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Abstract

When making a goal-directed movement towards a target, our hand follows abrupt background motion. This response
resembles that of a shift in the target’s position. Does background motion simply change the position towards which the
movement is guided? If so, the response to background motion should resemble the response to a target displacement. To
find out whether this is the case, we ran two exploratory studies where we asked participants to hit a moving target at a speci-
fied moment. At various times during the hand’s movement, the background could move briefly at one of several speeds,
and for various durations. The response to abrupt background motion was larger when the background moved later in the
movement and when the background moved faster, in line with known responses to target displacements. The response to
a second epoch of background motion was smaller than it would have been if there had been no first epoch, in contrast to
responses to multiple target displacements. If the background was already moving before the target appeared, the hand even
moved in the opposite direction. Thus, the response to background motion and that to a target displacement are clearly not

identical, but they do share several features.
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Introduction

There is abundant evidence that people use many aspects of
visual information to guide their goal-directed movements.
This is often studied by changing visual information when
the movement has already started. This method has be used
to show that people respond quickly to changes in several
attributes of a target including its position (e.g. Georgopou-
los et al. 1981; Goodale et al. 1986; Pélisson et al. 1986;
Prablanc and Martin 1992; Brenner and Smeets 1997; Day
and Lyon 2000; Gritsenko et al. 2009), motion (e.g. Brenner
et al. 1998), and orientation (e.g. Brenner and Smeets 2009;
Desmurget et al. 1996). The response is more vigorous if a
change in target position is larger (Brenner and Smeets 1997,
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Veerman et al. 2008) and if there is less time to adjust to the
change (Liu and Todorov 2007; Oostwoud Wijdenes et al.
2011; Franklin and Wolpert 2008; Brenner et al. 2022). Such
responses help people reach their goals.

People also respond to motion near the target: whenever
obstacles (Aivar et al. 2008) or even irrelevant background
items (Brenner and Smeets 1997, 2015; Gomi et al. 2006;
Saijo et al. 2005; Zhang et al. 2019) start to move the hand
deviates from its path in the direction of such motion. This
is a very robust effect that is sometimes called the manual
following response. Although several explanations have
been proposed (e.g. Gomi 2008; Grierson and Elliot 2009;
Zhang et al. 2019; Crowe et al. 2021), it remains some-
what unclear what mechanism underlies this response. The
reported latency of such responses is often slightly longer
than that of responses to target displacements, but that could
be due to the longer time needed to detect motion than to
update a position.

To successfully hit a target that is suddenly displaced
or starts moving, the planned endpoint of the movement
must be updated according to the change in position. When
the background starts moving but the position of the tar-
get does not change, the manual following response is
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counterproductive because the hand moves away from the
target. This futile response to background motion in the
vicinity of the planned endpoint might arise because any
motion onset near that position shifts the planned movement
endpoint in the direction of the background motion (Brenner
and Smeets 1997). The ongoing movement is then guided
towards this shifted endpoint (Crowe et al. 2021). If so, the
responses to perturbing the target and moving the back-
ground are both the consequence of a shift in the planned
endpoint of one’s action such that we would expect them to
be similarly modulated by various factors. We, therefore,
conducted an exploratory study to investigate to what extent
the response to background motion resembles the response
to a shift in target position (or motion) by assessing several
aspects of the response.

First, we investigated whether the response to background
motion is time-dependent. Perturbing the target of a reach-
ing movement and the visually perceived location of a par-
ticipant’s hand are commonly used manipulations to gain
insight into the mechanisms underlying the online correction
of visually guided movements (e.g. Hesse and Franz 2009;
Pelisson et al. 1986; Prablanc and Martin 1992; Desmurget
and Grafton 2000; Saunders and Knill 2003, 2005). Studies
using the aforementioned manipulations have shown that
corrections to an ongoing movement when the target of
that movement is displaced are more vigorous when there
is less time to adjust the movement (Liu and Todorov 2007;
Oostwoud Wijdenes et al. 2011; Franklin and Wolpert 2008;
Brenner et al. 2022). Zhang et al. (2018) found some evi-
dence that this also applies to the response to background
motion: participants with longer movement times had less
vigorous responses. We, therefore, expect more vigorous
responses to background motion if it occurs later in an ongo-
ing movement.

Second, we assessed whether the response to background
motion is proportional to the size of the background’s dis-
placement. Unsurprisingly, the response to a target perturba-
tion is proportional to the magnitude of the shift in position
(Brenner and Smeets 1997; Veerman et al. 2008) because
one’s goal is to hit the target. Faster background motion
leads to a larger displacement of that background, so it is
expected to elicit a larger response of the hand (as demon-
strated by Zhang et al. 2018). Another way to modify the
displacement of the background is by varying the duration
of background motion. Longer background motion results
in a larger total displacement of the background. Moreo-
ver, it might influence the planned movement endpoint for
a longer time and thereby result in a larger overall response
of the hand.

Third, we were interested in whether the response to short
intervals of background motion are independent of each other.
When a target undergoes multiple perturbations within a sin-
gle movement, the response to the second perturbation is no
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different from a response to a single perturbation at that time
(Oostwoud Wijdenes et al. 2011). This is the case irrespec-
tive of whether the second perturbation cancels or doubles
the initial one: each independent response is proportional to
each independent target displacement. In a situation in which
the movement does not have to shift back to reach the target,
we also expect that the response to background motion at a
certain time will be independent of any preceding intervals of
background motion.

