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Abstract

People have to deal with a lot of uncertainty in their daily actions. This un-
certainty arises from the limited resolution of their sensory processing and
motor control, as well as from unpredictable changes in the environment.
How do people ensure that their actions are successful when faced with all
this uncertainty? We argue that they do so by constantly reconsidering their
plan in accordance with their instantaneous evaluation of the circumstances.
Doing so allows them to quickly respond to any changes in the environment.
The response can be a small adjustment to an ongoing movement, but also
diverting the movement if it suddenly becomes evident that moving toward
a completely different target is more suitable for some reason. We present a
simple kinematic model based on the idea that it is always beneficial to move
smoothly to illustrate how continuously reconsidering movement plans can
explain many findings in the literature.
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4.2

INTRODUCTION

People walk around and pick up objects so effortlessly that doing so seems simple, but it is not.
When reaching out for an object, one must move one’s hand to where the object will be at the
moment that one expects to grasp it. But one has to deal with a lot of uncertainty to actually arrive
at the right place. Some uncertainty stems from the environment. Someone handing you an object
might make an unexpected movement, or someone else might move their hand into the path you
intended to take. When trying to catch a ball, its path could be changed by the wind, or it might
bounce in an unexpected direction because it hit a small stone.

Another source of uncertainty arises from limitations in how precisely one can judge the posi-
tion and motion of an object that one is reaching out for, one’s own posture, and changes in one’s
own posture. The retinal resolution at the fovea can be very high (Wang & Levi 1994), so the
difference in direction between two visible objects that are close to each other can be judged very
precisely if one directs one’s gaze toward them. But the retinal distance between the target and a
representation of the hand does not appear to be used to guide human movements (Brenner &
Smeets 2003; Crowe et al. 2021a,b; Franklin et al. 2016). Various other kinds of information are
used instead (Brenner & Smeets 2022b). Such information often involves judging the distance to
the object (Brenner & Smeets 2018b), the orientation of one’s eyes (Bridgeman & Stark 1991), and
other aspects of one’s posture (Kuling et al. 2016), all of which are judged with limited precision.

Many of the relevant judgments are ones with respect to the observer (Colby 1998; Crowe etal.
2021a,b; Desmurget et al. 1998), so they continuously change as the observer moves. There is an
extensive literature on how observers consider changes in their viewpoints (Fiehler & Karimpur
2023, Harris et al. 2000, Warren & Rushton 2009) and directions of gaze (Klier & Angelaki 2008,
Medendorp et al. 2003, Van Pelt & Medendorp 2007) when making all kinds of visual judgments,
but the fact that people look at objects as they reach out for them (Land & Hayhoe 2001) suggests
that it is important to constantly obtain new information. Indeed, when judging objects’ positions,
people continuously replace outdated information with new information (Brenner et al. 2023).
They also appear to rely on the latest information about the moving hand (Brenner & Smeets
2023; Saunders & Knill 2003, 2004, 2005), even if gaze is not directed at the hand (Cdmara et al.
2018).

In the next sections, we review the literature on visual guidance of goal-directed movements
from the perspective that one must deal with a lot of uncertainty. We first briefly discuss de-
lays, because a critical aspect of our proposal is that people try to rely on the latest information,
and it is only useful to consider the latest information if such information is not too outdated.
We then discuss why we believe that the latest information is used to evaluate the best option at
each moment. Then, we present a simple way to simulate movements that are constantly guided
by the latest information. Finally, we show how the simple kinematic simulation can reproduce
many experimental findings: the asymmetry in the velocity profiles of visually guided goal-directed
arm movements, the influence that removing visual information has on the precision of move-
ment endpoints, the speed—accuracy tradeoff, responses to perturbations, and the consideration of
instantaneous circumstances when making choices.

DELAYS

How long it takes visual information to influence goal-directed arm movements was initially es-
timated by determining how long such movements have to take for vision to make a difference
(Woodworth 1899), how long one could occlude the hand on its way to the target before doing
so influenced performance (Carlton 1981), and how soon after an occluded hand reappeared the
hand’s movement was adjusted (Carlton 1981). More reliable estimates of the delay were obtained
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by determining when the arm responded to a sudden displacement of the visual target (Brenner
& Smeets 1997, Georgopoulos et al. 1981, Prablanc & Martin 1992, Sarlegna & Mutha 2015, Van
Sonderen et al. 1989) or of a representation of the hand (Brenner & Smeets 2023; Dimitriou et al.
2013; Sarlegna et al. 2003; Saunders & Knill 2003, 2004, 2005). The estimated delay is usually
100 ms or slightly more.

Systematically varying the properties of the target revealed that the delay in responding de-
pends on many experimental details, such as the contrast between the target and its surroundings
(Veerman et al. 2008). Even if people constantly update their plans according to what they
know about the circumstances at that moment, since different kinds of information take different
amounts of time to process, the information that is used will have originated at different moments.
Consequently, if several sources provide similar information, the information with the shortest de-
lay is likely to influence performance the most (van Mierlo et al. 2009). If different sources suggest
that one take different actions, performance will be influenced by them sequentially. Thus, if the
task is to stop moving if the target’s position changes, the movement toward that target might
temporarily be guided toward the new position of the target before it can be inhibited as a result
of the change itself being detected (Pisella et al. 2000). Due to the delay between light reaching
the eye and muscle contractions moving the arm, any response is always based on slightly outdated
information, but at each moment the action can be determined by the latest information about
the situation. We mainly discuss visual information and responses to visual information, but, of
course, similar reasoning applies to other modalities.

