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Abstract
People adjust their on-going movements to changes in the environment. It takes about 100 ms to respond to an abrupt change 
in a target’s position. Does the vigour of such responses depend on the extent to which responding is beneficial? We asked 
participants to tap on targets that jumped laterally once their finger started to move. In separate blocks of trials the target 
either remained at the new position so that it was beneficial to respond to the jump, or jumped back almost immediately so 
that it was disadvantageous to do so. We also varied the target’s size, because a smaller, less vigorous adjustment is enough 
to place the finger within a larger target. There was a systematic relationship between the vigour of the response and the 
remaining time until the tap: the shorter the remaining time the more vigorous the response. This relationship did not depend 
on the target’s size or whether or not the target jumped back. It was already known that the vigour of responses to target 
jumps depends on the magnitude of the jump and on the time available for adjusting the movement to that jump. We show 
that the vigour of the response is precisely tuned to the time available for making the required adjustment irrespective of 
whether responding in this manner is beneficial.

Keywords  Online control · Interception · Movement time · Perturbation · Optimal control

Goal-directed movements are under continuous control to 
ensure that they reach their target as precisely as possible 
(reviewed in Brenner and Smeets 2018). This is important 
for dealing with changes that occur during the movement, 
for instance because someone pushed your arm or a gust of 
wind moved the ball you were about to hit. It is known that 
movements are quickly adjusted in response to unexpected 
mechanical perturbations (Smeets et al. 1990) as well as to 
sudden displacements of the target of the action (Goodale 
et al. 1986), or even of nearby obstacles (Aivar et al. 2008). 
Such fast adjustments are made more or less automatically, 
even when they are not needed (Pisella et al. 2000; Vou-
douris et al. 2013). The vigour of fast responses to a target 
being displaced is known to depend on the magnitude of the 
displacement and on the time that is available for making the 

adjustment (Oostwoud Wijdenes et al. 2011; Zhang et al. 
2018), but considering further factors might also help opti-
mize the movement (Liu and Todorov 2007; Todorov 2004; 
Todorov and Jordan 2002).

We sought for evidence that adjustments are tailored to 
more factors than the magnitude of the target displacement 
and the time available for dealing with the displacement. 
In particular, we evaluated the influences of target size and 
recent experience in coping with target displacements. It is 
not necessary to adjust a movement to a large target as much 
as one to a small target, because a large target can be reached 
with a smaller adjustment (Knill et al. 2011). We therefore 
examined whether the response was less vigorous when the 
target was larger. Moreover, it makes sense to fine-tune the 
vigour of the response on the basis of recent experience. 
We therefore also investigated whether responses to a sud-
den displacement of the target of a goal-directed movement 
were less vigorous if on previous trials the target consistently 
moved back to its original path shortly after it was displaced. 
We compared responses to target displacements in blocks of 
trials in which the target moved back with responses to target 
displacements in blocks in which it did not. In the former 
case there was no need to correct the movement, whereas in 
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the latter it was necessary to do so. By regularly switching 
between these two circumstances we hoped to get an idea 
of how quickly experience can influence the response to a 
sudden target displacement.

Methods

Participants and sessions

Ten naïve adults (one female, nine male) took part in the 
experiment after signing an informed consent form in 
accordance with the approval of the ethical review board. 
Participants took part in two sessions, each consisting of 12 
blocks of 20 trials. Within each block the target jumped left-
ward on ten trials and rightward on the other ten trials, in a 
random order. In alternating blocks of trials, the target either 
remained on its laterally displaced path or jumped back to 
its original path after 150 ms. The first two blocks of trials 
within each session were not analysed. They were included 
to ensure that the remaining five pairs of blocks started with 
a similar history and also gave participants a chance to get 
accustomed to the task. All sessions started with a block in 
which the target remained on its laterally displaced path. 
Within each session all targets had the same size, but target 
size differed between the two sessions. The order of the ses-
sions was counterbalanced across participants. There was a 
short break between the two sessions. Participants were not 
informed about the block structure of the sessions. Neither 

were they warned that the circumstances were about to 
change at the transitions between blocks.

