants were
instructed to ensure that this exceeded a threshold corresponding to 0.9
ms ⫺1 on each trial.
Experimental tasks. Ten participants (aged 23.6 ⫾ 6.4 years; five
women) were recruited for Experiment 1. These participants experienced two conditions. In the first condition, the Free RT condition
(Fig. 1B, left), participants were instructed to initiate a movement as
quickly as possible after the target was presented. To minimize ambiguity about the time of target presentation (which tends to increase
RTs; Frith and Done, 1986), a predictable sequence of auditory tones
(four tones spaced 500 ms apart) cued the time of target presentation.
Participants performed two blocks of 96 trials.
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In the second condition, the Forced RT condition (Fig. 1B, right),
participants were trained to initiate their movement synchronously
with the onset of the fourth tone. Movement initiation time was
determined online as the time at which the tangential velocity first
exceeded 0.02 ms ⫺ 1. If participants failed to initiate their movement
within 75 ms of this time, on-screen text indicated “Too Early” or
“Too Late” as appropriate. The first block (50 trials) allowed participants to practice the timing of their initiation. In this block, the target
was visible from the onset of the first tone, allowing 1500 ms for
participants to prepare an appropriate movement. In subsequent
blocks (3 ⫻ 106), the amount of preparation time (TP) was varied
from trial to trial by presenting the target at varying times (uniformly
distributed between 0 and 300 ms) prior to the fourth tone (96 of 106
trials). The delay between the stimulus presentation and the time of
movement initiation in each trial defined an effective RT for that trial.
A subset of eight trials were “catch” trials in which no target ever
appeared but participants were still required to move. These catch
trials discouraged participants from simply waiting until the target
appeared before initiating a movement, in which case behavior would
be very similar to that in the Free RT condition. The first two trials of
each of these blocks served as warmup trials in which the target appeared at the onset of the first tone.
Twelve new participants (aged 23.5 ⫾ 4.9 years; seven women)
were recruited for Experiment 2. Participants experienced two conditions in this experiment. One condition, the Forced RT condition,
was identical to that in Experiment 1, except that participants
performed seven blocks of 106 trials. An additional condition, the
Pressured RT condition, was similar to the Free RT condition in
Experiment 1, except that a deadline was imposed on the time of
movement initiation. The deadline was visually cued to participants
by presenting a shrinking green disc within the presented target (the
target itself remained visible as a black circle). If participants failed to
initiate their movement before the green disc shrank to zero, the
target disappeared, the cursor turned red, and an unpleasant rasping
sound was played. The rate of the target shrinking was varied across
blocks to yield a progressively more stringent deadline: no deadline in
Block 1 (making it equivalent to the Free RT condition of Experiment
1), deadlines of 900, 400, 300, 233, 208, and 186 in Blocks 2–7, and no
deadline in Block 8. The order in which participants experienced the
two conditions (Forced RT and Pressured RT) was counterbalanced
across the 12 participants. One participant in Experiment 2 exhibited
erratic behavior from Block 2 onward in the Pressured RT condition
(having a mean RT ⬎2.5 SDs below the mean across subjects) and was
therefore excluded from subsequent analysis to avoid distorting the
results. Nevertheless, including this participant in our analyses did
not qualitatively alter our conclusions.
Data analysis. Raw hand position data were smoothed and differentiated using a second-order Savitzky–Golay filter with a half-width of
54 ms. Movement onset was detected based on the first time that the
tangential velocity of the hand exceeded 0.02 ms ⫺1. From this time,
we subtracted the mean delays in our system (measured to be 100 ms)
to obtain an estimate of the true time of movement initiation. In all
conditions, the RT (or effective RT, in the Forced RT condition) was
determined as the delay between the time of stimulus presentation
and the time of movement initiation. Free RT and Pressured RT trials
in which the RT was less than ⫺200 ms (i.e., ⬎200 ms before presentation of the target) or ⬎500 ms were excluded from additional analysis. Overall, 0.4% of all trials were excluded on these grounds.