CONSTANTLY EVALUATING THE BEST OPTION

Is there more to the distinction between planning an action and executing it than that planning
occurs before movement onset and execution occurs after movement onset? Is more information
used to plan the action? Are more options considered? New information about the positions of
the target and the hand is used to guide movements, and some of the pathways that might be
involved have been identified (Stein & Glickstein 1992). Always considering the latest positions
of the target and the hand could mitigate errors arising from sensory or motor imprecision or
biases, as well as errors arising from changes in the environment (Brenner & Smeets 2018a). But
what about other kinds of information? Can all relevant information be used to guide an ongoing
movement if there is enough time to use such information?

A reason to suspect that all information that can be used before the movement starts can also
be used during the movement is that it does not necessarily take longer to divert an ongoing
movement toward a new target than to adjust the movement toward the original target (Brenner
& Smeets 2015b, 2022a; Gallivan et al. 2018). Moreover, the position of the hand is considered
when choosing whether or not to move toward a different target (Brenner & Smeets 2015b, 2022a;
Nashed et al. 2012). The position of the hand is also considered when selecting between potential
targets (Brenner & Smeets 2022a, Hadjipanayi et al. 2023). The hand’s position is even considered
if the hand is perturbed mechanically (Nashed et al. 2012) or by moving the background 100 ms
before a choice had to be made (Hadjipanayi et al. 2023).

An implication of constantly reconsidering the whole movement is that one will not compen-
sate for deviations from the originally planned movement if such deviations do not interfere with
achieving one’s goal (Todorov & Jordan 2002). This can explain why there is more variability in
aspects of movements that do not interfere with achieving the goal than in ones that do (Scholz
et al. 2000, van Beers et al. 2013), because random fluctuations in how the movement unfolds
will lead to new suitable endpoints being selected as long as the new endpoint is consistent with
achieving one’s goal. Similarly, it explains why people compensate less vigorously for mechanical
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perturbations if the perturbed movement will still reach the target (Nashed et al. 2012), because
it is the new situation that is considered, not the perturbation. People readily follow a different
movement trajectory when the ongoing movement is mechanically perturbed as long as doing so
does not interfere with the goal of the action.

Aspects of movement adjustments that have been studied are generally consistent with the idea
that the best course of action is selected at each moment. For instance, when a target’s position
suddenly changes, the vigor with which the movement is adjusted depends not only on whether
an adjustment needs to be made but also on the remaining time (Brenner et al. 2023, Cesonis
& Franklin 2020, Oostwoud Wijdenes et al. 2011) and the anticipated additional variability that
adjusting the movement is likely to introduce (Liu & Todorov 2007). One might worry that con-
stantly determining the most suitable way to proceed with one’s action on the basis of the latest
information, ignoring what was considered to be the most suitable way to proceed a split second
ago, would lead to constant switching between options, but if one is moving toward one of several
targets, the direction in which one is moving will usually make that target the best option (Brenner
& Smeets 2022a). Therefore, constantly updating the plan mainly provides the flexibility to pick
a different endpoint if the movement is mechanically perturbed (Nashed et al. 2012) or if a better
option appears (Brenner & Smeets 2015b).

SIMULATIONS

The idea of constantly reconsidering the whole action might sound complicated and therefore
difficult to test. To show that many reported findings could be accounted for by a few simple
assumptions if we follow this idea, we perform some simple simulations. For the simulations, we
assume that it is beneficial to move smoothly, that there is a delay of 100 ms in responding to
(visual) information, and that both visual judgments and motor performance are noisy. We assume
that all options are considered simultaneously, so that the best option is selected at each moment.
To simplify matters, we only consider targets that are so small that one aims for their centers. In
principle, following this idea, selecting a different position on a target is no different from selecting
a different target.

Following the reasoning of Hogan (1984) and Hoff & Arbib (1992), we assume that movements
are planned to be as smooth as possible and therefore to follow a fifth order polynomial with the
constraints that the target should cover a certain distance within a given time. This assumption
has been used to model various kinds of movements quite successtully (Fligge et al. 2012, Smeets
& Brenner 1999, Viviani & Flash 1995). It has also successfully been used to model changes in
trajectories in response to target perturbations (Flash & Henis 1991, Smeets et al. 2002). But
in our simulations, the trajectory is constantly replanned, not only in response to perturbations.
During the whole movement, we use the latest-available information to determine how to obtain
the smoothest possible further motion [more or less following the abort and replan scheme of
Flash & Henis (1991)]. The outcome of doing so determines how the movement is accelerated
at that moment. In the simulations, we approximate continuous control by determining how the
movement should proceed in time steps of 1 ms. At each moment, we determine the acceleration
that would move the hand to the target as smoothly as possible given the available information
at that moment. Considering a delay of 100 ms, the calculations rely on information that was
available 100 ms earlier.

