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Abstract

Movement planning consists of several processes related to the preparation of a movement such as decision making, target
selection, application of task demands, action selection, and specification of movement kinematics. These numerous processes
are reflected in the reaction time, which is the time that it takes to start executing the movement. However, not all the processes
that lead to motor planning increase reaction time. In this paper, we wanted to test whether tuning the control policy to task
demands contributes to reaction time. Taking into account that the tuning of the control policy differs for narrow and wide tar-
gets, we used a timed response paradigm to track the amount of time needed to tune the control policy appropriately to task
demands. We discovered that it does not take any time during motor planning and even that it can occur indistinguishably dur-
ing motor planning or during motor execution. That is, the tuning the control policy was equally good when the narrow or wide
target was displayed before than when it was displayed after the start of the movement. These results suggest that the frontier
between motor planning and execution is not as clear cut as it is often depicted.

NEW & NOTEWORTHY Movement preparation consists of different processes such as target selection and movement parame-
ters selection. We investigate the time that it takes to tune movement parameters to task demands. We found that the brain
does this instantaneously and that this can even happen during movement. Therefore, this suggests that there exists an overlap

during movement planning and execution.

motor control; optimal control policy; optimality; planning; reaction time

INTRODUCTION

Movement preparation involves the integration of multi-
ple sources of sensory information to allow the execution of
coordinated and efficient actions and has been conceptual-
ized as a two-stage process (1). The first stage involves a non-
motor perceptual “decision making” process through which
the goal of the movement is selected, involving the subpro-
cesses of detecting relevant stimuli and identifying the target
of the action, both of which can be modified by relevant task
constraints. This is followed by a second “motor planning”
phase wherein the action to execute is selected, relevant
movement kinematics are applied, and the final movement
to be executed is specified via a motor command. Classical
studies indicate that the time required for movement prepa-
ration increases with the complexity of the task demands (2).
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In line with this suggestion, contemporary work has pro-
posed that the majority of the time required for movement
preparation is in fact consumed by the decision-making pro-
cess, arguing that motor planning itself can be achieved
almost instantaneously (1). This is, however, at odds with the
finding that adapting the control policy to task demands car-
ries a switching cost (3, 4). A switching cost refers to the fact
that changing the task demands decreased performance and
that participants behave differently immediately after a
change in tasks than when the same task demands are
repeated for several trials in a row (3, 4). Such switching costs
typically influence the reaction time (5).

The motor planning phase of movement preparation is of-
ten examined within the framework of optimal control
theory (6, 7). Optimal control theory proposes that move-
ment selection minimizes a cost function that balances a
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tradeoff between movement accuracy and energy expendi-
ture. This has widely been studied by examining whether
movements respect the “minimum intervention principle”
in the presence of perturbations or of natural movement var-
iability (8). If a perturbation does not interfere with the goal
of the movement (i.e., it introduces “task-irrelevant variabili-
ty”), the response will be relatively minor; by contrast, per-
turbations that interfere with the goal of the movement (i.e.,
that introduce “‘task-relevant variability”) will be met with
more robust corrections (9-11). The absence of correction for
task-irrelevant dimensions has also been linked to an uncon-
trolled manifold (12-14, but see Ref. 15). The uncontrolled
manifold corresponds to a space of movement parameters
that are irrelevant to task success and that are left uncon-
trolled by the motor system. When reaching a narrow target,
both optimal control theory and the uncontrolled manifold
hypothesis would predict that any perturbation that affects
hand trajectory and impedes task success should be strongly
resisted. In contrast, if the target is wide and the perturba-
tion does not reduce task success, the response to the pertur-
bation should be much smaller, as found in numerous
studies (3, 4, 16-19). The minimum intervention principle
extends to error correction mechanisms as well, as errors are
only corrected in task-relevant dimensions (3, 4, 20). In the
context of the optimal feedback control theory, the reaction
to a perturbation or to natural movement variability is deter-
mined by the control policy, which is presumably deter-
mined during the motor planning stage, hence during the
reaction time (1).

Using a postural perturbation paradigm, Yang and col-
leagues (21) investigated the time that was necessary to inte-
grate one of two instructions into the feedback response to a
perturbation during posture and found that it took 90 ms for
the brain to integrate the right instruction into the long-la-
tency stretch response. However, it is unclear whether modu-
lating task instructions is the same as adapting the cost
function with target width. In addition, we want to investigate
the influence of the cost function during movement while
Yang et al. investigated postural movements. For movement
planning, the computation occurring during the reaction
time can be assayed via timed response paradigms that limit
response preparation time (22). Using such an approach, it
has been demonstrated that movement preparation and ini-
tiation are two separate processes (23). This paradigm allows
one to force participants to initiate their movement before
movement planning is fully completed (23, 24).