Movement direction in each trial was assessed based on the direction of the velocity vector of the hand 100 ms after movement onset.
A movement was deemed to have been initiated accurately if the
initial direction of movement was within 22.5° of the target direction.
Otherwise, the trial was considered to be an error. The probability of
initiating an accurate movement at a given RT in the Forced RT
condition was estimated based on the proportion of accurately initiated movements within a 20 ms window around that RT, yielding a
speed–accuracy tradeoff (Wickelgren, 1977), also closely related to
the concept of a tachometric curve (Stanford et al., 2010). To more
compactly quantify this speed–accuracy tradeoff, we assumed a sim-
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Figure 1. Experimental design and example data. A, Experimental setup. Participants made planar reaching movements to
targets presented via a mirrored display. B, Free RT condition (left) and Forced RT condition (right). In the Free RT condition (left),
a single target appeared at an unknown location at a predictable time (cued by a series of 4 tones), and participants were instructed
to move as soon as the target appeared. In the Forced RT condition (right), participants were instructed to move synchronously with
the fourth tone. RT was manipulated by varying the time that the target was presented relative to the time of movement onset. C,
Behavior of a representative participant. Green histogram indicates the distribution of RTs in the Free RT condition (both correct
and incorrect movements). Blue circles indicate RT (x-axis) and directional error (y-axis) for each trial in the Forced RT condition.
Gray region indicates the range of directions considered to be accurate.
ple model in which a single preparation event occurred at a stochastic time
TP ⬃ N(P, 2P). We assumed that movements initiated before TP were
directed randomly, whereas movements initiated after TP were initiated accurately toward the target. We also allowed for the fact that participants were
not 100% accurate even at long RTs through a parameter ␣ that defined the
participant’s asymptotic accuracy, which we fixed at ␣ ⫽ 0.95. The probability of the movement in trial i being accurate (Hi ⫽ 1) given that it was
initiated at time RTi was then given by:
1
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The likelihoods for each trial were summed to
obtain the overall log likelihood. We identified
the distribution of the timing of movement
preparation via the parameters P and P that
maximized this overall likelihood. Given these
estimates, obtained independently for each
participant based on their behavior in the
Forced RT condition, we predicted the expected error rate in the Free RT condition (Experiment 1) or Pressured RT condition
(Experiment 2) using Equation 1 and based on
the exact RTs that participants generated in
those blocks.
We also estimated the time of preparation
based on how the distribution of initial reach
directions evolved as RT increased. For simplicity, we considered reach direction to follow
a discrete distribution over the eight potential
target directions. For movements initiated before they were prepared (RT ⬍ TP), we assumed that reach direction d ⫽ 1…8 followed a
specific guess distribution, qguess(d), which we
estimated from catch trials (in which no target
ever appeared). For movements initiated after they became appropriately prepared
(RT ⬎ TP), we assumed that initial reach direction followed a uniform distribution,
qtarg(d), reflecting the distribution of actual
target locations. The overall distribution of
movements at a given RT was then given by a
mixture of these two distributions:

q共d 兩 RT兲 ⫽ 共1 ⫺ ⌰共RT兲兲qguess共d兲
⫹ ⌰共RT兲qtarg共d兲. (3)

We pooled data from all 10 participants in Experiment 1 and used a maximum likelihood
approach to estimate ⌰(t) in two ways: (1)
nonparametrically, using data in a sliding window of width 50 ms to estimate ⌰(t) for each
possible value of t between 0 and 300 ms; and
(2) parametrically, assuming that ⌰(t) ⫽ ⌽(t 兩 P, 2P), as above.
To visualize the distribution of RTs in the Free RT and Pressured RT
conditions, we used kernel density estimation to estimate the distribution, using Gaussian kernels with an SD of 10 ms. To visualize the distribution of reach directions in the Forced RT condition, we used a similar
kernel density estimation procedure using von Mises kernels with a kernel width of 5°.