Thus far, we have considered the duration of background
motion and multiple independent episodes of background
motion. It remains to be seen what the response of the hand
looks like for a continuously moving background. Studies that
report a manual following response use a single transient epi-
sode of motion that starts abruptly when, or shortly after, the
target is presented. This following response is in the opposite
direction to many other motion effects. For example, in the
Duncker illusion, an object appears to be moving in the oppo-
site direction to a continuously moving background (Duncker
1929). In line with this, several studies have presented find-
ings that can best be explained by the target appearing to have
moved further in the opposite direction than the continuously
moving background (Smeets and Brenner 1995; Soechting
et al. 2001; Brouwer et al. 2003; de Dieuleveult et al. 2018), in
accordance with the relative motion between the background
and target being attributed to the target (Duncker 1929; Zivot-
ofsky 2004). What determines whether the hand moves in the
same or opposite direction to background motion?

Our goal was to investigate to what extent the response
to background motion resembles the response to a target
perturbation. We selected a target whereby responding to
background motion was not counterproductive. Specifically,
we used a horizontal bar extending for the full width of the
screen, together with lateral background motion. In this way,
a lateral response of the hand does not jeopardize the suc-
cess of the interception. We manipulated the onset-time,
speed, duration, and continuity of the background motion
to assess how each of these characteristics influence the
magnitude of the hand’s response. We evaluate whether the
responses resemble documented responses to target pertur-
bations. Since the main experiment left us with some ques-
tions about both the influence of background motion before
the target appears and the duration of background motion,
we conducted a second experiment to assess these issues
specifically.

Methods
Participants

Twelve participants (11 right-handed; 26 +4 years) vol-
unteered to take part in Experiment 1 and 12 different
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participants (12 right-handed; 21 +3 years) took part in
Experiment 2 in return for course credit. The study was
part of a research programme that has been approved by the
local Ethics Committee in accordance with the Declaration
of Helsinki. All participants gave written informed consent
and were debriefed at the end of the experiment.

Set-up

The experiment was conducted in a normally illuminated
room. The stimuli were back-projected at 120 Hz with a
resolution of 800 x 600 pixels onto a 1.25 X 1.00-m acrylic
rear-projection screen (Techplex 15, Stewart Filmscreen
Corporation, Torrance, California, USA) tilted backward
by 30 degrees. Participants performed the task using their
dominant index finger while standing in front of the screen
(Fig. 1). They were not restricted in any way, so they could
move as they wished. An infrared camera (Optotrak 3020,
Northern Digital) that was placed at about shoulder height
to the left of the screen measured the position of a marker
(an infrared light emitting diode) attached to the nail of the
participant’s dominant index finger at 500 Hz with sub-mm
spatial resolution.

Calibration

At the beginning of each block, the position of the marker
on the fingertip was measured while the participants put
their fingertip at four indicated positions on the screen. This
simple four-point calibration was used to relate the posi-
tion of the fingertip to the projected images, automatically

Fig. 1 Schematic representation of the set-up. The participant stood
in front of a large screen on which the stimuli were displayed. Their
task was to hit the blue moving target bar when that bar was aligned
with the red static bar

correcting for the fact that the marker was attached to the
nail rather than the tip of the finger.

In order to synchronize the movement data (i.e. the
marker position) with the stimulus presentation, the camera
also recorded the position of a second marker attached to
the side of the screen. This static marker stopped emitting
infrared light when a light sensor at the top left corner of the
screen detected light. On each trial, we presented a flash at
this position when the target was presented, when the back-
ground motion started and ended, and when the screen was
hit. The briefly missing marker enabled us to synchronize
the movement recording with the stimulus presentation, so
we could determine the onset of perturbations and perfor-
mance (e.g. whether the target was hit) at 2 ms resolution.

Stimulus and procedure

The starting screen consisted of a green starting point (2 cm
diameter) presented 20 cm below the screen centre, a red
horizontal bar (115 cm X2 cm) 10 cm above the screen cen-
tre and 250 black dots (1.4 cm diameter) randomly posi-
tioned across the grey background. To start a trial, partici-
pants placed the index finger of their dominant hand on the
starting point, so they could rest whenever they wanted to by
not placing their finger at the starting point. After between
500 and 700 ms, the starting point disappeared and a blue
horizontal target bar (115 cm X2 cm) appeared 30 cm above
the screen centre. It immediately started moving downward
at 30 cm/s. If participants lifted their finger from the starting
point before the blue target appeared, the target bar did not
appear and they had to place their finger back at the starting
point. Participants were instructed to hit the blue moving
target bar when that bar was aligned with the red static bar
by lifting their finger off the screen and then tapping the
screen at the correct time and location. The two bars were
perfectly aligned 667 ms after the blue bar appeared. This
allowed sufficient time for us to present (and manipulate) the
background motion and still capture the response of the hand
before the interception took place. The red bar was always
at the same place and both bars covered the full width of the
screen such that the emphasis was on hitting the screen at
the right vertical position and time.