Here, we used the timed response paradigm to investigate
how fast the control policy can be tuned to task demands,
i.e., to their ability to implement the minimum intervention
principle (7). If the time required for computing the optimal
control policy is truly negligible (1), then limiting the time
participants have to prepare movements should have a dis-
crete, stepwise effect on the adjustment of the control policy
to task demands (i.e., only movements prepared with suffi-
cient time would show changes in response to task demands,
such as responses to perturbations). By contrast, if the time
available to prepare movements does influence the tuning of
the control policy in function of task demands, we could
instead expect that changes in the control policy in response
to task demands would gradually increase with the amount
of time available.
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MATERIALS AND METHODS
Participants

Forty healthy subjects (29 females, 11 males, mean
age+SD = 21.1+2.0 yr) participated in this experiment.
Participants were right-handed according to the Edinburgh
Handedness Inventory (25) and free from neurological dys-
functions. All participants provided written informed consent
before the experiment. All procedures were approved by
SMEC (Sociaal-Maatschappelijk Ethische Commissie) of the
KU Leuven (G-2019 02 1536).

Setup

Participants sat in front of a robotic arm (Endpoint
Kinarm; Kinarm, Kingston, ON, Canada), and held the right
handle with their right hand. A force transducer was placed
below the handle to record the force applied by the hand
against the robot. The participant’s own right hand was hid-
den from view by a mirror that reflected the image of a moni-
tor placed above the mirror. The distance from the hand to
the mirror was equal to the distance between the mirror and
the display, making the cursor appear in the same position
as the participant’s hand. The computer that controlled the
robotic manipulandum stored hand position, velocity, and
force at 1,000 Hz for later offline analyses.

Protocol

Forced preparation time condition.

In a forced preparation time trial (Fig. 1A), participants first
moved the white hand cursor within the starting position
(red square of 0.36 cm?). After a period of 400 ms, four con-
secutive tones were played every 333 ms for a total time
interval of 1 s. Participants were instructed to start their
movement synchronously with the fourth tone. The target
always appeared at the same location (centered 15 cm
above the start position) at one of the 10 possible
instructed preparation times: between 594 and 1 ms before
the last tone, by steps of 66 ms. The target consisted of an
aperture within a white circle (Fig. 1B, radius of 15 cm, cen-
tered on the starting position). The size of the aperture
could be either narrow (1 cm) or wide (8 cm), and this tar-
get size varied randomly from trial to trial (50% of trials
within each block presenting each target size). The partici-
pants were instructed to bring the cursor outside of the
circle via the aperture and to stop their movements when
they were outside of the circle. During the movement, the
small cursor disappeared and was replaced by a white circle
that was centered on the starting position and whose radius
was equal to the distance between the hand and the starting
position. This expanding circle provided thus information
about the extent of the ongoing movement, but not about
its direction.

Crossing the 15 cm circle corresponded to the end of the
movement. At that time, the location of the hand (i.e., the
position of the unseen cursor) was recorded and displayed as
an imprint (small circle of radius of 1 mm), providing feed-
back on the end point for that trial. In the forced preparation
time trials, three pieces of information were provided as
feedback at the end of the trial. The color of the imprint indi-
cated whether the movement was too fast (shorter than
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Figure 1. A: trial organization: 7) Forced preparation time trials (forced condition). The participants had to first bring their hand cursor (white square) inside the
starting position (red square of 0.6 x 0.6 cm, represented by the black square). After having remained inside the start position for 400 ms, a series of four
beeps were delivered at a 333 ms interval for a total duration of 1s. The target appeared in one of the 10 possible forced preparation time during this interval.
Subjects were trained to start their movement at the time of the fourth beep. Their movement ended when they traveled 15 cm away from the start position
in any direction. At that location, an imprint was presented to provide participants with feedback about the accuracy of their movement. If the imprint was
within the target region delimited by the circle, this circle became green. The color of the imprint indicated to the participant whether they moved too fast (yel-
low), too slow (blue), or at the right speed (green). Finally, feedback about the timing of the start of the movement with respect to the first beep (in ms) was
presented to the participant just above the target region. A perfect timing corresponded to 1,000 ms. 2) free reaction time trials (free condition): after placing
their hand cursor within the starting position, participants waited between 1,000 and 2,600 ms for the display of the target. The target presentation was
accompanied by a beep. In response to this event, participants had to elicit a reaching movement to the target. As in the forced preparation time trials, they
then received feedback on movement accuracy and movement speed, but not on reaction time. B: target features: The target consisted of a white circle (ra-
dius of 15 cm) with a gap that was either narrow (1.0 cm) or wide (8.0 cm). The order of target presentation was randomly interspersed within each block, with
50% of trials being made to each target size. The center location of the target remained identical for all trials. During the reaching movement, the cursor dis-
appeared and was replaced by an expanding circle that was centered on the start position to provide feedback on the distance (extent) of the movement,
but not its direction. C: session schedule: participants first performed one practice block of free reaction time trials followed by two blocks of 100 free reaction
time trials. Then they performed 30 practice trials of forced preparation time trials followed by one block of 100 forced preparation time trials. After a break,
four more blocks of 100 forced preparation time trials were performed, followed by another break, and another four blocks of forced preparation time trials.
After the last break, one last block of forced preparation time trials was performed and two blocks of free reaction time trials.