Results
(1)

where ⌽ is the cumulative normal distribution. The log likelihood for
each individual trial was therefore given by:

Movement initiation is delayed by 80 ms relative to
movement preparation
In Experiment 1, participants made planar reaching movements
from a central start position toward one of eight potential targets
(Fig. 1A). Participants first performed an RT task in which they
were instructed to move as soon and as accurately as possible after
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Figure 2. Movement initiation lags movement preparation. A, Blue line, Moving average of the probability that a movement is successful for a given RT in the Forced RT condition, which
corresponds to the cumulative probability. Green line, Cumulative distribution of RTs in the Free RT condition. Dashed lines indicate model fits based on maximum likelihood estimation of TP and TI
distributions. B, Estimated distributions of TP and TI for the same example participant as shown in Figure 1. C, D, Same as A and B but showing mean behavior across 10 participants. Shaded regions
indicate ⫾SEM. E, Mean TI versus estimated mean TP. Each point represents a single participant. F, Overall distribution of effective RTs in the Forced RT condition (across all participants). Green,
Successful trials; red, failed trials; black, all trials.

they saw the target (Free RT condition; Fig. 1B, left). The distribution of RTs exhibited by a representative participant is shown
in Figure 1C (green histogram). This participant had a mean ⫾
SD RT of 201 ⫾ 28 ms. This participant’s mean RT was slightly
shorter than the average mean RT across all participants,
which was 212 ⫾ 22 ms.
In a second phase of the experiment, we sought to assess the
time course of movement preparation. We asked whether the
RTs participants took in the Free RT condition were necessary to
move accurately. We manipulated the amount of TP available
before each movement by training the participant to initiate their
movement at a specific time during each trial and varying the
time at which the target was presented relative to movement
onset (Forced RT condition; Fig. 1B, right; for details, see Materials and Methods). This condition revealed that the same participant who previously had a mean RT of 201 ms was in fact capable
of consistently reaching toward the correct target even when their
effective RT (i.e., the time between target presentation and movement onset) was as low as 170 ms (Fig. 1C). Only the very fastest
RTs in the Free RT condition approached this value (10th RT
percentile ⫽ 177 ms). The majority of trials in the Free RT condition had RTs that were much greater, in some cases by up to 60
ms (90th RT percentile in the Free RT condition ⫽ 230 ms). All
10 participants showed the same pattern of being consistently

accurate in the Forced RT condition at effective RTs well below
the RTs they exhibited in the Free RT condition.
To better understand the relationship between behavior in the
Free RT and Forced RT conditions, we considered a simple model
of movement preparation and initiation. We assumed that, in any
trial, two distinct events occur. First, a movement becomes appropriately prepared at time TP after presentation of the stimulus.
Second, the movement is initiated at time TI. Although we could
not directly observe TP, we could infer its distribution from behavior in the Forced RT condition. Assuming that participants
move accurately if TI ⱖ TP, and randomly if TI ⬍ TP, the probability that a movement initiated at a particular time t is accurate is
given by the cumulative distribution of TP, p(TP ⬍ t). This distribution can be estimated from data in the Forced RT condition,
whereas the distribution of TI can be obtained directly from the
Free RT condition. Figure 2A shows the estimated cumulative
distributions of TP and TI for the same representative participant
as before. Comparing these two curves reveals a significant disparity between the timing of these two events. To enable a quantitative comparison between TP and TI, we used maximum
likelihood estimation to parametrically estimate the distribution
of TP for each participant, assuming a Gaussian distribution (Fig.