Equipment

Participants stood in front of a large screen (Techplex, 
1.25 × 1 m; slanted 30° backwards) onto which images were 
back-projected at 120 Hz (800 × 600 pixels). The position of 
an infrared marker attached to the nail of the index finger of 
the participants’ preferred hand was tracked at 500 Hz using 
an Optotrak 3020 system. The marker’s position was related 
to positions in the image on the screen on the basis of a 
simple four-point calibration that was conducted before each 
session. To synchronize the timing of the marker positions 
with the timing of changes in the image, the Optotrak also 
recorded the position of a second marker that was attached to 
the side of the screen. This marker briefly stopped emitting 
infrared light so that its position was registered as ‘missing’ 
when a light-sensor registered a flash that was presented 
at the top left corner of the screen at the moment that the 
target jumped.

Procedure

Each trial started with a 50 cm long horizontal black line 
and a starting point (a 1.5 cm diameter black disk) being 
presented on a 115 × 88.5 cm grey background (Fig. 1A). 
The starting point was presented at the centre of the lower 
part of the screen. When participants were ready for the trial, 
they placed their finger on this starting point (Fig. 1B). Once 
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Fig. 1   Schematic representation of a trial. A A starting point and 
a horizontal black line appear on the grey background. B Partici-
pants start the trial by placing their finger at the starting point. C 
After some time the starting point disappears and the moving target 

appears. D As soon as the participant lifts his or her finger the target 
jumps 2.6 cm laterally, either to the right (as shown) or to the left. E 
On half the trials the target jumps back to its original path. F On the 
other half it remains on the laterally displaced path
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they had kept their finger at the starting point for a randomly 
chosen duration of between 600 and 1200 ms, a moving 
target appeared 48 cm above the starting point (Fig. 1C). 
The target was a black disk that could have a diameter of 
3 cm (large target) or 1.5 cm (small target), and was always 
moving downward at 10 cm/s. The participants’ task was to 
tap on the target before it reached the horizontal line. The 
horizontal line’s vertical position was adjusted to the size of 
the target so that the target’s leading edge would reach the 
line after 800 ms (consequently, the line was 9.5 cm below 
the position at which the target appeared when the target was 
large, and 8.75 cm below the position at which the target 
appeared when the target was small).

As soon as participants lifted their finger more than 5 mm 
from the screen, the target jumped 2.6 cm to the left or to 
the right (Fig. 1D) while continuing to move downwards. 
In half of the blocks, the target jumped back to its original 
path after 150 ms (Fig. 1E). In the other half of the blocks 
it remained on the laterally displaced path (Fig. 1F). In all 
cases, it continued to move until it was tapped (or was not 
tapped within 500 ms of the finger starting to move, which 
was about when the target reached the line). A tap was char-
acterized by the acceleration of the finger being more than 
50 m/s2 in the direction away from the screen. If the marker 
on the finger was within the bounds of the target at the time 
of a tap, the finger was considered to have hit the target. If 
so, the target stopped moving and a sound indicated that the 
trial was successful. If the finger missed the target, the target 
moved away from the finger at 1 m/s.

Analysis

To see how performance changed within blocks of trials, 
we divided the 20 trials of each block into ten pairs of two 
trials by combining the first trial with a leftward jump with 
the first trial with a rightward jump, the second trial with a 
leftward jump with the second trial with a rightward jump, 
and so on. We determined the measures of interest for each 
sequential pair of trials, and then determined the median 
values for each pair in the sequence across the 5 replications 
of each block for each participant. We present means and 
standard errors of the resulting values across the ten partici-
pants. As general measures of performance we examined the 
fraction of targets that were hit and the median time taken 
per tap. The time it took to tap was the time between when 
the target appeared and when a tap was detected.

We were mainly interested in the vigour of the response 
to the (first) target jump. The target jumped laterally, orthog-
onal to the direction from the starting point to where the 
target appeared and therefore to the finger’s main move-
ment direction. The finger’s lateral movement was there-
fore almost exclusively determined by the response to the 
jump. To account for the fact that movements can be curved, 

irrespective of the target jumping, we compared the lateral 
movements in pairs of trials in which the target jumped left-
ward and rightward. Since the direction of the jump was 
randomized, participants could not predict the direction of 
the jump, so any systematic difference between lateral move-
ments after leftward and rightward jumps must be a response 
to the jump.