300 ms, yellow imprint), too slow (longer than 500 ms, blue
imprint), or correct (green imprint). The location of the cur-
sor provided feedback about the accuracy of the movement.
If the cursor was within the aperture, the target circle turned
green. The time interval in milliseconds between the first
beep and the start of the movement was also displayed right
above the aperture to provide feedback about the timing of
the movement with respect to the first beep. A timing of
1,000 ms (1 ms after the fourth beep) would be considered
perfect. Additional verbal feedback was given by the exam-
iner to start earlier or later depending on whether they were
+75 ms from this target time. Participants earned one point
when the movement was accurate and one point when the
movement had the right speed.
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Free reaction time condition.

Free reaction time trials are a simplified version of the forced
preparation time trials. In these trials, once the participant
had brought their hand into the starting position, the target
appeared together with a beep after a delay of between 1,000
and 2,600 ms. Participants were instructed to start moving
as soon as possible after the appearance of the target. Once
the movement started, the free reaction time trials were
identical to the forced preparation time trials except that no
feedback about their reaction time was provided.

Perturbation trials.
A subset of forced preparation time and free reaction time
trials consisted of perturbation trials. During these trials, the
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hand was deviated from the center of the target by virtual
walls that were created by applying a stiff unidimensional
spring (spring stiffness: 1,000 N/m; viscosity: 10 N-s/m). The
two walls were not separated by any distance. Therefore, the
robot acted as a mechanical guide that directed the hand
2 cm to either the left or the right of the center of the target
and forced the hand into a straight line. The perturbation
started when the hand was still in the starting target and
lasted until the hand traveled 15 cm (and exited the circle).
At the end of these trials, the imprint was always displayed
in the center of the target to hide the fact that a perturbation
was applied. Given the use of the expanding circle during
the movement, no visual information about the perturbation
was provided to the participants.

Session schedule.

The session was divided into practice and experimental
blocks (Fig. 1C). Two practice blocks gave participants the op-
portunity to familiarize themselves with the task and to
make sure that the instructions were clearly understood.
Practice blocks were 30 trials long and contained no pertur-
bation trials. Data from these blocks were not analyzed.

Experimental blocks of free reaction time and forced prep-
aration time conditions contained 100 trials, 20% of which
included perturbations. To ensure that we had an equal
number of perturbation trials per target size (2 levels) and
instructed preparation times (10 levels), we created 10 differ-
ent forced preparation time blocks that contained a defined
trial order. The order of these 10 blocks was then randomized
for the different participants. These 10 blocks contained 10
perturbation trials and 40 unperturbed trials per instructed
preparation time and target size.

Each session began and ended with two blocks of free
reaction time trials. The first two experimental blocks were
preceded by a practice block and followed by one practice
and 10 experimental blocks of forced preparation time trials.
Short breaks were inserted after the first, the fifth, and the
ninth experimental block of forced preparation time trials to
allow the participants to stand up, stretch their arms and
legs, and to drink if necessary.

Data processing.

Data processing was based on the data processing used in
previous papers (3, 4). Our primary outcome was the force
applied against the perturbation when the hand was 13 cm
away from the starting position (perturbation trials only).
This outcome was obtained from the low-pass filtered force
profiles (second-order Butterworth filter with cutoff: 50 Hz).
For right perturbation trials, the perpendicular force was
sign-reversed to pool the data across perturbation direction.
For unperturbed trials, we measure the horizontal position of
the hand with respect to the straight trajectory connecting the
start position to the center of the target. This position is meas-
ured when the movement extent is 13 cm. All measures were
taken at 13 cm to ensure that trials where participants antici-
patively stopped before the target could be included. A strong
correlation (R > 0.8) between the lateral deviation at 13 cm
and at the end of the movement has previously been reported
(4). In an exploratory investigation of how early in the move-
ments the reported effects were present, values of the force
were also measured 2 cm, 4 cm, and 5 cm into the movement.
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The time of movement onset was measured in both per-
turbed and unperturbed trials based on a velocity threshold
of 2 cm/s. In both forced preparation time and free reaction
time trials, the reaction time corresponds to the time
between the appearance of the target and the start of the
movement.