Participants received feedback on every trial. A tap was
characterized by the acceleration of the finger being more
than 50 m/s” in the direction away from the screen. We inter-
polated the position of the target between image presenta-
tions. We considered the target to have been hit successfully
if the calibrated marker position was within both the target
and the static red bar at the moment of the tap. If participants
successfully hit the target, the target remained at the position
at which it was hit for 500 ms and a tone indicated that the
hit was successful. If participants hit the target, but above or
below the red static bar, the target stopped but there was no
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tone. If participants hit above or below the target, the target
was deflected away from the finger at 100 cm/s (upward or
downwards, indicative of whether the participant hit below
or above the target, respectively), also remaining visible for
500 ms unless it left the screen before that. This feedback
allowed the participants to keep their movements calibrated
both spatially (Smeets et al. 2006) and temporally (de la
Malla et al. 2014).

In addition to the target moving downwards, the back-
ground of dots always moved laterally at some moment dur-
ing the trial. Different parameters of the dots’ motion were
manipulated in Experiments 1 and 2, and are detailed below.
In both experiments, the dots’ motion was entirely irrelevant
to the participants’ interception task.

Exploratory data analysis

Any trials that included missing data (less than 1.5% in
both experiments) were excluded from subsequent analysis.
All other trials were included, irrespective of performance
(i.e., whether or not the target was hit). We converted the
measured lateral positions of the finger into (signed) lateral
velocities by direct differentiation. This was done for every
2 ms interval. For each participant, we then took the median
lateral velocity of the finger for every moment separately for
trials in which the background moved leftward and those
where it moved rightward. We subsequently determined
the (signed) response by subtracting the median velocity
of the finger on leftward motion trials from that on right-
ward motion trials. Since positive laterally was to the right,
a positive response is a response in the direction of back-
ground motion. We did this separately for each condition in
the experiment. After determining the individual responses
for each condition, mean values across participants were
calculated.

To get a qualitative impression of the vigour of the
response, we analyse the time-course of the responses to
background motion (mean and standard error across partici-
pants). To quantify the overall influence of the perturbation,
we subtracted the median movement endpoint for leftward
background motion trials from that on rightward background
motion trials to obtain the difference in movement endpoint
for each participant in each condition. To explore how this
endpoint effect (mean and standard error across participants)
depends on the amount of background motion, we plot the
endpoint effect as a function of the difference between the
overall displacement of the background for leftward and
rightward motion for each condition (i.e., rightward dis-
placement—Ileftward displacement). To explore how this
endpoint effect depends on the time with no motion at the
end of the movement, we also plot the endpoint effect as a
function of the time from the offset of (the last episode of)
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background motion until the time of a perfect hit (667 ms
after target appearance).

Experiment 1

To investigate whether the response to background motion is
time-dependent, we manipulated the timing of the onset of
the background motion. To investigate whether the response
is proportional to the displacement of the background, we
manipulated the speed and duration of the background
motion. By comparing conditions with different numbers
of epochs of motion, we assessed whether the response to
background motion depends on preceding epochs of back-
ground motion. This resulted in twelve experimental condi-
tions (Fig. 2). For each of the twelve conditions, there was
leftward background motion (leftward followed by rightward
in the Opposite Directions condition) on 30 trials and right-
ward background motion (rightward followed by leftward in
the Opposite Directions condition) on 30 trials. This totalled
720 trials, with all conditions randomly interleaved. The full
experiment took approximately one hour. It consisted of two
blocks (360 trials each) that were completed in a single visit
to the lab. Participants were given the opportunity to have a
break in between blocks.

In the Opposite Directions condition, the background
moved sequentially in opposite directions on any given trial
(indicated by the change in arrow orientation in Fig. 2),
separated by an interval. In all other conditions, the back-
ground moved exclusively either rightward or leftward on
any given trial. In the Fast condition the background moved
at 200 cm/s and in the Slow condition it moved at 50 cm/s.
In all other conditions it moved at 100 cm/s. In the Smooth
Continuous condition, all the background dots continued
moving laterally throughout the entire trial (from when the
starting point first appeared). In the Abrupt Continuous
condition, each dot moved for 100 ms and was then static
for 100 ms before starting to move again. The dots moved
asynchronously, so that at every frame about 10 dots started
to move and 10 other dots stopped moving, with half of the
dots moving at any given time throughout the entire trial, but
each dot abruptly starting to move every 200 ms. In all other
conditions the 250 dots always started and stopped moving
at the same time.

Results

Participants left the starting point (moved 1 cm in the direc-
tion of the targets) 276 +29 ms after the target appeared
(mean + standard deviation across participants’ mean
values). They hit the screen 666 + 12 ms after the target
appeared, so on average they hit the moving target when
it was aligned with the static bar, but there were some
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Fig.2 Overview of the timing
of each perturbation in experi-
ments 1 and 2. Squares indicate
conditions from experiment 1;
circles indicate conditions from
experiment 2. The arrows indi-
cate the presence of background
motion (randomly leftward or
rightward), so their length cor-
responds to the duration of each
period with background motion.
The leftward cyan arrow indi-
cates that motion in that period
was in the opposite direction
than in preceding period. The
thicker and thinner arrows
indicate faster and slower back-
ground motion, respectively.
The colour coding corresponds
to the conditions and matches
that in Figs. 3,4 and 5
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Medium Duration
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Abrupt Intermittent

Abrupt Continuous
Smooth Continuous
Continuous Before Appearance
Continuous at Appearance
Abrupt Very Early
Continuous Very Early
Abrupt Early

Continuous Early

individual biases. They hit both bars (successful hits) on
71 +£10% of the 720 trials. Figure 3 shows the responses of
the hand to background motion for all conditions.