We quantified the vigour of the response as the peak lat-
eral acceleration of the finger in the direction of the target 
jump. To determine this value, we first determined the lat-
eral acceleration of the finger at each moment from the first 
target jump. We did so with a second order Savitzky–Golay 
filter that was applied to all position samples within 20 ms 
of each measured sample: the fit coefficient of the quadratic 
term of a second order polynomial that was fit to a moving 
window of 21 measured values was assigned to the time 
of the central measured value. Having determined how the 
lateral acceleration changes with time for each trial, we then 
subtracted the lateral acceleration after the leftward jump 
from the lateral acceleration after the rightward jump within 
each pair of trials.

To visualize how the finger approached the target we 
determined the change in the finger’s lateral position as a 
function of the time before the tap. We determined the differ-
ence between the lateral positions of the finger for leftward 
and rightward target jumps, but halved the value so that the 
scale could be related to the size of the target. To relate the 
vigour of the response to the time available for adjusting 
the movement we determined the time from when the (first) 
jump occurred until the tap. We call this the remaining time. 
All analyses, except those comparing participants, were con-
ducted separately for the large and small target and for each 
pair of trials in the sequence.

Data

There were 4000 trials: 400 for each of the 10 participants. 
All these trials were considered when determining the frac-
tion of targets that were hit. For all other measures there 
were trials that could not be considered. The finger did not 
move towards the target at all on 5 trials. Since this meant 
that the target never jumped, they could not be used to deter-
mine the difference in lateral acceleration after leftward and 
rightward target jumps or the vigour of response. As the 
analysis was based on pairs of trials this left us with 3990 of 
the 4000 trials for these measures. Measures that relied on 
the time of the tap were more problematic. On some trials 
the end of the movement was not detected during the experi-
ment because the participant tapped too gently or rotated 
their finger (and thereby the infrared marker) away from 
the Optotrak cameras during the movement. Moreover, the 
finger marker recording stopped if the participant did not hit 
the target in time.
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To determine how the lateral position of the finger 
depends on the time before tap we had to know the precise 
moment of the tap on every trial that we wanted to consider, 
so we had to exclude 450 trials (including the 5 in which the 
finger did not move at all), leaving us with 3550 trials. For 
the time taken per tap and the remaining time we only need 
to know the median value across the 5 replications, so rather 
than excluding trials for which the end of the movement 
was not detected we estimated the moment of the end of the 
movement for such trials. When participants tapped too gen-
tly they did not receive feedback about their tap, but the time 
of the tap could be estimated from the recordings: we used 
the moment the finger stopped moving towards the screen. 
For the remaining trials we used linear extrapolation of the 
final part of the finger’s movement to estimate the moment 
of the tap. If this estimate was less than 50 ms after the last 
valid marker recording we considered this estimate to be the 
moment of the tap. On 148 trials (including the 5 in which 
the finger did not move at all) the finger did not appear to 
have almost reached the screen when the recording ended or, 
on very few occasions, the marker was hidden from view for 
quite some time as it approached the screen. In these cases 
the time taken per tap and the remaining time were assigned 
extremely large values. Since we used median times in our 
analyses the precise value is irrelevant; these values were 
never the median value. We could determine the difference 
in lateral acceleration for all taps except those in which the 
finger did not move at all, because for this we only need to 
know the moment of the jump (not of the tap).

Results

Not surprisingly, participants hit more of the larger tar-
gets. They also took less time to do so (compare large 
and small symbols in Fig. 2). Participants hit more targets 
when the target remained displaced so that an adjustment 
was required (Fig. 2A), than when the target jumped back 
so that no adjustment was required (Fig. 2B). This was not 
because participants moved slower when they had to adjust 
the movement, because the time it took them to tap was 
shorter when the target remained displaced (Fig. 2C) than 
when the target jumped back (Fig. 2D). Both the fraction 
of targets hit and the time taken per tap changed systemati-
cally within each block. The fraction of targets that were 
hit increased during each block. The time taken per tap 
started near the final value of the previous block: the left-
most values in Fig. 2C are similar to the rightmost ones 
in Fig. 2D, and the leftmost values in Fig. 2D are similar 
to the rightmost ones in Fig. 2C. The time taken per tap 
gradually decreased when the target remained displaced, 
and it gradually increased when the target jumped back. 
The fraction of targets hit was lowest when the target first 

remained displaced after having jumped back on the pre-
ceding 20 trials (open red symbols in Fig. 2A), although 
participants moved quite slowly on such trials (high value 
of time taken per tap in Fig. 2C). The increase in the frac-
tion of hits in the subsequent trials was accompanied by an 
increase in speed (a decrease in time taken per tap), so this 
is not just a shift in the speed-accuracy trade-off.