2B; for details, see Materials and Methods). For the representative
participant, this analysis yielded an estimated mean TP of 132 ms,
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Figure 3. Distribution of guesses and alternative estimate of TP. A, Circular histogram showing the distribution of initial movement directions in catch trials in the Forced RT condition in
Experiment 1. Gray circles indicate potential target locations. Dashed black lines indicate classification boundaries used to obtain the discrete distribution pguess(d), d ⫽ 1…8. B, Reach direction as
a function of effective RT in the Forced RT condition in Experiment 1. Each point represents a single trial. Gray lines indicate target directions. C, Estimated time course of movement preparation, p(TP
⬍ t). Blue line, Estimate based on improving success rate with RT, as in Figure 2, A and C. Pink line, Estimate based on the changing distribution of initial reach angles, seen in B. All plots in this figure
are generated from data pooled across participants.

with an SD of 19 ms. Comparing this with the observed mean of
TI, we estimated that this participant exhibited, on average, a
delay of 68 ms between the time at which their movements became appropriately prepared and the time at which they were
initiated. Similar behavior was identified for all 10 participants
(Fig. 1C–E), with a mean time of preparation consistently lower
than the mean time of movement initiation (E[IT]) (Fig. 1E; t
test, t(9) ⫽ 11.7, p ⬍ 10 ⫺6). On average, the delay between preparation and initiation was 78 ms, corresponding to a 60% inflation of the RT above what would be expected if behavior were
initiated immediately after becoming appropriately prepared.
Alternative estimate of TP
One potential weakness of the above analysis is that participants
could have achieved an advantage by guessing the location of the
target and preparing an associated movement but only initiating
this movement at the fourth tone if it turned out to be correct
(and delaying initiation otherwise). Consequently, success rates
might have been inflated at low RTs. Close examination of the
distribution of RTs in the Forced RT condition (Fig. 2F ) shows
that participants did indeed generate a disproportionate number of movements with long RTs (relative to the uniform distribution of target presentation times imposed), implying that
they delayed initiation beyond the fourth tone in a significant
number of trials.
To control for this potential confound to our estimate of TP,
we developed an alternative method to estimate the timing of
movement preparation. We exploited the fact that the distribution of guessed movement directions at very low RTs and in catch
trials was not uniform but was biased toward particular targets
(Fig. 3 A, B). The specific pattern of movement directions we observed in these trials, dominated by the far-right and near-left
target directions, is likely attributable to biomechanical differences in the effort required to move in these different directions
(Goble et al., 2007). At RTs between 100 and 150 ms, the distribution of reach directions transitioned from this non-uniform
distribution to a uniform one that matched the uniform distribution of actual target locations (Fig. 3B). The transition between
these distributions reflects the time when participants became
able to correct their initial guesses in the light of knowledge of the
true target location. Critically, this view of the data is not susceptible to the confounding effect of selectively delaying incorrectly
guessed movements, which would have led to an inflated success
rate at low RTs but would not have affected the distribution of
observed reach directions.

The range of RTs over which this transition occurred is
broadly consistent with the range of RTs over which success rates
improved from chance to accurate (Figs. 1C, 2 A, C). To estimate
the timing of this transition precisely, we adopted a similar logic
as before, assuming that movements became appropriately prepared at a random time, TP, and that participants generated a
guess (following a specific, non-uniform distribution; Fig. 3A) if
they initiated a movement before this time (RT ⬍ TP) and generated an appropriately planned movement otherwise (following
a uniform distribution). Pooling data across all 10 participants in
Experiment 1, we used maximum likelihood estimation in a
sliding 50 ms window to infer the relative weight of these two
distributions (equal to the probability that participants had successfully reprepared any incorrect guesses) as a function of RT
(Fig. 3C; for details, see Materials and Methods). We compared
this estimate of the cumulative distribution of TP with our original approach based on success rate (i.e., as in Fig. 2 A, C, only now
using data pooled across all participants). These two different
approaches showed a striking agreement with one another (Fig.