The magnitude of the response is larger when the per-
turbation occurs later in the movement, showing that the
response is time-dependent (Fig. 3A). It is also larger when
the background moves longer (first peaks in Fig. 3B) or
faster (Fig. 3C), showing that the response depends on the
total displacement of the background. The dependence on
the duration of background motion shows that the back-
ground’s displacement during some interval is relevant,
rather than only the instantaneous velocity when the back-
ground starts to move. When the background moves twice
in the same direction on the same trial, the response to the
second motion onset is smaller, despite being later, espe-
cially for the longer duration of background motion, and
therefore shorter duration with no motion (Fig. 3B). This
shows that the response to the second epoch of background
motion depends on the first and thus, that they are not inde-
pendent of each other.

A possible reason for the response to a second motion
onset being smaller than that to a first (compare the sec-
ond peak of the Medium Duration and the Late condi-
tions in Fig. 3E) is that the hand had already responded
in the direction of the second perturbation by the time it
takes place. Indeed, when two perturbations are applied in
the same direction, the response to the second perturba-
tion appears to be smaller than when they are applied in
opposite directions (compare the medium duration and the
opposite directions condition in Fig. 3D). However, this is
probably at least partly the consequence of the response
to the first perturbation not yet having ended, because
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although the second peaks in the medium duration and
opposite directions conditions are clearly asymmetrical
with respect to the baseline (zero), they are less asym-
metrical with respect to the response to the first perturba-
tion (the early condition consists of a single perturbation
at the same time in the movement as the first perturba-
tions in these conditions, Fig. 3D). That the response to
a second motion onset is smaller than the response to a
similar motion onset on its own is most evident when the
responses to identical perturbations at the same time in
the Medium Duration (or Abrupt Intermittent) and Late
conditions are compared (Fig. 3E).

We were also interested in the response of the hand to a
continuously moving background. When the whole back-
ground was moving continuously from well before the tar-
get appeared, the hand moved in the opposite direction to
the background motion (negative responses in Fig. 3F), in
line with results from earlier experiments with similar back-
ground motion. This response became visible when partici-
pants initiated their movement towards the target (which var-
ied between participants, ranging from 195 to 265 ms after
target appearance). The response was very similar when the
whole background moved smoothly (Smooth Continuous
condition) as when each background dot repeatedly moved
for 100 ms and was then static for 100 ms, with dots initially
starting to move at different moments so that only a selection
of the background dots was moving at each instant but there
was always motion in the background (Abrupt Continuous
condition). When all dots started and stopped moving at the
same time, even the hand’s response to the first perturba-
tion followed the background (positive early response for
the Abrupt Intermittent condition).
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Fig.3 Time course of the hand’s response to background motion in
all conditions of Experiment 1. Each panel shows a set of conditions
(details in Fig. 2) assessing a different characteristic of background
motion: A The effect of onset time; B The effect of duration; C The
effect of speed; D The effect of the relative direction of a second per-
turbation; E The effect of repeat perturbations; F The effect of motion
continuity. Each curve shows the difference between the lateral hand

The two continuous conditions differed from the
Abrupt Intermittent condition in two ways: the presence
of motion before the target appears and the presence of
motion throughout the whole movement. We propose that
it must have been the presence of motion before the target
appeared that made the hand move in the opposite direc-
tion because participants immediately responded in the
direction of background motion in the Abrupt Intermit-
tent condition despite the fact that, at this point in their
movement, they could not know whether the background
would continue to move. To confirm this, and to better
assess how the duration of background motion influences
the response, we conducted a second experiment.
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Time from target appearance(ms)

velocity on rightward and leftward trials as a function of time from
the onset of the relevant perturbation (or target appearance in F). The
curves are the means across participants; shaded regions show the
corresponding standard error of the mean. A positive response is in
the direction of (the initial) background motion. The coloured bars at
the bottom show the timing of background motion in each condition

Experiment 2

To confirm that the direction of the response to background
motion, and therefore presumably also the underlying
mechanism, changes if the background is already moving
before the target appears, we manipulated the moment of
background motion onset. To evaluate the influence of the
duration of background motion we compared responses to a
100 ms epoch of background motion early during the move-
ment (two abrupt conditions, background motion starting
at 100 or 200 ms after target appearance) with responses to
continuous background motion starting at the same moment
(four continuous conditions, background motion starting
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before, at, 100 ms after, or 200 ms after target appear-
ance.) For each of the six conditions, there was leftward
background motion on 30 trials and rightward background
motion on 30 trials. This totalled 360 trials with all condi-
tions randomly interleaved. There was a single session that
was completed in a single visit to the lab and took approxi-
mately 30 min.

In all conditions the background moved at the same speed
as in most conditions of experiment 1: 100 cm/s. In the con-
tinuous conditions, after the background dots first started
moving laterally they continued to do so until the end of the
trial. In the abrupt conditions, the background dots moved
for a single epoch of 100 ms.