Thus, at each step we determine the acceleration that would be needed to move the hand to
the target as smoothly as possible in the remaining time [using the equations of Hogan (1984)].
We introduce the delay by combining the simulated position and velocity 100 ms earlier with
the planned acceleration during those 100 ms to obtain predictions of the present position and
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velocity. Taking these predictions as the initial position and velocity for the next step, and the last
planned acceleration as the initial acceleration for the next step, and assuming that one reaches
the target in the remaining time with a final velocity and acceleration of zero, together allows us
to determine the next acceleration. This acceleration is used to update the simulated velocity in
the next step, and the simulated velocity is used to update the simulated position (and thereby the
remaining distance). Planning the movement to have a final velocity and acceleration of zero is
representative of movements that are stopped by the participant rather than by the target. At the
very start of the simulated movement, the hand is static (its velocity is zero), but in some cases, we
use a nonzero acceleration to produce an asymmetrical velocity profile. If the position and motion
of the hand are judged correctly and the hand follows the calculated acceleration, this simulation
is just a more complicated way to obtain the conventional minimal jerk trajectory. But this way of
simulating movements allows us to consider variability in sensory judgments and in executing the
movement.

"To what extent does continuously adjusting the acceleration of the hand in this manner give
rise to known characteristics of human movements? In particular, how do the simulations behave
when faced with sensory and motor noise and sudden changes in the target’s position? We consider
two sources of random errors. One is misjudging the distance between the hand and the target,
which is used to calculate the acceleration for updating the movement. The other is noise in the
produced acceleration of the hand, which is only added to the planned acceleration when updating
the movement, so it can only be compensated for after 100 ms, when its influence becomes ap-
parent in the simulated target velocity and displacement. Each of these sources of random errors
is implemented by adding random variability drawn from a normal distribution with a standard
deviation of 20% of the current value: the remaining distance to the target or the acceleration
of the hand (a negative distance to the target is interpreted as having overshot the target). New
values were selected at every step (i.e., every millisecond) except when simulating occlusion of
vision. The variability was chosen to be proportional to the magnitude because variability in dis-
tance judgments is known to increase with the distance itself (Whitaker & Latham 1997), and
movement variability is known to scale with movement vigor (Schmidt et al. 1979).

When vision is occluded, the judged position of the target is no longer updated, so the hand can
no longer be guided by the actual change in distance. It therefore has to be guided by predictions
of the change in distance from the time of the occlusion (considering the random error at that
time) rather than being guided by predictions only for 100 ms (considering the constantly chang-
ing random errors). Considering positions 100 ms earlier means that when a target is suddenly
displaced, its position after the displacement is used to calculate the required acceleration 100
ms later. We are not claiming that human movements are always planned in a manner that mini-
mizes jerk in this manner, that these are the only two sources of error, or that 20% variability every
millisecond is representative in any way. This is just a simple way of simulating smooth movements
thatare adjusted when faced with external perturbations (i.e., target shifts) and internal uncertainty
(i.e., sensory or motor noise). As we show in the following sections, this simple kinematic model
captures many of the observed characteristics of human goal-directed movements, which supports
the credibility of the underlying proposal that movements are constantly reconsidered. Details of
the simulations can be found in the python script minJerk.py at https://osf.io/7bkvj/.

VELOCITY PROFILES

A fundamental finding in goal-directed movements is that slow movements are more precise than
fast ones (Fitts & Peterson 1964). This could be explained by signal-dependent noise in the com-
mands that govern the acceleration of the hand (Harris & Wolpert 1998), which in the absence of
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Figure 1

Simulated movements. (#) Displacement as a function of time for 40 cm movements performed in 200, 500, or 800 ms. For each
duration, there are three simulated movements starting with no acceleration (so/id lines) and three with an initial acceleration of 10 m/s?
(dashed lines). (b) Velocity as a function of time for a similar set of movements. Note the asymmetry in the velocity profile for slower
movements with a nonzero initial acceleration. () How the standard deviation of the endpoints of 10,000 simulations depends on the
initial acceleration for each movement duration. Note the logarithmic scale of the variability axis.
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any adjustments could lead to the variability of the executed movement being proportional to its
speed. But the velocity profile of slow movements is often skewed, starting fast and then slowing
down (MacKenzie et al. 1987), presumably to improve precision by allowing adjustments to the
ongoing movement on the basis of new information to be made while the hand is close to the
target and moving slowly (Elliott et al. 1999). Figure 14 shows simulated movements that cover a
distance of 40 cm in 200, 500, or 800 ms. As already mentioned, the planned simulated movements
start and end with a velocity of zero. They end with an acceleration of zero, but they can start with
a positive acceleration to allow the velocity profile to be asymmetrical. We show simulations for
initial accelerations of 0 and 10 m/s.

The velocity profiles of our simulations (Figure 15) look similar to those of measured data and
to those of regular minimal jerk trajectories (with no added noise or continuous consideration of
the latest-available information), confirming that our continuous version of simulated minimal
jerk movements performs as expected when there is no perturbation, despite the added variability.
The extent of the asymmetry can be manipulated by adjusting the initial acceleration. In our
simulations, the asymmetry is larger for slower movements because we did not scale the initial
acceleration with movement speed. We did not do so because there is a maximal acceleration that
people can achieve when performing such tasks (Brenner et al. 2023). There are some excessive
changes in velocity at the very end of the movement that are not observed in human movements.
Presumably any attempt to actually move so abruptly would be removed due to limitations on the
acceleration (i.e., biomechanical damping).