The reason for fewer targets being hit at the beginning 
of a new block of trials is presumably that it takes partici-
pants a few trials to attune their response to the new cir-
cumstances. If it is the vigour of the response that changes, 
we might expect the finger not to move far enough to reach 
the target within the remaining time when the target unex-
pectedly remains displaced, and maybe to move so far in 
response to the first jump that it can no longer reach the 
original position within the remaining time when the target 
unexpectedly jumps back after 150 ms. To judge whether 
this is why participants missed many targets at the begin-
nings of new blocks, we plotted the lateral position of the 
hand as it approached the target. During the first pair of 
trials in which the target remained displaced, participants 
systematically adjusted too little, failing to fully account 
for the target jump (red curves in Fig. 3A, C) During the 
first pair of trials in which the target jumped back they 
responded too strongly to the first jump or too little to 
the jump back (or both; red curves in Fig. 3B, D). By the 
second pair of trials the finger ends close to the centre of 
the target. During the blocks of trials in which the target 
jumps back, the amplitude of the finger’s deviation appears 
to gradually decline as the sequence progresses (Fig. 3B, 
D). Thus, there is some indication that the vigour of the 
response is adjusted to the circumstances.

To test the idea that response vigour is adjusted to the 
circumstances more directly, we turn to the lateral accel-
eration of the hand as a function of the time from the jump. 
The way in which the lateral acceleration changed during 
the two kinds of blocks was more or less consistent with 
the response vigour being adjusted to the circumstances. 
In the first trials in which the target remained displaced the 
response was less vigorous than on subsequent trials, irre-
spective of the target size (the bright red traces in Fig. 4A, 
C peak at a lower difference in acceleration). In the first 
trials in which the target jumped back the response was 
more vigorous than on subsequent trials (bright red traces 
in Fig. 4B, D). After the first pair of trials, the response 
was clearly less vigorous when the target jumped back 
than when it did not, which is consistent with the idea 
that the vigour of the response is regulated on the basis of 
the expectation that the target will behave as it had in the 
recent past. The vigour of the response quickly increased 
when the target stopped jumping back (Fig.  5A) and 
decreased once it started doing so again (Fig. 5B).
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Contrary to our expectation, the responses were more vig-
orous for the larger target. When a response was required 
because the target remained displaced, the peak difference in 
lateral acceleration was higher for the large target (Fig. 4C) 
than for the small one (Fig. 4A). When no response was 
required because the target jumped back, the peak difference 
in lateral acceleration was also higher for the large target 
(Fig. 4D) than for the small one (Fig. 4B). Not finding less 
vigorous responses for the larger target is understandable on 
the basis of Fig. 3, because participants did not adjust the 
movement to a lesser extent when the target was larger. In 

all cases, they appeared to adjust their movements such that 
they would reach the target centre. Finding more vigorous 
responses for the larger target is consistent with the time 
taken to tap being shorter for the larger target (Fig. 2C, D). 
With less time left to make the necessary adjustments, the 
adjustments need to be more vigorous. It is known that the 
response vigour to step changes in target position is larger 
when there is less time available to make the necessary 
changes (Liu and Todorov 2007; Oostwoud Wijdenes et al. 
2011; Zhang et al. 2018). Could such a change in timing 
account for all the changes in response vigour in Fig. 5A, B?
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Fig. 2   General measures of performance. Symbols indicate sequen-
tial pairs of trials within a block, where the first pair consists of 
the first leftward and first rightward jump, and so on. Target size is 
indicated by the size of the symbols. Error bars are standard errors 
across the ten participants’ values. The fraction of targets that were 
hit was larger for large targets, and increased during blocks of trials 

both when the target remained displaced (A) and when it jumped 
back to its original position (B). The time taken per tap (irrespec-
tive of whether the target was hit) was shorter for large targets. It 
decreased during blocks in which the target remained displaced (C) 
and increased in the blocks of trials in which the target jumped back 
to its original position (D)
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Plotting the vigour of the responses as a function of 
the remaining time (Fig. 5C), rather than as a function of 
the position within the block (Fig. 5A, B) reveals that the 
response is clearly less vigorous when there is more time. 
A systematic relationship between vigour of response and 
remaining time can account for the differences that we 
observed between blocks of trials with targets of different 
sizes (large and small symbols) as well as blocks of trials 
in which the target did or did not jump back to its original 
path (filled and open symbols). This relationship also cap-
tures the changes within the blocks (different colours of the 
same symbol): the particularly low vigour of responses for 

the first pair of targets that remained displaced was accom-
panied by a correspondingly long remaining time (bright 
red open symbols). Figure 5D shows that the same system-
atic relationship between vigour of response and remaining 
time is also evident when comparing performance across 
participants.