3C). The estimated mean TPs (assuming that TP follows a Gaussian distribution) differed by only 3 ms (original, 132 ms; alternative, 129 ms). The close agreement between these two estimates
strongly supports the validity of our original analysis. It also allows us to rule out the possibility that participants gained a significant advantage in the Forced RT task by selectively delaying
the timing of movement initiation for incorrect guesses.
Independent timing of movement initiation and
movement preparation
The above analysis demonstrates a significant discrepancy between the timing of movement preparation and the timing of
movement initiation. This raises the question of what exactly is
the relationship between these two events. One possibility is that
participants simply insert a fixed delay between the time at which
the movement becomes prepared and the time of initiation
(Luce, 1986). Alternatively, there may be no causal relationship
between these two events and the timing of movement initiation
might be independent of the timing of movement preparation.
Such a separation between “what” and “when” is thought to occur for self-generated volitional movements (Brass and Haggard,
2008; Hoffstaedter et al., 2013). These two alternatives, yoked
versus independent preparation and initiation, can be dissociated
by examining the pattern of spontaneous errors committed in the
Free RT condition. If movement initiation is triggered by the end
of movement preparation, we should expect errors to be rare and,
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Figure 4. Participants committed spontaneous errors at low RT. A, Initial directional error as a function of RT in the Forced RT (gray) and Free RT (green) conditions for a representative participant.
B, The probability of an error for each trial was predicted based on the estimated distribution of TP for that participant and the known RT for that trial. C, Comparison of actual error rate (total number
of errors divided by total number of trials) versus predicted error rate (based on the average probability of an error in each trial, computed as shown in B).

critically, any errors we do observe ought to be independent of
RT. Alternatively, if preparation and initiation are independent,
we should expect participants to commit occasional spontaneous
errors on trials in which preparation occurred unusually late
and/or initiation occurred unusually early. The substantial overlap in the distributions of TP and TI in Figure 2, B and D, suggests
that such errors would be likely to occur at a non-negligible rate.
Closer inspection of behavior in the Free RT condition in
Experiment 1 revealed a clear pattern of spontaneous errors that
was specific to movements initiated at low RTs (Fig. 4A), supporting the independence hypothesis. To test this hypothesis
more quantitatively, we used the distribution of TP inferred from
behavior in the Forced RT condition to predict the rate of spontaneous errors that each participant would commit in the Free RT
condition if preparation and initiation truly were independent
(Fig. 4B). This model successfully predicted the variability in error rates across participants in the Free RT condition (correlation:  ⫽ 0.76, p ⫽ 0.01, r 2 ⫽ 0.37; Fig. 4C), supporting the
hypothesis that preparation and initiation of movement are independent in this task. Under the alternative hypothesis, that
preparation and initiation are yoked, spontaneous errors in the
Free RT condition ought to be independent of RT and the rate of
errors in the Free RT condition should therefore be correlated
with the rate of errors seen when participants are forced to move
with a long RT in the Forced RT condition (e.g., ⬎300 ms). We
observed no such relationship ( ⫽ ⫺0.179, p ⫽ 0.62). In fact,
the two participants who exhibited the largest error rates in the
Free RT condition had the lowest error rate at high RTs in the
Forced RT condition.
This analysis also reinforces our interpretation that the discrepancy in behavior between the Free RT and Forced RT conditions was attributable to delayed movement initiation in the Free
RT condition, not slower movement preparation. Our ability to
predict error rates in the Free RT condition from behavior in the
Forced RT condition implies a consistent relationship between
RT and movement preparation (i.e., TP followed the same distribution) across these two conditions. Therefore, the elevated RTs
in the Free RT condition must have been attributable to delayed
initiation rather than slower preparation.
Motivation influences initiation but not preparation
The results of Experiment 1 demonstrate an average 78 ms discrepancy between the time at which preparation was complete
and the time at which movements were actually initiated. One
possible explanation for this delay is a simple lack of motivation;
the instructions given to participants might not have sufficiently
conveyed the importance of moving with as low an RT as possi-

ble. Furthermore, although the rate of spontaneous errors was
consistent with a model in which movement preparation and
movement initiation were independent, the overall rate of errors
was very low, and it was therefore difficult to rigorously validate
this hypothesis on the strength of these data. We addressed both
of these concerns in a second experiment.