Examining how the endpoint errors depend on movement speed (curves in Figure 1¢) and on
the initial acceleration (horizontal axis in Figure 1¢) shows that increasing the movement time,
and in particular doing so near the end of the movement, improves performance (i.e., reduces the
variability in the endpoints). Thus, the advantage of having a skewed velocity profile, especially
for slow movements, follows naturally from our simulations. That slower movements are more
precise than fast ones is hardly surprising. We return to this in more detail in the section titled
Speed-Accuracy Tradeoff. Showing that an asymmetrical velocity profile leads to greater precision
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in the endpoints (the curves in Figure 1¢ have a negative slope) can explain why people tend to
move in this manner, despite this requiring a larger initial acceleration (so more jerk at the very
beginning of the movement).

REMOVING VISUAL INFORMATION

Movements are not only less precise and less accurate when performed without visual guidance but
also less asymmetrical (Woodworth 1899). They are also less precise, less accurate, and less asym-
metrical when moving fast (Soechting 1984). To simulate moving at different speeds with vision
removed at various times, we assume that judgments of the distance to the target stop being up-
dated on the basis of new visual information once vision is removed. This means that the planned
acceleration follows the calculated minimal jerk trajectory from then on, but the actual accelera-
tion is influenced by the additional variability of 20% of the planned acceleration at each moment.
The actual acceleration determines how the velocity, and thereby also the position, changes with
each step. Not considering the latest position and velocity of the hand increases the endpoint vari-
ability because early errors are not corrected. In addition, not updating the judged distance results
in larger errors when vision is removed early in the movement because the error in judging the
distance is proportional to the distance itself.

Simulating the anticipated variability when vision is removed at various distances from the
target shows that removing vision is particularly detrimental for slow movements (red curves in
Figure 24). Removing vision during the last 100 ms of the movement obviously does not influ-
ence performance (values beyond the rightmost symbols in Figure 24). Figure 24 shows that for
a given movement duration, having an asymmetrical velocity profile is only advantageous if vision
is available throughout the movement (dashed lines with open symbols are only below the cor-
responding solid lines at the very right of Figure 24). This is consistent with movements having
asymmetrical velocity profiles in order to make use of visual information when moving slowly near
the target. Therefore, the reason that movements have less asymmetrical velocity profiles when
performed without visual guidance (Elliott et al. 1999) is probably that the asymmetrical velocity
profile has no advantage, while starting with a strong acceleration might be costly (the initial jerk
requires an abrupt change in muscle activity).

According to the simulations, moving more slowly does not reduce the endpoint variability
unless visual guidance is available for most of the trajectory. That is consistent with it hardly be-
ing advantageous to move slowly when moving without visual guidance (Woodworth 1899). In
this context, it is worth noting that in real movements, removing vision is much less detrimental
than is suggested by our simulations. Removing vision early in the movement only doubled the
standard deviation of the endpoints in a study by Ma-Wyatt & McKee (2007). But in that study,
the target was no longer visible during the movement, even when vision was not removed, which
probably reduced the effect. Woodworth (1899) found a slightly larger advantage for slow move-
ments but nowhere near the differences that we find. Thus, our simulations of removing visibility
overestimate how detrimental doing so really is. This is probably because we assume that no new
information whatsoever is available after that time, which is probably not true.

The position of the target must indeed be determined visually, unless one is moving the hand
to a target that one is holding in the other hand (Camponogara & Volcic 2019a,b). When repeat-
ing the same movement, one might also remember the felt position of one’s hand at the end of
the previous movement, but using such information is unlikely to make movements much more
precise. However, the position and velocity of the hand are normally determined both haptically
and visually (Desmurget et al. 1998). In the simulations, we assume that no new information is
used from the moment that the hand is hidden from view. But in real movements, the position
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Figure 2

Reduced precision of goal-directed movements if vision is occluded or one moves fast. (#) Variability in the endpoints of simulated

40 cm movements when visual guidance stops once the movement has reached a certain distance. The absence of guidance is modeled
by predicting the acceleration for the remaining time on the basis of the last visually judged distance (with its error at that moment) and
the velocity and acceleration at the moment that visibility is removed but still adding random variability to the acceleration of the hand.
The dots separate 100 ms intervals, indicating approximately when the distance at which vision is removed has been reached. (9) The
simulated movements have a realistic speed—accuracy tradeoff, with an (almost) linear relationship between the logarithm of the
precision and the movement time, where precision is defined as the movement amplitude divided by the endpoint variability (i.e., the
reciprocal of the standard deviation in the endpoints as a function of the distance to the target).

4.8

and velocity of the hand could keep being updated on the basis of haptic information. Relying
on haptics alone rather than both haptics and vision will undoubtedly give a less precise estimate
of the velocity of the hand and of the remaining distance at each moment. But maintaining the
corrections in the simulations, just with more variability in the velocity of the hand and the re-
maining distance, will give a more modest increase in the variability of the endpoints. Moreover,
in that case, moving slowly would reduce the variability, even without vision, rather than increase
the variability, as it does in our simulations (left side of Figure 24).