Data processing was conducted in Matlab (readKinTiPR.m,
AnalyzeTiPR.m, and ExtractTiPR.m on the OSF page) to pro-
cess the raw data and extract the relevant parameters. Further
data processing steps were conducted in Python (Beep_vl.py
on the OSF page) to prepare the data for statistical analyses.

Data analysis.

Statistical analysis was carried out in R. R scripts to repro-
duce the statistical analysis are available on the OSF page:
doi: 10.17605/0SF.I0/8YAHE.

Analysis 1. This analysis aimed to compare the application
of the minimum intervention principle in forced preparation
time and free reaction time trials. We hypothesized that par-
ticipants would make more adjustments when reaching to
smaller target apertures compared with larger apertures.
Reaches to the smaller target would therefore show more evi-
dence of intervention (i.e., have lower lateral deviations and
higher applied forces) compared with reaches made to the
larger target. We predicted that this effect of target aperture
would be present for both forced preparation time trials and
free reaction time trials. Consequently, three outcomes were
examined: 1) the mean and 2) standard deviation of the lat-
eral deviation, and 3) the mean force applied against the
perturbation. These outcomes were submitted to a 2 x 2
ANOVA with the factors condition (forced preparation time
vs. free reaction time) and target size (narrow vs. wide) as
within-subject factors. The aov_car function from the afex
package (26) was used to fit the ANOVA model. The imple-
mented analysis can be found in the file FreevsForced_all.R
on OSF (doi: 10.17605/0SF.I0/8YAHE).

Analysis 2. A second analysis examined the effect of
preparation time on movement planning. We hypothe-
sized that either the time to compute an optimal move-
ment would be negligible (in which case we would see a
stepwise effect) or based on the available preparation time
(in which case we would see a gradual increase in changes
in the control policy over time). Analyses were conducted
examining the variables of 1) mean lateral deviation,
2) standard deviation of the lateral deviation, and 3) mean
force applied against the perturbation. These data were sub-
mitted to separate 2 x S repeated-measures ANOVAs with
the factors of target size (narrow vs. wide) and the available
preparation time, pooled across five intervals ([—-1,000 ms,
50 ms], [50 ms, 200 ms], [200 ms, 350 ms], [350 ms, 500 ms],
and [500 ms, 650 ms]). Greenhouse-Geisser correction was
applied because the sphericity assumption was violated
(degrees of freedom were then multiplied by GG epsilon).
Although we recognize that categorizing a continuous vari-
able is not optimal, this was necessary to be able to look at
the evolution of the standard deviation in function of prepa-
ration time. For the analysis of the force outcome, six partici-
pants were not taken into account because they did not have
datapoints in all preparation time categories. Analysis 3
deals with the preparation time as a continuous factor for
the force outcome. The implemented analysis can be found
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in the file AnalysisRTSub.R on OSF (doi: 10.17605/0SF.10/
8YAHE).

Analysis 3. To investigate the influence of reaction on the
force applied against the perturbation without discretizing
the preparation time variable, we used a linear mixed model
with force as dependent factor and target size as fixed effect
and reaction as continuous random effect. Because the influ-
ence of the preparation time on force could be subject-de-
pendent, we also added a random slope for the effect of
preparation time. This gave us the following model: Force ~
Target Size*Preparation Time + (Target Size*Preparation
Time | Participant). Preparation Time was z-normalized
before being entered into the mixed model using the scale()
function from R. This linear mixed model was fitted using
the “Ime4” package of R (27). The implemented analysis
can be found in the file MixModelForce_all.R on OSF (doi:
10.17605/0SF.I0/8YAHE).

Mean Comparison

Throughout the paper, mean comparisons were per-
formed with paired t tests. The results of these ¢ tests are pre-
sented in the figures. To account for the fact that we used
two (Fig. 4) or five comparisons (Figs. 5 and 7) per analysis,
we set the significance threshold to 0.01 for these analyses.

RESULTS

In this experiment, we asked participants to reach to ei-
ther a narrow or wide target while either asking them to initi-
ate their movement as quickly as possible (free reaction time
condition) or imposing a preparation time by requiring them
to initiate their movement in synchrony with the last beep of
a series of four beeps (forced preparation time condition). As
illustrated in Fig. 2, the participants were able to time their
movements in synchrony with the last beep although they
tended to slightly lead the go-cue by around 40 ms for short
preparation time to around 140 ms for longer instructed
preparation time. Therefore, participants tended to start
slightly earlier than the instructed preparation time, which
is consistent with previous studies (28, 29). Across all trials,
participants were able to time their movement to the go cue.
For the short preparation times (<330 ms), the movement
was initiated less than 100 ms before or after the go cue in
70% of the trials or more (from 68% for preparation time =
1 ms to 92% for preparation time = 264 ms). Given the earlier
movement initiation discussed earlier, the adherence plum-
meted for longer instructed preparation times, averaging
around 20% (from 25% for instructed preparation time of
396 ms to 15% for instructed preparation time of 594 ms).
Note that this does not influence the results presented below
as we took the actual preparation time (i.e., time between
stimulus presentation and the initiation of movement)
instead of the instructed one (time between stimulus presen-
tation and final tone). As can be seen in Fig. 2, the pattern is
very similar for both perturbed and unperturbed trials.