If response vigour is modified to perform the required 
adjustment within the remaining time, the actual relation-
ship between the two must be curvilinear. However, the 
range of measured values for remaining time is limited, 
so we approximated the relationship within this range by 
fitting a straight line to the data (Fig. 5C). Since there is 
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during the final part of the movement. Each curve shows half the 
mean difference between the finger’s lateral positions after the target 
jumped to the right and after it jumped to the left. We plot half the 
difference because this represents the change in position in response 
to a single 2.6 cm target jump. The change in lateral position is shown 
as a function of the time before the tap. Each curve represents a cer-
tain pair of trials in the sequence (colour coded). The background 

colour indicates whether the target jumped back. The thick vertical 
lines represent the target at its final position (note that the large target 
extends beyond the limits of the panels). The continuous horizontal 
lines represent the final position of the target centre. The dashed hori-
zontal lines represent the initial position of the target centre (in A and 
C) or the position that the target jumped to before jumping back (in B 
and D)
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uncertainty in both variables, we used an orthogonal fit 
that minimizes the sum of the squared distances to the 
symbols, rather than a standard linear regression. Since the 
two measures have different units, we expressed the dis-
tances in terms of the corresponding standard deviations 
for doing the fit. A single linear relationship describes 
all the data quite well (solid black line). Performing the 
fit separately for the small and large targets (grey dotted 
lines) yields very similar results, so target size does not 
affect response vigour directly. The only tendency that is 
not explained by this relationship is that the responses to 
targets that will jump back (solid symbols) depend to some 
extent on their position in the sequence: early responses 
(red) are more vigorous than late ones (blue).

Discussion

Our goal was to determine whether target size and recent 
experience with target jumps influence the vigour of 
adjustments to goal-directed movements. To achieve this, 
we had participants place their finger at a starting point 
at the bottom of a screen and then intercept targets that 
moved downwards towards that position from the top of 
the screen. They had to tap on the target before it reached 
a horizontal line. Once the finger left the starting point 
the target jumped to the left or to the right. We compared 
responses to identical jumps of large and small targets 
in blocks of trials in which the target either remained 
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small target (A, B) than for the large one (C, D)
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displaced, or jumped back very soon after its first jump. A 
smaller and therefore less vigorous adjustment would have 
sufficed to hit larger targets, because there was no need to 
hit the centre of the target. However, we found more vigor-
ous responses for larger targets. When the target remained 
displaced, it was beneficial to respond to the jump. When 
the target jumped back, it was disadvantageous to respond 
to the first jump. We found that, after the first trials of 
each block, responses were indeed more vigorous when 
the target remained displaced than when it jumped back. 

However, all the observed changes in response vigour 
could be explained by the response being more vigor-
ous when there was less time left in which to make the 
required adjustments (Fig. 5C, D). Thus, it seems that we 
can conclude that the vigour of adjustments only depends 
on the magnitude of the jump and on the remaining time 
to make the adjustment. The similarity between the dot-
ted lines in Fig. 5C shows that the relationship between 
response vigour and remaining time does not depend on 
the target size, even if each measure on its own clearly 
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across the ten participants’ values. C The vigour clearly depended 
on the time between jump and tap. Symbols correspond to those in 
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here each symbol shows a participant’s overall mean value rather than 
a different kind of target. The solid line is a fit to these symbols. The 
dashed line is the overall fit from C 
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does (for larger targets the response is more vigorous and 
the tap takes place sooner). That the same relationship 
between response vigour and remaining time is observed 
when comparing participants rather than experimental cir-
cumstances (Fig. 5D) supports the idea that the vigour of 
the response is primarily determined by this relationship.