In Experiment 2, we motivated participants to initiate movement with as low an RT as possible by imposing a strict deadline
on the timing of movement initiation (Pressured RT; Fig. 5A).
After an initial block of 96 trials with no constraints on TI (equivalent to the Free RT condition in Experiment 1), a 900 ms deadline was introduced (for details, see Materials and Methods).
Although this time constraint was easily satisfied by all participants, the presence of a time constraint modestly but significantly
improved participants’ mean RT by an average of 8 ms (t(10) ⫽
2.26, p ⬍ 0.05), with no loss of accuracy (error rate, 3.0 vs 2.3%;
t(10) ⫽ 0.74, p ⫽ 0.476). However, the magnitude of this reduction in RT was much less than the 78 ms difference between
preparation and initiation found in Experiment 1. Over five additional blocks, the deadline was progressively reduced to a minimum of 186 ms. Participants responded to the increasing time
pressure by progressively reducing their mean RT an additional
60 ms to a minimum of 146 ms (Fig. 5 B, C). However, this reduction in RT came at a significant cost to accuracy (Fig. 5D); participants’ error rates increased from 3 to 24%. Closer inspection
revealed that this increase in error rate was attributable to an
increased frequency of trials with very low RT. In addition to a
reduction in mean RT, variability of the RT also increased significantly from Block 2 (900 ms deadline) to Block 6 (186 ms deadline; t(10) ⫽ 4.21, p ⬍ 0.01; Fig. 5E).
To test whether movement initiation was independent of
movement preparation, participants in Experiment 2 also performed seven blocks of trials under Forced RT conditions (as in
Experiment 1). Following the same procedure as for Experiment
1, data from the Forced RT condition allowed us to estimate the
relationship between RT and accuracy and, consequently, predict
the error rate in each block for each participant under the assumption that preparation and initiation have independent timing. The observed error rates matched these predictions very
closely ( ⫽ 0.94, p ⬍ 10 ⫺10, r 2 ⫽ 0.86; Fig. 5F ), supporting the
hypothesis that movement initiation and movement preparation
are independent. Furthermore, these results imply that, although
the presence of a deadline significantly altered RTs, it had little or
no effect on the timing of movement preparation. This selective
influence of motivation on initiation but not preparation further
supports the notion that these processes are determined by distinct underlying processes.
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Figure 5. Motivation influenced RT but not TP. A, RT as a function of trial number in each block for a representative participant. Gray circles indicate accurately initiated movements. Red circles
indicate errors. Vertical gray lines indicate block boundaries. Horizontal black lines indicate initiation deadline. B, Blue line, Moving average of the probability of accurate movement initiation as a
function of RT, determined from the Forced RT condition. Shaded region indicates ⫾SEM across 12 participants. Black lines indicate cumulative RT distribution in first and last (Free RT) blocks (solid,
first; dashed, last). Green lines indicate cumulative RT distribution in each block in the Pressured RT condition (lighter, longer deadline; darker, shorter deadline). C, Mean RT across participants. Open
circles indicate blocks with no RT deadline. Filled circles indicate blocks with a deadline. Black horizontal lines indicate deadlines (where this fits within axes). Shaded regions indicates ⫾SEM across
participants. D, Error rate. E, Variability in RT. F, True versus predicted error rate for each block, for each participant.

Discussion
We have shown that human participants are capable of generating an accurate movement within ⬃130 ms of presentation of a
visual target. This time course is consistent with the latency at
which participants can make corrections to ongoing movements
and with the latency at which monkeys can use perceptual information to update the goal of a saccade (Stanford et al., 2010). In
contrast, this time course of preparation is significantly faster
than would be suggested by participants’ voluntary RTs.