SPEED-ACCURACY TRADEOFF

The relationship between speed and accuracy has been studied very extensively for human
goal-directed arm movements (Fitts & Peterson 1964, Meyer et al. 1982, Plamondon & Alimi
1997). The classical method to study this relationship is by varying task difficulty and measuring
movement time (Fitts & Peterson 1964). Since we have to specify the movement time when
simulating movements, we relate endpoint variability (in relation to movement amplitude) to the
movement time (Schmidt et al. 1979) rather than the movement time to the required precision.
We find the expected, almost linear relationship between movement time and the logarithm of
target distance divided by endpoint variability (Figure 2b). However, the slope is about half as
steep as that found by Fitts & Peterson (1964). Part of this difference may be that we simulated
symmetrical movements (i.e., movements with an initial acceleration of zero). If the initial
acceleration is higher, the slope is slightly higher, but not twice as high. Maybe this difference is
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due to our rather arbitrarily selected sources and magnitudes of variability. That the simulations
do not reproduce human movements quantitatively correctly can also be seen in Figures 1¢ and
2a, where asymmetrical movements (i.e., ones with a large initial acceleration) with a duration of
800 ms have an endpoint variability of about 0.1 mm. The unrealistically large changes in velocity
near the end of the simulated movements (Figure 15) likely correct a larger part of the error
in the simulated movements than can be corrected in real movements, and we have probably
underestimated the magnitude of the instantaneous sensory and motor errors.

RESPONDING TO PERTURBATIONS

Much of what we know about guiding movements stems from experiments in which the visual in-
formation was perturbed and the response to such perturbations was evaluated. A groundbreaking
perturbation study examined how the unseen hand responded to an undetected change in target
position (Goodale et al. 1986, later replicated by Prablanc & Martin 1992). The target was visible
while the hand was not, because the target was seen via a mirror while the hand moved behind
the mirror. The change in target position was not detected because it occurred during a saccade.
Despite not having seen the target move and not seeing their hand, the participants’ movements
were quickly adjusted such that they would reach the new target position. This is consistent with
the idea that the movement is guided to the target by the information that is available at each
instant, so there is no need to detect the change.

Figure 3 shows simulated responses to typical target perturbations. Similar responses are seen
in human movements (Brenner & Smeets 1997, 2023; Liu & Todorov 2007). In accordance with
empirical observations (Brenner et al. 2023, Brenner & Smeets 2023, Oostwoud Wijdenes et al.
2011), the response is adjusted to the remaining movement time: It is more vigorous if the per-
turbation occurs later in the movement. Responses to perturbations have mainly been studied
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Figure 3

Simulated responses to the target abruptly stepping 1 cm away from the main movement direction. (#) Distance from the main
movement direction as a function of time for steps at different moments. Solid and dashed lines represent steps to the right (positive)
and left (negative) with respect to the movement direction, respectively. The response starts 100 ms after the step due to the 100 ms
delay. (b) Corresponding velocity profiles. The colors and solid versus dashed lines are the same as in panel . () The response to the
step can be quantified as the average difference in velocity between trials on which the target stepped to the right and to the left. By
showing this as a function of the time from the moment of the step, we can clearly see the vigor of the response increasing and its
duration decreasing as the movement progresses (later steps). This is precisely what is observed in human responses (Brenner et al.
2023). Panels # and b show individual trials. Panel ¢ shows the average of 10,000 trials for each condition.
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Simulated responses to the target abruptly stepping 1 cm along the main movement direction. (#) Distance along the main movement
direction as a function of time for steps at different moments. Solid and dashed lines represent the target stepping further or back along
the movement direction, respectively. (5) Corresponding velocity profiles. (¢) The average difference in velocity between trials on which
the target stepped further and back. Panels # and 4 show individual trials. Panel ¢ shows the average of 10,000 trials for each condition.
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for changes in direction (as simulated in Figure 3). The reason for this is mainly that it is easier
to isolate the response to perturbations when the response is orthogonal to the main movement
direction. The actual responses to perturbations of distance and direction are similar (Oostwoud
Wijdenes et al. 2013). And, indeed, although simulated responses to target perturbations along the
movement direction are less conspicuous when looking at individual trials (compare Figures 32
and 4a or Figures 3b and 4b), they are actually extremely similar if you average enough data
(compare Figures 3¢ and 4¢).

Another perturbation that has frequently been used is background motion. Moving the
background has been shown to influence the perceived position of a static target (Brenner &
Smeets 1997). Sudden onset of background motion also influences goal-directed arm movements
(Brenner & Smeets 1997, Saijo et al. 2005). The movements are influenced by any motion close
to their anticipated endpoints (Crowe et al. 2021c) or where gaze is directed (Abekawa & Gomi
2010). Often the two will be the same, but that is not always the case. The response appears
to depend on gaze rather than the anticipated endpoint when moving toward the remembered
position of a static target that was removed before the background started moving (Abekawa &
Gomi 2010). But the response appears to depend on where the target will be hit rather than
where gaze is directed if the target is moving and remains visible (Brenner & Smeets 2015a). The
vigor of the response is larger if the background moves faster (Gomi et al. 2006) or later during
the movement (Crowe et al. 2022). It does not depend on the spatial frequency or luminance
contrast of the background (unless the contrast is less than 10%; Gomi et al. 2006) or the
background’s temporal stability before it starts moving, or whether it is a different color than
the target (Crowe et al. 2021c). These findings can likely be explained by the planned movement
endpoint (temporarily) being pulled in the direction of the background motion.