The vigour of the response appears to be slightly higher 
during the first than during the last trials of blocks in 
which the target jumped back, even when differences in 
the time that elapsed between the target jump and the tap 
are taken into account (solid red and blue symbols tend 
to be above and below the line, respectively, in Fig. 5C). 
This might be a coincidence, but even if the response is 
slightly more vigorous during the first trials, we need not 
conclude that other factors than the magnitude of the target 
jump and the remaining time influence response vigour. A 
small apparent influence is easily explained by nuancing 
the idea that the vigour of adjustments is determined by 
the remaining time. On the first trial in which the target 
jumps back the participant does not know that it will do so, 
so the vigour of the response to the first jump is presum-
ably determined by the expected movement time under the 
assumption that the target will remain at its new position. 
When the target jumps back the duration of the movement 
is longer (Fig. 2D). The increase in duration must be a 
response to the second displacement, so it cannot influ-
ence the response to the first jump, making the response 
to the first jump more vigorous than is appropriate for 
the remaining time as determined using the actual time of 
the tap. Thus, it is not that the response is exceptionally 
vigorous, but that the remaining time is underestimated. 
Following this reasoning, the solid red symbols in Fig. 5C 
are further to the right than they should be, so the fit line is 
slightly too shallow. Correcting for this would give a line 
that is even closer to the one for the differences between 
participants (Fig. 5D). We conclude that the vigour of the 

adjustment is determined by the expected remaining time 
at the moment at which the response is initiated.

To confirm that the (expected) remaining time deter-
mines the vigour of the response, rather than both the time 
taken to tap the screen and the vigour of the lateral response 
being determined by a general tendency to act faster under 
some circumstances, we conducted two additional post-hoc 
analyses. First, we examined the relationship between the 
vigour of the lateral response and the reaction time. As our 
measure of reaction time we used the time until the first 
target jump, so this value includes the time it took to move 
the finger 5 mm from the screen and the delay between the 
movement being detected and the displaced target being pre-
sented on the screen. The vigour of the response does not 
evidently depend on the reaction time (Fig. 6A). Since the 
target reaches the horizontal line 800 ms after the reaction 
time, this analysis also confirms that it is the time until the 
tap rather than the time until the target reaches the horizontal 
line that determines the vigour of the response. Secondly, we 
examined the relationship between the vigour of the lateral 
response and the peak acceleration in the main movement 
direction (upwards along the screen). The lateral response 
is orthogonal to the main movement direction, so the two 
accelerations are not automatically related, but it is con-
ceivable that the lateral acceleration would be scaled to the 
acceleration in the main movement direction. However, this 
does not seem to be the case (Fig. 6B). Thus, we are confi-
dent that it is really the remaining time that is considered.

In trials in which the target jumped back there were two 
target jumps to respond to. We only analysed the vigour of 
the response to the first target jump, because our goal was to 
compare the response to the same target jump across blocks 
of trials in which the target remained displaced or jumped 
back. We saw that participants did not stop responding to the 
first target jump when exposed to targets repeatedly jump-
ing back (Fig. 4B, D). We also saw that the finger ended up 

Fig. 6   Alternative measures 
correlate less well with the 
vigour of the response. A Vig-
our of the lateral response as a 
function of the reaction time. B 
Vigour of the lateral response as 
a function of the peak accel-
eration in the main movement 
direction
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near the centre of the target on most trials in which the target 
jumped back (Fig. 3B, D). When the target jumped back 
there was therefore obviously also a response in the opposite 
direction that corrected for the finger’s lateral response to 
the initial target jump. The reason that this second response 
is not visible in Fig. 4 is that it started about 100 ms after 
the target jumped back, so about 250 ms after the first target 
jump (because the target jumped back after 150 ms), which 
is just beyond the time scale of Fig. 4. The movement time 
was longer when the participant expected the target to jump 
back (Fig. 2C, D). This is probably not only because the 
movement slowed down when the finger responded to the 
target jumping back, because the peak acceleration in the 
main movement direction already seems to be lower when 
the target jumped back (solid symbols further left than open 
symbols in Fig. 6C). Thus, the movement time was adjusted 
to the fact that the target jumped back, despite the fact that 
not responding to the jump would probably have made it 
possible to move faster.