Before looking at the effect of preparation time on our out-
comes, we wanted to make sure that the overall behavior
was broadly consistent with the minimum intervention prin-
ciple. Following this principle, participants should have
lower error (i.e., have lower lateral deviation of the cursor)
for a narrow target than for a wide target and the variability
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of this error will be larger for wide than for narrow targets
(reflected by a lower standard deviation of the lateral devia-
tion of the cursor). In addition, it predicts that the force
applied against a perturbation will be larger for narrow than
for wide targets.

These predictions were confirmed in the participants pre-
sented in Fig. 3. In unperturbed trials (Fig. 3, A-C), this par-
ticipant guided his/her hand through the aperture in a swift
reaching movements. The intertrial variability is clearly
larger for the wide aperture (Fig. 3B) than for the narrower
one (Fig. 3A). Given that the participants had to move
through the aperture within a defined time interval, the
hand velocity was close to its maximum when the hand
reached the aperture (Fig. 3C). In some trials, a perturbation
diverted the hand away from the aperture (2 cm on the left
or right). This participant exerted a gradual increase in force
for both the narrow and wide targets and the force was larger
for the narrow target than for the wide one (Fig. 3D).

We measured the different outcomes (position error, vari-
ability and force) 13 cm into the movement as in our previous
publications (3, 4). In the free reaction time condition, when
movement preparation time was unconstrained, this dis-
tance was traveled in ~400 ms (perturbed trials: 396 + 4 ms,
unperturbed trials: 384 + 4 ms, means * SE). In the forced
condition, these timing remained unchanged (perturbed tri-
als: 408 + 5 ms, unperturbed trials: 398 + 5 ms, means * SE).
Figure 4A shows that the force was indeed larger for the nar-
row target than for the wide target [Analysis 1, main effect of
target size: F(1,39) = 84.25, P < 0.001]. The force applied in
the free reaction time condition was also larger than in the
forced preparation time condition [main effect of condition:
F(1,39) = 11.02, P = 0.002]. Even though the average force
across target was larger in the free reaction time condition
than in the forced preparation time condition, we did not
find evidence that this influenced the modulation of force by
the target size [interaction between target size and condition:
F(1,39) = 0.003, P = 0.96]. Importantly, we found a modula-
tion of force by target size both for the free reaction time
condition (Fig. 4B) and the forced preparation time condi-
tion (Fig. 4C) independently. In short, the behavior of the
participants followed the minimum intervention principle
in perturbed trials.

In unperturbed trials, the results were mixed. We did not
find evidence that the accuracy of the reach movement
(reflected by the position error; measured as the distance
between the center of the target and the final position of the
participant’s hand/cursor) was modulated by target size
[Fig. 4, D-F, Analysis 1: main effect of target size: F(1,39) =
0.13, P = 0.72]. Unexpectedly, participants were more accu-
rate in the forced preparation time condition than in the free
reaction time condition [main effect of condition: F(1,39) =
25.78, P < 0.001, means + SD for free response condition =
-0.39 + -0.36 cm, forced response condition -0.22 +
—0.23 cm), but the difference in accuracy was actually small
and represents a difference of less than 2 mm. This behavior
was not different for the narrow or wide target [interaction
between target size and condition: F(1,39) = 0.17, P = 0.68].
This suggests that the position error cannot reflect the imple-
mentation of the minimum intervention principle and will
not be investigated further. In contrast, we found that the
variability of the reach end point error was modulated by
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target size [Fig. 4G, Analysis 1: main effect of target size:
F(1,39) = 13.83, P = 0.0006] and by the condition [main effect
of condition: F(1,39) = 11.09, P = 0.002]. Interestingly, the
modulation of the variability of reach end point by target
size was more pronounced in the forced preparation time
condition (Fig. 4I) than in the free reaction time condition
[Fig. 4H, interaction between target size and condition:
F(1,39) = 8.89, P = 0.005]. Further analysis demonstrates
that, in the forced condition, the variability of the reach end
point error was larger for the wide target than for the narrow
target [t(39) = —6.23, P < 0.001, d = —0.99]. We did not find
evidence that this was the case in the free reaction time con-
dition [£(39) = —0.96, P = 0.34, d = —0.15].