Our results demonstrate a clear dissociation between preparation and initiation of movement. These two processes appear to
be independent, both in the sense that they are not mechanistically coupled (one can initiate a movement whenever one wants
to, regardless of whether it has been appropriately prepared or
not) and in the sense that their exact timings are statistically
independent of one another. This represents a significant departure from the traditional view of the RT as the total summed
duration of component processes that must occur before movement (Donders, 1969; Sternberg, 1969a; Smeets et al., 2015).
It has been noted previously that the RT for movement initiation is substantially longer than the latency to correct a perturbation to an ongoing movement (Hening et al., 1988; Smeets et
al., 2015). Previous explanations for this discrepancy suggest that
it is attributable to the costly nature of selecting a specific target to
be the goal of a movement (Smeets et al., 2015), a cost not incurred when correcting a mid-movement perturbation. However, this theory cannot account for the differences in behavior
we observed between the Free RT and the Forced RT conditions
because, in both tasks, a single target appeared on a previously
blank screen.
Our data instead suggest that the delay between movement
preparation and movement initiation is a consequence of partic-

ipants’ inability to initiate movement at a precise time. Because
initiation is independent of preparation, movements are occasionally liable to be initiated before they have been appropriately
prepared, resulting in an error (Fig. 4A). Movement initiation
appears to be delayed relative to the mean time needed for preparation to avoid the risk of inadvertently initiating a movement
before it has been fully prepared.
The separability of preparation and initiation represents an
important form of “freedom from immediacy” (Brass and Haggard, 2008) whereby our actions need not necessarily be dictated
by our immediate surroundings. Delaying movement initiation
beyond the minimum time required for preparation buys additional time in which to alter one’s actions based on more declaratively held knowledge (Haith et al., 2015b) or late changes of
mind (Resulaj et al., 2009). The ability to initiate movements
before they have been appropriately prepared allows evasive action to be taken, however haphazard, in the light of an imminent
threat. Many behavioral paradigms designed to test movement
preparation and initiation, either by enforcing a delay (Riehle et
al., 1994; Churchland et al., 2006) or by controlling RTs with a
timed-response paradigm (Schouten and Bekker, 1967; Ghez et
al., 1997; Haith et al., 2015a), unwittingly depend on this independence. The most surprising aspect of our findings is the fact
that this independence is mandatory; participants were incapable
of coupling the timing of movement initiation to the time at
which movement preparation became complete, despite the clear
incentive to do so.
Implications for volitional versus reactive control
Theories of behavior often draw a distinction between “reactive”
and “volitional” modes of control (Maimon and Assad, 2006;
Hallett, 2007; Haggard, 2008; Hoffstaedter et al., 2013; Murakami
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et al., 2014). Reactive movements are those that are triggered
directly by an external stimulus, typified by simple reflexes, such
as the knee jerk. In contrast, volitional movements are triggered
by an internal decision process, such as deciding to pick up a glass
to drink. These two modes of control are believed to be supported
by distinct neuroanatomy (Haggard, 2008). However, distinguishing reactive and volitional modes of control is difficult because the movements themselves look identical regardless of how
they are generated. Consequently, the mode of control used is
presumed based on circumstance; tasks in which an imperative
stimulus is presented are assumed to engage a reactive mode of
control (Jahanshahi et al., 1995; Maimon and Assad, 2006; Perfiliev et al., 2010). In contrast, tasks that only very loosely constrain when an action must be taken are presumed to engage
volitional control (Libet, 1993; Maimon and Assad, 2006; Murakami et al., 2014). Our findings suggest the possibility of a more
empirical distinction between differing modes of control: based
on whether a response to a stimulus is immediate, or occurs only
after a delay. Knee jerks and online movement corrections clearly
fall into the former category, whereas behavior in our Free RT
condition appears to fall into the latter. We speculate that this
delay might be a signature of volitional control, reflecting the fact
that the stimulus does not directly trigger the movement, but
instead triggers an internal decision whether to make a movement.