Results

Participants left the starting point (moved 1 cm in the direc-
tion of the target) 289 +46 ms after the target appeared
(mean + standard deviation across participants’ mean
values). They hit the screen 670+9 ms after the target
appeared, so on average they hit the moving target when it
was aligned with the static bar. They hit both bars (success-
ful hits) on 62 +9% of the 360 trials. Figure 4A and B show
the responses of the hand for all conditions.

We confirmed that the response is negative if background
motion is present before the target appears and positive if the
background motion starts at the time of the target appearance
or later (Fig. 4A). Extending the duration of background
motion hardly influences the response: the responses in the
abrupt conditions and in the corresponding continuous con-
ditions remain similar beyond the first 100 ms after the onset
of the response.

To examine how the response might correspond with a
(possibly temporary) shift in the planned endpoint of one’s
action, we determined the effect of background motion on
the movement endpoints. Specifically, we examined how

the endpoint effect depended on the total displacement of
the background and on the time from background motion
offset until interception. The endpoint effect increases with
the total background displacement up to a displacement
of about 60 cm; larger displacements have no additional
effect (Fig. 5A). The endpoint effect also depends on the
time between the background motion offset and the end of
the movement: the shorter the time until interception, the
larger the endpoint effect (Fig. 5B). This time explains why
the six conditions with 20 cm total background displace-
ment have different endpoint effects (Fig. SA). Indeed, if the
background only moves at the beginning of the trial, it does
not influence the endpoint (abrupt very early, abrupt early,
early, Fig. 5B). A possible interpretation is that the planned
endpoint is shifted by the moving background, but slowly
shifts back when the background stops moving. This would
explain why the initial responses to abrupt and continuous
motion are very similar (Fig. 4B) and yet the endpoint effects
are quite different (Figs. SA and B). That the planned end-
point actually moves back rather than not moving further
is in line with the responses sometimes becoming negative
later in the movement (Figs. 3B, D and E; 4C).

Discussion

In this paper we investigated the extent to which the response
to background motion resembles the response to target dis-
placements. Since both responses could be interpreted as
the consequence of guiding the hand to an updated planned
endpoint, we expected them to be modulated by similar fac-
tors. Motion that occurred later in the movement resulted
in a larger response of the hand, showing that the response
to background motion is time-dependent, in line with the
response to target perturbations (Brenner et al. 2022; Liu
and Todorov 2007; Oostwoud Wijdenes et al. 2011). The
response of the hand was also larger for fast background

Continuous Very Early
Abrupt Very Early
Continuous Early
Abrupt Early

A 15 Continuous Before Target Appearance
Continuous At Target Appearance

> T Continuous Very Early
€ Continuous Early
(O
3 i
5 o ol
S Of---- - -
7
Q
x -

1

0 100 200 300 400 500
Time from target appearance(ms)

Fig.4 Time course of the hand’s responses in all conditions of
Experiment 2. A How the moment at which the background starts
to move influences the response. B How the duration of background
motion influences the response. The curves are the means across

600 100 200 300 400 500 600
Time from target appearance (ms)

participants; shaded regions show the corresponding standard error
of the mean. A positive response is in the direction of background
motion. The coloured bars at the bottom show the timing of back-
ground motion in each condition
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Endpoint effect (cm)
—i—

0 20 40 60 80 100 120 140
Total background displacement (cm)

Fig.5 Effect of background motion on hand movement endpoints.
The symbols show the means across participants; the error bars show
the standard error of the mean. The colours correspond to the condi-
tions in experiment 1 (squares) and experiment 2 (discs), see Fig. 2
for details. A The difference between movement endpoints for right-
ward and leftward background motion plotted against the difference

motion than for slow background motion, and lasted longer
when the background moved for a longer period of time,
suggesting that the response to background motion is pro-
portional to the size of the perturbation, like the response
to target perturbations (Brenner and Smeets 1997; Veerman
et al. 2008). This also fits with findings that the response to
a suddenly moving target is modulated by the target velocity
(Brenner and Smeets 1997; Numasawa et al. 2022). How-
ever, the initial acceleration did not clearly scale with the
speed of the background, it only continued to accelerate
longer, which is not quite what one would expect.

The response to a second epoch of motion was not inde-
pendent of the first epoch of motion, in contrast to the inde-
pendent responses seen to target perturbations (Oostwoud
Wijdenes et al. 2011). Moreover, when there was continuous
motion from before the target appeared, participants moved
in the opposite direction to the background motion. Thus,
the response to background motion is similarly modulated
by some factors, but clearly not identical to the response to
target displacements.

Can we explain why the response to background motion
is sometimes not equivalent to that to a target displacement?
The answer may lie in the somewhat peculiar finding that for
background motion the sign of the response is determined
by the timing of the onset of the motion: the response is
negative if background motion is present before the target
appears and positive if the background motions starts at
or after target appearance. Perhaps it is only the onset of
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Endpoint effect (cm)
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Time from motion offset to perfect hit (ms)

between the total background displacements during leftward and
rightward background motion. B The difference between movement
endpoints for rightward and leftward background motion plotted
against the remaining time from the last motion offset to the perfect
hit (i.e. 667 ms after target appearance) for the conditions with a net
background displacement

background motion that shifts the position towards which the
movement is guided in the direction of the motion, and after
that all that remains is a modest influence of background
motion on the judged position or motion of the target due to
induced motion (Brouwer et al. 2003; de Dieuleveult et al.
2018). Importantly, we show that it is not only the instanta-
neous velocity at the onset of background motion that shifts
the endpoint but rather the motion within a short time inter-
val, because the duration of background motion does influ-
ence the response. Within some range, the response to back-
ground motion is proportional to the size of the perturbation.
However, the shift of the endpoint is only a small fraction
of the total background displacement. This is not surprising
because moving the background might influence the judged
movement endpoint, or even the judged target position, but
the actual target position is unchanged.