Influence of Preparation Time on the Optimality of
Movements

Our key question is whether the amount of preparation
time that is given to the participants will influence the
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optimality of their movements. If preparation time influen-
ces this optimality, we expect that 1) the difference in force
between the narrow and wide targets will increase with lon-
ger preparation time and that 2) the difference in variability
of reach end point error between the narrow and wide targets
will also increase with preparation time.

Our first approach was to categorize the preparation time
of the individual trials into five different categories and to
see whether the optimality of the movement was influenced
by these categories (Fig. 5). We did not find any evidence
that the preparation time influenced the modulation of the
force applied for the two different target sizes [Analysis 2:
interaction between target size and preparation time cate-
gory: F(2.81,92.81) = 0.89, P = 0.44] even though there was a
clear modulation of the force by target size [main effect of
target size: F(1,33) = 48.95, P < 0.001]. As shown in Fig. 5,
more force was applied for the narrow target than for the
wide target for each preparation time category. Effect size
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Figure 3. lllustration of the behavior from one participant. Participants
were instructed to pass their hand through the aperture of a circle. The
aperture could be either narrow (4, 1.cm) or wide (B, 8 cm). A and B: repre-
sent the hand trajectory during the unperturbed trials from the first two
free-RT blocks. C: represents the velocity of the hand in the same unper-
turbed trials for the narrow (gray trace) and wide targets (orange trace).
D: represents the force exerted by the participant against the perturbation.

(Cohen’s d) of the effect of target size on the force was large
and ranged between 0.67 and 1.14. Interestingly, this effect
was also true for movement starting less than 50 ms before
the target appeared (Fig. 5B). In those movements, the move-
ment was initiated before the visual feedback about the tar-
get size could influence their control policy. Yet, by the end
of the movements, those movements were optimal.

To take the full spectrum of preparation time into account
and to avoid losing power due to the categorization of a contin-
uous variable, we ran a mixed model analysis on the force data
(Fig. 6, Analysis 3). As expected, the mixed model revealed a
strong effect of target size on the force applied against the per-
turbation [coefficient of the effect of target size: £(38.5) = —7.75,
P < 0.001] confirming earlier analyses. Again, there was no evi-
dence that preparation time influenced the modulation of
force by target size [coefficient of the interaction between tar-
get size and preparation time: ¢(336) = —0.307, P = 0.76]. Upon
close inspection of Fig. 6, there seems to be a small interaction
between preparation time and target size whereby the two
regression lines appear to diverge with preparation time. Yet,
this effect is too small to be detected despite the 40 partici-
pants and their 200 perturbation trials each.

Qualitatively similar results were obtained for the stand-
ard deviation of the reach end point error (Fig. 7). This out-
come was modulated by target size [Analysis 2: main effect
of target size: F(1,39) = 19.16, P < 0.0001], and we did not
find evidence that this modulation differed across prepara-
tion time categories [interaction between target size and
preparation time categories: F(2.13,83.39) = 1.31, P = 0.27]. In
contrast to our results with the force, the effect sizes were
much smaller, ranging from 0.14 to 0.82. In addition, the
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modulation of the variability of reach end point error with
target size did not reach significance for the early (earlier
than 50 ms) and late preparation time categories (later than
500 ms). Those are also the categories with the least number
of trials per participant, making the estimation of variability
more difficult.

In the outcomes reported up to now, force was measured
when the hand had traveled 13 cm. This measure of perform-
ance occurs around 400 ms after movement onset, leaving
ample time for online tuning. Yet, measuring the force earlier
in the movement further supports the finding that target size,
but not preparation time, influences the force applied against
the perturbations. Indeed, measuring it earlier (5 cm) into the
movement (around 230 ms after movement onset) does not
change any of the results. However, at that time, the size of
the perturbation is much smaller, reducing the signal-to-noise
ratio. Focusing on the force outcome measured at 5 cm, we
found that the modulation of the force by target size was
absent in the free reaction time condition [£(39) = —0.60, P =
0.5550, d = —0.09] but still present in the forced preparation
time condition [£(39) = 3.53, P = 0.0011, d = 0.56], yielding an
interaction between target size and condition [F(1,39) = 5.64,
P = 0.023]. This absence of difference in the free reaction
time condition is potentially due to the decreased signal-to-
noise ratio in that condition and to the lower number of trials
in free reaction time compared with forced preparation time.