Potential neural basis of preparation and initiation
The dissociation between preparation and initiation of movements implies that the two processes occur through distinct neural mechanisms. The rapid improvement in performance we
observed with increasing RT closely parallels the time course of
neural activity in the primary and premotor cortices during preparation of reaching movements (Riehle and Requin, 1989; Cisek
and Kalaska, 2005; Churchland et al., 2006; Ames et al., 2014).
Specifically, during an instructed delay, cortical activity appears
to converge from an initial default state to a state that is specific to
the movement that is about to be made. This shift in cortical
activity occurs over a period of ⬃50 ms, entirely consistent with
the timescale of the speed–accuracy tradeoff in our data. Therefore, we suggest that preparatory neural activity in the motor
cortex directly relates to the preparation component of our
model. The fact that movement initiation is independent of this
preparatory process explains why preparatory activity in the motor cortex is only weakly predictive of variability in RT (Afshar et
al., 2011; Michaels et al., 2015). This independence also explains
why allowing advance preparatory activity during a delay period
leads to only modest (⬃30 ms) improvements in RT (Churchland et al., 2006; Ames et al., 2014)— because the bulk of the RT
is attributable to signaling delays and slow initiation rather than
preparation.
A candidate region for the origin of the movement initiation
signal is the supplementary motor area, which has long been
implicated in the decision to initiate volitional movements
(Eccles, 1982; Jahanshahi et al., 1995; Desmurget and Sirigu,
2012). Intriguingly, this area has also been implicated in movement initiation in stimulus-driven tasks (Cunnington et al.,
2002), consistent with the idea that even these tasks engage a
volitional mode of control.
Implications for the use of RT as a dependent
behavioral measure
Differences in RT have been used for decades to characterize the
processes underlying a broad range of cognitive phenomena, in-

cluding learning (Knopman and Nissen, 1991), information processing (Sternberg, 1969a), decision-making (Gold and Shadlen,
2001), and memory retrieval (Sternberg, 1969b). Our findings
raise important concerns about such approaches. Differences in
RT might not necessarily correspond to differences in one’s ability at a task (i.e., the speed of preparation) but might instead be
attributable to inserting or eliminating unnecessary delays in initiation. Conversely, it is possible that true improvements in ability at a task (i.e., earlier preparation) might be masked if initiation
times are not concomitantly reduced. These possibilities can only
be disambiguated through the use of paradigms that directly manipulate RTs, as in the experiments presented here.
Implications for neurological disorders
A better understanding of how we respond to external stimuli
might also provide insights into neurological conditions associated with slowed responses, such as Parkinson’s disease. Slowed
responses in Parkinson’s disease could reflect a deficit in either
movement preparation (Jahanshahi et al., 1992) or movement
initiation (Jahanshahi et al., 1992; Carlsen et al., 2013). Our findings underscore the plausibility of this latter interpretation.
Fast errors, similar to those we saw in the Free RT condition
(Fig. 4) are known to be robustly elicited under conditions of
stimulus–response incompatibility, such as in the Simon task
(Simon et al., 1981; van den Wildenberg et al., 2010) in which
people are liable to act based on the location of an instructing
stimulus rather than based on the content of the instruction. Such
spontaneous, fast errors are often thought to reflect a failure to
inhibit default, rapid responses (van den Wildenberg et al., 2010)
and are often considered a signature of poor inhibitory control
(Davidson et al., 2006; van den Wildenberg et al., 2010). Our
findings suggest an alternative interpretation: that such fast errors are in fact attributable to variability in the timing of movement initiation and that movements that happen to be initiated
earlier are biased toward default responses.
In conclusion, we suggest that, whenever there is variability in
RTs across tasks or neurological conditions, it is important to
consider the possibility that this variability is attributable to differences in initiation rather than preparation.
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