Franklin and Wolpert (2008) also conducted a study com-
paring response vigour when it was either advantageous or 
disadvantageous to respond. In their study, participants 
moved a cursor to a static target. Participants could not see 
their hand, but saw a cursor that followed their unseen hand. 
In one condition the cursor shifted away from the hand so 
that a response was required for the cursor to reach the tar-
get. In another condition the cursor initially shifted away 
from the hand but then shifted back so that any response to 
the initial shift made it necessary to later move back in the 
opposite direction. Contrary to our findings, Franklin and 
Wolpert (2008) found much less vigorous responses when 
it had been disadvantageous to adjust the movement on pre-
ceding trials. An obvious difference between the two studies 
is that we shifted the target whereas they shifted a cursor 
representing the hand. Although these manipulations may 
seem equivalent, the responses to the two kinds of shifts 
are known to differ (Brenner and Smeets 2003). Responses 
to shifting a cursor may be more malleable because one 
can rely on haptic as well as visual information about the 
position of one’s hand. Just as haptic feedback at the end 
of a movement can influence the relative weights given to 
two conflicting visual cues when they are combined (Ernst 
et al. 2000; van Beers et al. 2011), the weight given to visual 
information about the moving hand might be reduced when 
it is advantageous to ignore such information. Such reduced 
weight would result in a less vigorous response to perturba-
tion of the cursor’s position. Since vision provides the only 
source of information about a target’s position one cannot 
reduce the response to perturbation of a target’s position by 
relying on other cues. Another potentially relevant differ-
ence between the studies is that the target was moving in 
our experiment, so that participants could not simply repro-
duce the previous movement when the target jumped back 

to its original trajectory. Yet another potentially relevant 
difference is that participants had to move much faster in 
the present study (movement times of about 400 ms rather 
than about 700 ms), which may have prevented them from 
exploring better strategies. It has even been suggested that 
different mechanisms are recruited to guide the hand when 
the response has to be made quickly and the target is moving 
(Kozak and Corneil 2021).

Several studies have previously reported failures to sup-
press responses when doing so was disadvantageous (Aivar 
et al. 2008) or when specifically instructed not to respond 
(Pisella et al. 2000). In those studies participants could 
judge from the stimulus itself that they should not respond, 
rather than having to rely on recent experience. The failure 
to suppress responses under such circumstances is probably 
due to the fact that it takes longer to initiate the adequate 
action, even if that action is not to respond, than to divert 
the ongoing movement (Smeets et al. 2016). Here we exam-
ine whether recent experience with it being advantageous or 
disadvantageous to respond vigorously influences the vig-
our of the response. To gather a lot of data near transitions 
between blocks of trials in which it was either advantageous 
or disadvantageous to respond, we used blocks of 20 trials, 
so we only consider quite recent experience. Franklin and 
Wolpert (2008) used blocks of more than 200 trials in which 
it was either advantageous or disadvantageous to respond, 
preceded by blocks without perturbations. Their participants 
stopped responding to the cursor shifts within a few trials 
when it was disadvantageous to respond, so the number of 
trials is unlikely to be critical.

A comprehensive way to summarise our results is that 
the movement time is adjusted to the circumstances, and 
the vigour of adjustments is determined by an estimate of 
the remaining time at the moment of the target jump. We 
consider this to be a better description than that the vigour of 
the response is planned and the timing of the tap is adjusted 
to match the vigour, because the movement time is known to 
depend on factors such as the target’s size and distance (Fitts 
1954) and is adjusted on the basis of recent performance 
(Brenner and Smeets 2011). Moreover, movement time is 
often restricted by the task. For instance, in the current study 
the target had to be hit before it reached the horizontal line. 
Only responding to the magnitude of the required adjust-
ment and the remaining time makes sense if one considers 
responses to target jumps to result from a mechanism that 
normally guides ongoing movements to their target despite 
substantial sensorimotor variability, rather than as a spe-
cial mechanism for dealing with unpredictable target jumps 
(Brenner and Smeets 2018). A similar case for responses 
resulting from a mechanism that normally guides ongoing 
movements to their target has been made for responses to 
mechanical perturbations (Crevecoeur et al. 2012), for which 
the vigour of fast responses also depends on the remaining 
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time (Crevecoeur et al. 2013). The strong correlation that we 
found between the vigour of responses and the remaining 
movement time might mean that the vigour of the response 
is adjusted to the remaining time when the target jumps, but 
it is also possible that the two are both constantly adjusted 
together to optimize performance (Todorov and Jordan 
2002).

Conclusion

The vigour of online adjustments to target jumps is clearly 
related to the amount of time that one expects to be avail-
able for making the adjustment. Since the movement time is 
attuned to the circumstances, the vigour of adjustments is as 
well. We found no evidence that the vigour of the response 
is also independently influenced by circumstances that make 
a vigorous response more or less beneficial.
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