As for the force measured at 13 cm, we submitted the force
values computed 5 cm into the movement from forced prep-
aration time condition to an ANOVA (analysis 2) and to the
linear mixed model to look at the effect of preparation time
onto the force. These analyses yielded qualitatively similar
results as at 13 cm in the forced preparation time condition
despite the time in the movement being much shorter.
When preparation time was separated into different catego-
ries (analysis 2), we found that target size influenced the
force applied by the participants against the perturbation
[main effect of target size: F(1,33) = 9.18, P = 0.005] but did
not find evidence that this difference was modulated by
preparation time [interaction between target size and prepa-
ration time: F(4,132) = 0.34, P = 0.85]. Similarly, in the mixed
model (analysis 3), target size modulated force at 5 cm
[¢(313.5) = —3.46, P = 0.0006]. We did not find any evidence
that preparation time influenced the difference in force
between the two target widths [£(3118) = —0.245, P = 0.81],
again consistent with the results at 13 cm.

These analyses are limited as it is not possible for us to
determine at what point and response to the perturbation
would begin to be implemented, and this could vary trial-by-
trial. However, we did not find any evidence that target
width influenced force outcomes when they were measured
at 2 or 4 cm in the forced preparation time condition [differ-
ent in force applied between the narrow and wide target
measured at 2 cm into the movement: t(39) = —1.24, P =
0.22,d = —0.2; measured at 4 cm into the movement: ¢(39) =
0.88,P=0.38,d = 0.14].

DISCUSSION

In the present study, participants were asked to reach
for either a narrow or wide target, initiating their move-
ment as quickly as volitionally possible (free reaction time
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Figure 4. Comparison of the free reaction time (RT) and forced preparation time (PT) conditions (n = 40 participants). First, second and third rows illus-
trate the force applied in perturbed trials (A for the comparison across conditions, B for the Free condition, and C for the Forced condition), the average
lateral deviation in unperturbed trial (D for the comparison across conditions, E for the Free condition, and F for the Forced condition), and the standard
deviation (SD) of the lateral deviation in unperturbed trials (G for the comparison across conditions, H for the Free condition, and / for the Forced condi-
tion), respectively. In the first column, the average outcome is represented for each target size and each condition. Individual datapoints represent the
individual datapoints of each participant. Second and third columns represent the average value of the outcomes for the narrow target (horizontal axis)
versus the wide target (vertical axis) in the free reaction time and forced preparation time conditions, respectively. Each datapoint represents the aver-
age of the outcome for an individual participant. For the force, points under the diagonal are consistent with the minimum intervention principle. For the
standard deviation of the error, individual points above the diagonal are consistent with this principle. Statistics above the panels reflect the outcome of
paired t test between the values for the wide target versus the values for the narrow target. Blue areas correspond to areas compatible with the mini-
mum intervention principle.

condition), or in a manner that allowed us to experimentally  their behavior generally followed the minimum intervention
manipulate the time they had available to prepare their principle; they applied greater forces and were more accu-
movement (forced preparation time condition). Across both  rate for narrow targets, while the variability of their end
conditions, when participants experienced a perturbation, pointerror was greater for wide targets.
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In contrast to our expectation, the modulation of force
with target width did not change in function of the
amount of time participants were given to prepare their
movements in the forced preparation time condition.
Strikingly, even when the movement started before the
information on target width was presented, participants
were able to modulate the force applied against the per-
turbation and when preparation time was unconstrained.
That is, we did not observe any difference in the adapta-
tion of the control policy to task constraints when the
control policy was tuned during movement planning or
during ongoing movement. Together, these results sug-
gest that the tuning of the control policy is instantaneous
and can occur both during movement preparation and
execution. Note that the tuning of the control policy
could take different forms, and we are agnostic to which
form is being implemented. Adaptation to a change in
task demands could be implemented by a tuning of the
feedback gains of the control policy (19, 30), a change in
impedance control (using muscle co-contraction for
instance, 31, 32) or a combination thereof.

How Long Does It Take to Tune the Control Policy?

Our present results are consistent with the proposal that
the tuning of the control policy to task demands does not
impact reaction time; while participants had more time
available to prepare their movements in forced preparation
time trials with long preparation times, the movements they
performed did not differ significantly from those performed
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with shorter preparation times. This is broadly consistent
with previous theories of movement preparation (1), which
suggest that movement preparation does not affect reaction
time.