Another potential factor limiting the magnitude of
responses to background motion is that one may not only
adjust the movement towards the judged position of the
originally selected movement endpoint (which is presum-
ably what the background motion influences) but also re-
evaluate where one can best hit the target (Voudouris et al.
2013). This would presumably guide the movement back
to the centre of the target after some delay. Experiment 2
showed that the continuity of the background motion does
not affect the magnitude of the response: there was no clear
difference between the response curves to abrupt or con-
tinuous background motion that occurred at the same time



Experimental Brain Research (2022) 240:2667-2676

2675

during the movement, even from 200 ms after the onset of
background motion, when participants could have responded
to the background having stopped moving. This shows that
the planned endpoint does not immediately shift back when
the background motion stops. To summarise, the response to
background motion is not always equivalent to the response
to a target displacement because only background motion
within some time window from the onset contributes to the
shift in the planned endpoint, and this shift is only tempo-
rary. The planned endpoint shifts back to the origin when
there is no longer any motion in the surrounding. In contrast,
for target displacements the planned endpoint simply shifts
in accordance with the target displacement, so that the total
change in position is accounted for as long as there is enough
time to adjust the movement.

What information leads to the shift in the planned end-
point when the background moves? In general, the endpoint
effect increased with total background displacement, sug-
gesting that the shift in the planned endpoint is a certain
fraction of the total background displacement. However,
only a certain interval of the motion determines the shift,
because the endpoint effect in conditions where the back-
ground moved continuously until the end of the movement is
not substantially larger than conditions with only a transient
epoch of motion (Fig. SA). It is also clear that the timing of
the background motion affects the movement endpoint. We
found a larger endpoint effect when the background motion
stops later during the movement (Fig. 5B). In fact, when
the background stops moving early enough, there is no end-
point effect (the three early conditions in Fig. 5B). This drift-
ing back corresponds with the responses that drop below
zero from about 300 ms after the perturbation (Fig. 3). The
endpoint effects show that our attempt to stop people from
moving back to a specific endpoint by using a very long
horizontal target was unsuccessful.

Conclusions

Under the assumption that the response to background
motion is due to a change in the position towards which
the movement is guided, we expected the response to be
modulated by similar factors as the response to target dis-
placements (that evidently also shift the position towards
which the movement is guided). In line with the response to
target displacements, the response to background motion is
time dependent: the response is larger when the background
motion occurs later in the movement. There is also some
evidence that the response to background motion is propor-
tional to the speed and size of the background displacement.
However, the response to multiple epochs of background
motion is not independent and the sign of the response is
determined by the timing of the onset of background motion.

Although the response to background motion and target dis-
placements are not identical, they do share several features.
Thus, we propose that the onset of background motion tem-
porarily shifts the position towards which movements are
guided, but that this position gradually shifts back if the
background stops moving.

Acknowledgements This work was supported by the Netherlands
Organisation for Scientific Research (NWO) under project number
464.18.111 awarded to Eli Brenner.

Data availability The data and analysis scripts for this study are avail-
able at: https://osf.io/kdfqx/?view_only=8555e01fb0c7403f86bd23a3b
15ea0f1.

Declarations
Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Aivar MP, Brenner E, Smeets JBJ (2008) Avoiding moving obsta-
cles. Exp Brain Res 190:251-264. https://doi.org/10.1007/
s00221-008-1475-9

Brenner E, Smeets JBJ (1997) Fast responses of the human hand to
changes in target position. ] Motor Behav 29:297-310. https://
doi.org/10.1080/00222899709600017

Brenner E, Smeets JBJ (2009) Modifying one’s hand’s trajectory when
a moving target’s orientation changes. Exp Brain Res 196:375-
383. https://doi.org/10.1007/s00221-009-1857-7

Brenner E, Smeets JBJ (2015) How moving backgrounds influence
interception. PLoS ONE 10:e0119903. https://doi.org/10.1371/
journal.pone.0119903

Brenner E, Smeets JBJ, de Lussanet MHE (1998) Hitting moving tar-
gets continuous control of the acceleration of the hand on the basis
of the targets velocity. Exp Brain Res 122:467-474. https://doi.
org/10.1007/s002210050535

Brenner E, Hardon H, Moesman R, Crowe EM, Smeets JBJ (2022)
The influences of target size and recent experience on the vigour
of adjustments to ongoing movements. Exp Brain Res 240:1219-
1229. https://doi.org/10.1007/s00221-022-06325-7

Brouwer AM, Middelburg T, Smeets JBJ, Brenner E (2003) Hitting
moving targets. Exp Brain Res 152:368-375. https://doi.org/10.
1007/500221-003-1556-8