Responses to changes in target velocity are much more difficult to study, because if a target
changes velocity, its position also changes at a different rate. Nevertheless, there is some evidence
that changes to the target’s velocity are considered when guiding arm movements. When inter-
cepting targets that move in the frontal plane, the direction in which the hand moves depends
systematically on the target’s position, but the velocity with which the hand moves is primarily
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influenced by the target’s speed (Smeets & Brenner 1995). The reason that the hand’s speed
depends on that of the target is presumably that moving faster helps one get the timing right
(Brouwer et al. 2000), probably because any error in judging the distance to the target will result
in a smaller timing error if one is moving faster near the moment of impact (Brenner et al. 2012).
It has been shown that when a target suddenly changes speed, not only does the hand aim for
a different position, but the speed at which it moves also changes to match the new target speed
(Brenner et al. 1998). This is what one would expect if how fast one can best move near the time of
contact is constantly reconsidered or if both when and where to reach the target is reconsidered.
The error that is made when target velocity is misjudged also suggests that the target’s position is
constantly reconsidered, because if motion of texture within a target makes the target appear to
move faster or slower than it really is, people make errors that are consistent with them using the
misperceived velocity to predict the target’s displacement during the last 100 ms (de la Malla et al.
2018). While the latest target position always appears to be considered for guiding movements,
the velocity that is considered is acquired over an extensive time period (Brenner et al. 2023),
making it more difficult to interpret responses to changes in target velocity.

Our simulations and most perturbation studies only consider the need to reach the target (e.g.,
Brenner et al. 2023, Tresilian & Plooy 2006). Sometimes, how one reaches the target is also rel-
evant. One might want to hit a ball such that an opponent cannot catch it, or to grasp a cup in a
way that makes it easy to rotate the cup. A simple example is sliding one’s finger along a surface
to intercept a moving elongated bar. If the bar is small enough for there to be a danger of missing
it, it can be advantageous to move along a trajectory that approaches the bar orthogonal to its
longer side. Indeed, people do so. And if such a bar suddenly changes orientation, the hand’s path
changes accordingly (Brenner & Smeets 2009). This could obviously be simulated by choosing
different constraints for the end of the movement, such as a simulated final acceleration that is
not zero (Smeets & Brenner 1999). If an object that one is aiming to grasp rotates, the grip orien-
tation changes accordingly (Chen & Saunders 2015, Desmurget et al. 1996). If a sphere rotates,
the hand initially follows the rotation, but some time later the grip returns to its original orien-
tation (Voudouris et al. 2013). This suggests that choosing different endpoints for the digits takes
more time than adjusting the digits’ movements toward the original endpoints. Thus, more than
only reaching the planned endpoint is considered throughout the movement.

If the size of an object that one is reaching for changes, the grip aperture changes accordingly
(Hesse & Franz 2009). If people are free to either grasp the object between finger and thumb
or grasp it with their whole hand, the kind of grasp can also change (Bennett & Castiello 1995,
Castiello et al. 1993). The grip aperture can also change if the object’s shape changes (Ansuini
et al. 2007, Chen & Saunders 2015, Eloka & Franz 2011). As is the case for tapping on moving
targets, changes in grip aperture are more vigorous if the changes occur later during the movement
(Hesse & Franz 2009). But responses to changes in target size appear to have longer latencies than
responses to changes in target position (Paulignan et al. 1991). Moreover, they have been reported
to take longer when both the position and the size change simultaneously (Castiello et al. 1998).
This delay is probably caused by having to consider multiple aspects of the movement, because
it is not found when simply tapping on targets (Brenner & Smeets 2022a). Responses to target
shifts are found not only when the hand itself is moved toward the target but also when throwing
balls at a target (Urbin 2013). In that case, the adjustment must obviously be made before the
ball is released. Thus, we again see that many aspects of movements are reconsidered during the
movement, but that delays may differ for considering different issues.

Another issue that one might need to consider when making goal-directed movements is ob-
stacles. While many experimental studies are set up to avoid having obstacles, in daily life we often
need to consider obstacles. For instance, when reaching for things on the table at mealtimes, there
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are usually many other items on the table besides the one you want. We know that people avoid
obstacles (Dean & Briiwer 1994, Sabes & Jordan 1997), including ones that constrain their pos-
ture rather than the path of their digits (Vaughan et al. 2001, Voudouris et al. 2012). When the
movement is perturbed mechanically, obstacle positions are considered when determining the re-
sponse that will bring the hand back to the target (Nashed et al. 2012). When a target’s position is
perturbed, obstacle positions at the moment of the perturbation are considered when responding
to the perturbation, even if they too are displaced at that moment: For identical initial obstacle
positions, the response is different if the obstacles move to different positions at the moment that
the target perturbation occurs (Crowe et al. 2023).