Yet, this does not mean that the tuning of the control policy is
instantaneous. It is possible that the movement is being initi-
ated while the tuning of the control policy is not fully finished
but that this can occur during ongoing movement. A modeling
effort on understanding movement preparation suggests that
this can be the case (33). In addition, previous studies have dem-
onstrated that it is possible to adapt the tuning of the control
policy during ongoing movement (16-18), yet is currently
unclear how much time this takes. De Comite and colleagues
(17) showed that the tuning of the control policy representing
the adaptation of the control policy to the task demands was
completed within 150 ms. Given visuomotor delays, they esti-
mated that it takes 50 ms to update the control policy during
ongoing movement. Yet, the timing was not systematically
investigated in this task. In a postural task, Yang and colleagues
systematically vary the timing of the presentation of task
instruction and found that long-latency stretch reflexes can
reflect the right instruction within 90 ms of its presentation (21).
Our data do not allow us to estimate the amount of time neces-
sary to adjust the control policy more accurately than in the pre-
vious studies. Indeed, we do not know when the perturbation
was detected by the brain (or whether it was detected at all) as
the size of the perturbation increases gradually with the dis-
tance traveled by the hand. If we hypothesize that it takes 50—
100 ms for the brain to detect the perturbation, that on average
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control policy to task demands. Yet, this experiment is not
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of this estimate and future studies based on EMG should es-
tablish this time more precisely.
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Why is This at All Surprising?

Both the theory (1) and previous research (17) suggested
that it took little time to adjust the control policy to the con-
trol policy. The framework of Wong et al. (1) even predicted
that it would not affect reaction time. Yet, we were willing to
confirm this experimentally because of the existence of a
switching cost for switching between two control policies
(4). When wide or narrow targets are presented for many tri-
als in a row, the force exerted against a perturbation is more
influenced by target width than when target width varies
from trial to trial (3, 4). This suggests that adapting the con-
trol policy to task demands is an effortful process, yet this
effortful process does not impact reaction time as is typical
for switching cost in the cognitive domain (5).

Does Motor Planning Actually Exist?

A surprising result of our study is that there was abso-
lutely no advantage in tuning the control policy before
movement onset compared with during movement execu-
tion. That is, the tuning of the control policy was similar
for trials where the movement started after the presenta-
tion of the target and for those where the movement was
initiated before the visual information about target width
was displayed. This is consistent with the idea that there
can be a large overlap between planning and execution

242

(34, 35) and that movements can be initiated before move-
ment preparation is finished (23). One can also prepare
the next movement during ongoing movement (36). Yet,
the present result and the aforementioned studies ask the
question whether the computation of the -optimal- motor
control policy is actually part of the motor planning stage,
or whether this embedding results from the use of delayed
reaching task paradigms where movement planning and exe-
cution are artificially separated. Indeed, comparing delayed to
quasiautomatic reaches, Lara and colleagues (34) suggested
that the motor preparatory stage was present for both types of
trials but that the motor preparatory stage was taking very little
time in quasiautomatic reaches. They estimated that the motor
preparatory stage could take as little as 40 ms, which would be
undetectable in the present experiment. In summary, the pres-
ent study adds to a series of recent results that demonstrate
that the separation between motor planning and motor execu-
tion is not as discrete as was once thought and that the motor
preparation stage can happen during movement.

How Does This View Fit with Motor Preparation in the
Brain?

In the motor cortex, preparation and execution of move-
ments are well segregated at the neural levels. In the dynam-
ical system framework (37), motor preparation results in
setting the population state at a given point reflecting the
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initial conditions (38) that are followed by rotational dynam-
ics linked to movement execution (39). In addition, neural
activity linked to movement preparation and execution lives
in orthogonal subspaces (40). In the idea that movements
can be initiated before motor preparation is fully completed,
it has been reported and theorized that different endpoints
in movement preparatory activity can be reached when
movement are initiated without loss of movement accuracy
(33, 41). Even with quasiautomatic movements, the motor
preparation stage takes place but partially overlaps with
movement execution (34). Yet, it is unclear how modula-
tion of the control policy by task demands will influence
these mechanisms. Would a change in the control policy
be reflected in different neural activity in preparatory
dimensions, or in different rotational dynamics/move-
ment execution dimensions?

The efficacy of measurements of performance in forced
preparation time conditions is critically dependent upon
participant’s adherence to task instructions. In the present
experiment, participants were generally able to time their
movements in synchrony with the last tone, but tended to
start slightly earlier than the instructed time with the forced
preparation time was longer. Informal examination of prior
experiments indicates that participants are more likely to
delay the initiation of their movements when a very short
time to prepare an action is imposed (Hardwick et al., (42),
Vleugels et al., (29)).

In conclusion, the present study indicates that increasing
the amount of time available for movement preparation
does not lead to significant differences in movement plan-
ning. This is consistent with previous work which suggests
that motor plans can be generated almost instantaneously.
Moreover, our results indicate that movements prepared
volitionally (in free reaction time conditions) and with lim-
ited time (in forced preparation time conditions) are broadly
equivalent, as both are in general accord with the principles
of optimal control. These results point to the fact that the
frontier between movement planning and execution is not
as clear as is often depicted.
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