Crowe EM, Smeets JBJ, Brenner E (2021) The response to background
motion: characteristics of a movement stabilization mechanism. J
vis 21:1-15. https://doi.org/10.1167/jov.21.11.3

@ Springer


https://osf.io/kdfqx/?view_only=8555e01fb0c7403f86bd23a3b15ea0f1
https://osf.io/kdfqx/?view_only=8555e01fb0c7403f86bd23a3b15ea0f1
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00221-008-1475-9
https://doi.org/10.1007/s00221-008-1475-9
https://doi.org/10.1080/00222899709600017
https://doi.org/10.1080/00222899709600017
https://doi.org/10.1007/s00221-009-1857-7
https://doi.org/10.1371/journal.pone.0119903
https://doi.org/10.1371/journal.pone.0119903
https://doi.org/10.1007/s002210050535
https://doi.org/10.1007/s002210050535
https://doi.org/10.1007/s00221-022-06325-7
https://doi.org/10.1007/s00221-003-1556-8
https://doi.org/10.1007/s00221-003-1556-8
https://doi.org/10.1167/jov.21.11.3

2676

Experimental Brain Research (2022) 240:2667-2676

Day BL, Lyon IN (2000) Voluntary modification of automatic hand
movements evoked by motion of a visual target. Exp Brain Res
130:159-168. https://doi.org/10.1007/s002219900218

de Dieuleveult AL, Brouwer AM, Siemonsma PC, Van Erp JB, Brenner
E (2018) Aging and sensitivity to illusory target motion with or
without secondary tasks. Multisens Res 31:227-249. https://doi.
org/10.1163/22134808-00002596

de la Malla C, Lopez-Moliner J, Brenner E (2014) Dealing with delays
does not transfer across sensorimotor tasks. J vis 14(8):11-17.
https://doi.org/10.1167/14.12.8

Desmurget M, Grafton S (2000) Forward modelling allows feedback
control for fast reaching movements. Trends Cogn Sci 4:423-431.
https://doi.org/10.1016/S1364-6613(00)01537-0

Desmurget M, Prablanc C, Arzi M, Rossetti Y, Paulignan Y, Urquizar C
(1996) Integrated control of hand transport and orientation during
prehension movements. Exp Brain Res 110:265-278. https://doi.
org/10.1007/BF00228557

Duncker K (1929) Uber induzierte bewegung. Psychol Forsch 12:180—
259. https://doi.org/10.1007/BF02409210

Franklin DW, Wolpert DM (2008) Specificity of reflex adaptation for
task-relevant variability. J Neurosci 28:14165-14175. https://doi.
org/10.1523/INEUROSCI.4406-08.2008

Georgopoulos AP, Kalaska JF, Massey JT (1981) Spatial trajectories
and reaction times of aimed movements: Effects of practice,
uncertainty, and change in target location. J Neurophysiol 46:725—
743. https://doi.org/10.1152/jn.1981.46.4.725

Gomi H (2008) Implicit online corrections of reaching movements.
Curr Opin Neurobiol 18:558-564. https://doi.org/10.1016/j.conb.
2008.11.002

Gomi H, Abekawa N, Nishida S (2006) Spatiotemporal tuning of rapid
interactions between visual-motion analysis and reaching move-
ment. J Neurosci 26:5301-5308. https://doi.org/10.1523/INEUR
OSCI.0340-06.2006

Goodale MA, Pelisson D, Prablanc C (1986) Large adjustments in
visually guided reaching do not depend on vision of the hand or
perception of target displacement. Nature 320:748-750. https://
doi.org/10.1038/320748a0

Grierson LEM, Elliott D (2009) Goal-directed aiming and the rela-
tive contribution of two online control processes. Am J Psychol
122:309-324

Gritsenko V, Yakovenko S, Kalaska JF (2009) Integration of predictive
feedforward and sensory feedback signals for online control of
visually guided movement. J Neurophysiol 102:914-930. https://
doi.org/10.1152/jn.91324.2008

Liu D, Todorov E (2007) Evidence for the flexible sensorimotor strate-
gies predicted by optimal feedback control. J Neurosci 27:9354—
9368. https://doi.org/10.1523/JNEUROSCI.1110-06.2007

Numasawa K, Kizuka T, Ono S (2022) the effect of target velocity on
the fast corrective response during reaching movement. J] Mot
Behav. https://doi.org/10.1080/00222895.2022.2062288

Oostwoud Wijdenes LO, Brenner E, Smeets JBJ (2011) Fast and
fine-tuned corrections when the target of a hand movement is
displaced. Exp Brain Res 214:453—-462. https://doi.org/10.1007/
s00221-011-2843-4

@ Springer

Pélisson D, Prablanc C, Goodale MA, Jeannerod M (1986) Visual con-
trol of reaching movements without vision of the limb. Exp Brain
Res 62:303-311. https://doi.org/10.1007/BF00238849

Prablanc C, Martin O (1992) Automatic control during hand reach-
ing at undetected two-dimensional target displacements. J Neu-
rophysiol 67:455—-469. https://doi.org/10.1152/jn.1992.67.2.455

Saijo N, Murakami I, Nishida S, Gomi H (2005) Large-field visual
motion directly induces an involuntary rapid manual following
response. J Neurosci 14:3208-3224. https://doi.org/10.1523/
JNEUROSCI.4143-04.2005