We already mentioned that movements are adjusted when a visual representation of the hand
is perturbed (Brenner & Smeets 2023; Sarlegna et al. 2003; Saunders & Knill 2003, 2004, 2005).
When using a computer mouse to guide a cursor across a screen, there is quite a complicated
relationship between the felt position and motion of the hand and the position and motion of
its visual representation, but how the hand responds to perturbations appears to be quite similar
(Brenner & Smeets 2003). The response to target displacements has been reported to be faster
when a representation of the hand is visible (Reichenbach et al. 2009), but the responses to target
and cursor displacements differ, so people are not simply responding to the change in relative
position (Brenner & Smeets 2003; Crowe et al. 2021a,b; Franklin et al. 2016). The response was
more vigorous for narrower targets for which a more vigorous response was required if one was
to reach the target (Knill et al. 2011). Thus, all in all, a lot appears to be considered during the
movement, which supports the idea that the whole movement is reconsidered all the time.

CONSIDERING THE INSTANTANEOUS SITUATION

In perturbation studies, participants are usually expected to complete the ongoing action. We
have seen that people correct less if there is less need to correct (De Comite et al. 2021, Knill et al.
2011) or if correcting less is advantageous (Liu & Todorov 2007). We have also seen that they
move toward different endpoints on the object if doing so results in a more comfortable posture
(Voudouris et al. 2013). When moving to one of several potential targets while avoiding obstacles,
a mechanical perturbation could make the movement take a different path with respect to the
obstacles or even make the movement end on a different target (Nashed et al. 2014). Nashed et al.
(2014) interpreted this in terms of people planning several options and quickly selecting the best
option, but it can also be interpreted in terms of constantly reconsidering the options. Finding
that people do not fully adjust their movements to compensate for mechanical perturbations if
doing so is not essential for achieving the task goal has been described in terms of a minimal in-
tervention principle (Todorov & Jordan 2002), whereby the influence of the perturbation on the
movement endpoint is accepted rather than compensated for as long as reaching the new endpoint
is consistent with the goal of the action. It is a small step from this view of considering whether
adjusting the movement is necessary to continuously considering the best way to proceed with
the action. An advantage of the latter proposal is that it can also deal with situations in which
new options become available only during the movement. And, indeed, if a better option appears
during a movement, people switch to the new option with no additional delay (Brenner & Smeets
2015b, 2022a). This is an unusual situation in laboratory experiments, where the appearance of
the new option is usually not completely unexpected, but in daily life one probably regularly en-
counters such situations, for instance, when walking in crowded environments in which options
are regularly hidden from view.

Finding that people switch to a new target that suddenly appears if it is advantageous to do so
supports the idea that the whole action is constantly reconsidered, because the new target was not
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When is it advantageous to switch to a new target? (#) Trajectories in which the movement did or did not divert to a second target (Jarge
gray disk) that appeared after 150 ms. Simulated 500 ms movements with different initial accelerations are shown. The position of the

hand when the new target appeared is indicated by the small colored disks (for the trajectories that ended at the new target). (5) Average
endpoint variability of 10,000 simulated movements for each combination of initial accelerations. Variability was larger in the direction
of the original target when moving to that target (/ight bars) and in the orthogonal direction when moving to the new target (dark bars).

even present at movement onset, so it is unlikely that it was considered as an option at that time.
Importantly, the choice depends on the situation at the moment the new option appears (Brenner
& Smeets 2022a). To illustrate this situation with our simulations, we introduced variability in the
movement trajectories. This was achieved by varying the initial acceleration in two dimensions
and simulating movements that do or do not switch to a new target when it appears for each of
the simulated combinations of accelerations. Other than considering two dimensions (rather than
only a single dimension) for each movement, the simulations were conducted in exactly the same
way we conducted them for movements toward perturbed and unperturbed targets. Examples
of simulated trajectories when switching to the new target, and when not doing so, for the four
combinations of initial accelerations we considered are shown in Figure 5a.

We simulated many trials to determine the endpoint variability. Comparing the endpoint
variability when shifting or not shifting to the new target for the four combinations of initial
accelerations reveals how the initial conditions might influence the choice. Variability was larger
in the final movement direction: in the direction of the original target if there was no switch and
in the orthogonal direction after a switch. It also depended on the initial acceleration in that di-
rection. In terms of reducing the combined variability, it was most advantageous to switch when
the movement started slowly and in the direction of the new target (blue bars in Figure 55). It was
most advantageous to not switch to the new target when the movement started fast and away from
the new target (purple bars in Figure 55). This corresponds well with what people do when they
are actually given this choice: The average position of the hand when the new target appeared
was closer to the starting point and to the new target in trials in which participants diverted their
movement toward the new target, and it was further along the path and away from the new target
when they kept moving toward the original target (Brenner & Smeets 2022a). The parameters in
the simulation have not been matched to the actual movements, and the fact that the new target
was bigger than the original one in the actual experiment is not considered, but the simulations
show that the circumstances are considered in a logical manner, just as they are when avoiding
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obstacles in the face of perturbations or when not responding to perturbations of the original
target (Nashed et al. 2012, 2014).

Briefly rotating one’s hand to follow the rotation of a sphere before returning to the original,
comfortable posture (Voudouris et al. 2013) and briefly following a target’s displacement when
one is supposed to stop moving if the target is displaced (Pisella et al. 2000) might appear to be
inconsistent with constantly reconsidering one’s actions. The orientation of the sphere is irrelevant
as long as it remains at the same place, and there is no pointin trying to reach the target precisely if
reaching the targetis no longer desirable. People also failed to suppress the tendency to adjust their
movement in the direction in which an obstacle suddenly moved when doing so was detrimental
(Aivar et al. 2008). We already discussed the fact that the time it takes to consider new visual
information about the target’s position depends on the kind of visual information that defines
the target (Veerman et al. 2008). The delay presumably also depends on many other details. For
instance, the information that is required to consider postural comfort and select new points on
a rotating sphere might take longer to process and therefore be less recent when planning one’s
action than information about the positions of the originally planned endpoints on the sphere.
Consequently, the fingers will follow the rotation of the sphere until information that reveals that
moving toward different endpoints is better becomes available.

People constantly consider the latest-seen target position, but they consider target motion
across an extended period of time (Brenner et al. 2023). This makes sense, because motion cannot
be judged instantaneously. However, Reschechtko et al. (2023) found that people respond about
20 ms faster when an object starts to move than when a different object suddenly becomes the
target. This is strange if the movements are guided by the latest information about the target’s
position, because the position changed more slowly when the target moved. However, it is consis-
tent with responding faster to a single target changing position than to a target changing places
with a different target (Veerman et al. 2008). In the latter case, there is a choice that is considered
to be correct. When a new option appears but the participant is free to ignore it if it is not consid-
ered advantageous to switch to that target because moving to either target is considered a correct
response, the latency of the response does not appear to depend on whether the previous target
disappeared (Brenner & Smeets 2022a). Possibly, evaluating whether a target is a viable option
takes longer when it is not immediately evident why that option would be better.

OTHER MOVEMENTS AND CONSIDERATIONS

The arguments we present are based on guiding the hand to a target in situations in which spatial
precision at the endpoint is critical. The hand also appears to be guided by the latest-available
information when temporal precision is critical (Brenner et al. 2014, Kreyenmeier et al. 2022).
We show data for various movement times, illustrating that the benefit (or even cost) of moving
slowly in terms of spatial precision depends on the circumstances. In many cases in daily life,
the movement time itself is also important, independent of its effect on spatial precision. People
readily learn to move accordingly (Hudson et al. 2008). Presumably the choice of (the remaining)
movement time is part of the guidance process, just like the choice of a movement endpoint. To
make matters even more complicated, the importance of acquiring new information about certain
aspects of the environment depends on the required precision, so the information itself is likely
to depend on the circumstances, because eye movements will differ in different environments
(Hayhoe & Matthis 2018).

Although our arguments primarily concentrate on precision, we implicitly assume that
reducing energetic costs is also important by explicitly favoring smooth movements. But ener-
getic costs could also influence the selected endpoint, if not all endpoints have the same cost

Brenner o Smeets



VS11_Art04_Brenner ARjats.cls May 23,2025 13:49

(Moskowitz et al. 2023). We considered only two sources of variability in our simulations. The
variability that we introduced by varying the acceleration by a fraction of the calculated value is
reminiscent of the variability introduced by signal-dependent noise in neural control signals (Har-
ris & Wolpert 1998). For very short movements, such as saccades, such motor variability may be
the only relevant factor. But most other movements are probably guided on the basis of the latest
sensory information until about 100 ms before they end. This information can be anything from
the retinal position of an item that one is trying to pursue with one’s eyes to the judged positions on
the ground of items near to where one intends to place one’s foot when walking (or the position of
the foot itself). The extent to which such guidance will become evident will depend on the need to
guide the movement, because constantly reconsidering the options implies that adjustments will
become visible only if there is a benefit of making adjustments that exceed the (energetic) cost of
doing so.

FINAL COMMENT

We presented evidence that current information is used to determine the best course of action
at each moment. We consider movements that are smooth and end close to the target to be the
best. We assume that the motor commands (and thereby the acceleration of the arm) that will
optimize smoothness and precision (Wolpert 1997) are reconsidered at each moment on the basis
of the latest-available information, leading to continuous control as in optimal feedback control
(Scott 2004) or in the on-line coupling of actions to optical information (Zhao & Warren 2015).
But we also assume that people reconsider the whole course of action at each moment. Constantly
reconsidering endpoints when controlling movements in this manner is probably very useful for
placing one’s fingers at appropriate positions when reaching for objects or placing one’s feet at
suitable positions when walking.

1. In daily life, movements must be performed in the face of considerable uncertainty.
"This uncertainty is dealt with by constantly guiding ongoing movements. Such guidance
includes reconsidering all aspects of the movement.

2. The limiting factor in visual guidance is the delay between light reaching the eyes and
the associated information influencing the movement in question.

1. Other than information that takes too long to process, what are the limitations to the
information that is considered?

2. Can the balance between costs and benefits be predicted rather than inferred from
performance?
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