Saunders JA, Knill DC (2003) Humans use continuous visual feedback
from the hand to control fast reaching movements. Exp Brain Res
152:341-352. https://doi.org/10.1007/s00221-003-1525-2

Saunders JA, Knill DC (2005) Humans use continuous visual feedback
from the hand to control both the direction and distance of point-
ing movements. Exp Brain Res 162:458-473. https://doi.org/10.
1007/500221-004-2064-1

Smeets JBJ, Brenner E (1995) Prediction of a moving target’s position
in fast goal-directed action. Biol Cybern 73:519-528. https://doi.
org/10.1007/BF00199544

Smeets JBJ, van den Dobbelsteen JJ, de Grave DDJ, van Beers RJ,
Brenner E (2006) Sensory integration does not lead to sensory
calibration. Proc Natl Acad Sci U S A 103:18781-18786. https://
doi.org/10.1073/pnas.0607687103

Soechting JF, Engel KC, Flanders M (2001) The Duncker illusion and
eye—hand coordination. J Neurophysiol 85:843-854. https://doi.
org/10.1152/jn.2001.85.2.843

Veerman MM, Brenner E, Smeets JBJ (2008) The latency for cor-
recting a movement depends on the visual attribute that defines
the target. Exp Brain Res 187:219-228. https://doi.org/10.1007/
$00221-008-1296-x

Voudouris D, Smeets JBJ, Brenner E (2013) Ultra-fast selection of
grasping points. J Neurophysiol 110:1484-1489. https://doi.org/
10.1152/jn.00066.2013

Zhang Y, Brenner E, Duysens J, Verschueren S, Smeets JBJ (2018)
Effects of aging on postural responses to visual perturbations dur-
ing fast pointing. Front Aging Neurosci 10:401. https://doi.org/10.
3389/fnagi.2018.00401

Zhang Y, Brenner E, Duysens J, Verschueren S, Smeets JBJ (2019)
Is the manual following response an attempt to compensate for
inferred self-motion? Exp Brain Res 237:2549-2558. https://doi.
org/10.1007/s00221-019-05607-x

Zivotofsky AZ (2004) The Duncker illusion: intersubject variability,
brief exposure, and the role of eye movements in its generation.
Invest Ophthalmol vis Sci 45:2867-2872. https://doi.org/10.1167/
iovs.04-0031

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1007/s002219900218
https://doi.org/10.1163/22134808-00002596
https://doi.org/10.1163/22134808-00002596
https://doi.org/10.1167/14.12.8
https://doi.org/10.1016/S1364-6613(00)01537-0
https://doi.org/10.1007/BF00228557
https://doi.org/10.1007/BF00228557
https://doi.org/10.1007/BF02409210
https://doi.org/10.1523/JNEUROSCI.4406-08.2008
https://doi.org/10.1523/JNEUROSCI.4406-08.2008
https://doi.org/10.1152/jn.1981.46.4.725
https://doi.org/10.1016/j.conb.2008.11.002
https://doi.org/10.1016/j.conb.2008.11.002
https://doi.org/10.1523/JNEUROSCI.0340-06.2006
https://doi.org/10.1523/JNEUROSCI.0340-06.2006
https://doi.org/10.1038/320748a0
https://doi.org/10.1038/320748a0
https://doi.org/10.1152/jn.91324.2008
https://doi.org/10.1152/jn.91324.2008
https://doi.org/10.1523/JNEUROSCI.1110-06.2007
https://doi.org/10.1080/00222895.2022.2062288
https://doi.org/10.1007/s00221-011-2843-4
https://doi.org/10.1007/s00221-011-2843-4
https://doi.org/10.1007/BF00238849
https://doi.org/10.1152/jn.1992.67.2.455
https://doi.org/10.1523/JNEUROSCI.4143-04.2005
https://doi.org/10.1523/JNEUROSCI.4143-04.2005
https://doi.org/10.1007/s00221-003-1525-2
https://doi.org/10.1007/s00221-004-2064-1
https://doi.org/10.1007/s00221-004-2064-1
https://doi.org/10.1007/BF00199544
https://doi.org/10.1007/BF00199544
https://doi.org/10.1073/pnas.0607687103
https://doi.org/10.1073/pnas.0607687103
https://doi.org/10.1152/jn.2001.85.2.843
https://doi.org/10.1152/jn.2001.85.2.843
https://doi.org/10.1007/s00221-008-1296-x
https://doi.org/10.1007/s00221-008-1296-x
https://doi.org/10.1152/jn.00066.2013
https://doi.org/10.1152/jn.00066.2013
https://doi.org/10.3389/fnagi.2018.00401
https://doi.org/10.3389/fnagi.2018.00401
https://doi.org/10.1007/s00221-019-05607-x
https://doi.org/10.1007/s00221-019-05607-x
https://doi.org/10.1167/iovs.04-0031
https://doi.org/10.1167/iovs.04-0031

	How similar are responses to background motion and target displacements?
	Abstract
	Introduction
	Methods
	Participants
	Set-up
	Calibration
	Stimulus and procedure
	Exploratory data analysis
	Experiment 1

	Results
	Experiment 2

	Results
	Discussion
	Conclusions
	Acknowledgements 
	References




