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Abstract In motor tasks with explicit rewards and pen-
alties, humans choose movement strategies that nearly
maximize expected gain (Trommershäuser et al. in J Opt
Soc Am A 20:1419–1433, 2003). Here, we examine
whether performance is still close to optimal when
information about payoffs is not available prior to
movement onset. Subjects rapidly touched a target re-
gion while trying to avoid hitting an overlapping penalty
region placed randomly to the left or right of the target.
Subjects received rewards and incurred penalties for
hitting the corresponding regions. Late responses
(>700 ms) were heavily penalized. The penalty region
was displayed 0, 200 or 400 ms after the reward region
and the subject could not know where it would be until
then. Reaction times to begin the movement after
stimulus appearance were constant across conditions.
Median reaction times were approximately 200 ms, i.e.,
the time the penalty was first displayed in the 200 ms
delay condition. Performance was compared to that of
an optimal movement planner that chooses mean end
points to maximize expected gain despite movement
variability. In the 0 and 200 ms delay conditions, sub-
jects selected strategies that did not differ significantly
from optimal, indicating that humans are able to plan
their movements well despite delayed and unpredictable
onset of information. Performance dropped below
optimal in the 400 ms delay condition, with mean

movement end points closer to the penalty region than
predicted by the optimal strategy (in the high-penalty
condition). We conclude that relevant information
concerning the reward structure is required between 200
and 400 ms prior to the end of the movement, but can
still be integrated into the movement plan after move-
ment initiation.

Keywords Visuo-motor control Æ Movement planning Æ
Movement under risk Æ Statistical decision theory

Introduction

Successful movement requires both planning and
improvisation. Movement planning may involve pro-
cessing of stored information about the final arm posi-
tion (Rosenbaum et al. 1995; Sabes and Jordan 1997) as
well as information about the target position (Desmur-
get et al. 1998; Diedrichsen et al. 2004). After the
movement is initiated, however, the target and its envi-
ronment may change unexpectedly. Several groups of
researchers have demonstrated that the motor system
can update a planned movement in response to unan-
ticipated changes in position, velocity and visual prop-
erties of the target (Brenner and Smeets 2004; Elliot
et al. 1999; Saunders and Knill 2004; Schmidt 2002).
These and other researchers have examined the relative
importance of planning prior to movement initiation
and corrective processes based on feedback during the
movement (Brenner and Smeets 2004; Castiello 2001;
Connolly and Goodale 1999; Desmurget et al. 1998;
Diedrichsen et al. 2004; Elliot et al. 1999; Glover and
Dixon 2002; Goodale and Westwood 2004; Hamilton
and Wolpert 2002; Howard and Tipper 1997; Jeannerod
1988; Keele and Posner 1968; Rosenbaum et al. 1995;
Sabes and Jordan 1997; Saunders and Knill 2004;
Woodworth 1899).

Typically the time of target display is varied with
respect to the time of movement initiation to study
how visual information about the movement goal is
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integrated into the movement plan (see e.g.,
Desmurget et al. 1998). To study corrective processes
of online control, the target is suddenly displaced
during the movement and the delays are estimated
until the motor response follows the shift in target
position (Brenner and Smeets 2004; Saunders and
Knill 2004).

However movement planning involves more than
directing a movement at a visual target. Failures to
reach the movement goal or deviations from the in-
tended trajectory may lead to drastic consequences
(e.g., by accidentally hitting an obstacle). We therefore
studied movement planning in a task in which the goal
of the movement was not defined by a visual stimulus
alone. Instead two visual stimuli differing in color were
presented on the screen. While a green region always
indicated the goal of the movement, a second, red
penalty region was presented close to the target region.
Hits within the target region gained a monetary re-
ward; accidental hits within the penalty region incurred
a monetary cost. In some of the trials, the penalty re-
gion was displayed after the target region, forcing
subjects to direct their movements away from the
center of the target region during the movement. The
penalty region was displayed either roughly 200 ms
before, at the time of, or 200 ms after movement onset.
The current study was performed to test whether
information about the configuration of monetary pay-
offs can be integrated into the movement plan after the
movement is initiated.

Under conditions in which target and penalty
region are presented roughly 200 ms prior to move-
ment onset, humans have been shown to choose
movement strategies that nearly maximize expected
gain (Trommershäuser et al. 2003b). In selecting an
optimal movement strategy, a subject has to shift the
mean movement end point away from the center of
the green target region to minimize the risk of acci-
dental hits into the penalty region. This shift is larger
for closer penalty regions and higher penalty values.
In shifting their mean movement end point away from
the target center (and from the penalty region), sub-
jects adopt a motor strategy that is defined not simply
by the spatial position of both circles on the screen,
but also depends on the subject’s motor variability
and the rewards and penalties assigned to target and
penalty region. Delayed presentation of the penalty
region therefore forces subjects to update this motor
strategy in response to a change in visual, spatial and
monetary information. The delays in presenting the
penalty region were chosen to include presentation
of information about the penalty position prior
to movement onset (Delay = 0 ms), with movement
onset (Delay = 200 ms) or after (Delay = 400 ms). In
addition, we compared performance to a model of
optimal movement planning (Trommershäuser et al.
2003a, b) to explore the limits of movement planning
with delayed onset of information about the move-
ment goal.

Materials and methods

Apparatus

The experimental apparatus was similar to that used
previously (Trommershäuser et al. 2003a, b). Each
subject was seated in front of a touch screen (Accu-
Touch from Elo TouchSystems, accuracy <±2 mm
standard deviation, resolution of 15,500 touch points/
cm2) which registered the movement end point. A chin
rest was used to control the viewing distance, which was
44 cm in front of the touch screen. The computer key-
board was mounted on the table and centered in front of
the monitor. A small notch on the keyboard marked the
starting position for the movement. The experimental
room was dimly lit. The experiment was run using the
Psychophysics Toolbox (Brainard 1997; Pelli 1997) on a
Pentium III Dell Precision workstation. Motor trajec-
tories were measured using an Optotrak 3020 Motion
Tracking Device. A rigid configuration of three sensors
mounted on a light piece of metal was attached to the
subject’s right index finger near the finger tip, but not so
near as to interfere with the subject’s touching move-
ments. At the beginning of every experimental session, a
calibration procedure was performed to ensure that the
center of the subject’s right index finger pad, estimated
from sensor measurements, was aligned with the touch-
screen measurements.

Stimuli

The stimuli consisted of one green target region and
possibly one red penalty region. The target region was an
open green circle and the penalty region was a filled red
disk. Overlap of the target and penalty was readily visi-
ble. The target and penalty regions had radii of 8 mm/
32 pixel. The center of the penalty region was 8 (‘‘Near’’)
or 12 mm (‘‘Far’’), left or right of the center of the target
region (Fig. 1a). The penalty region was either presented
at trial start together with the target region (Delay =
0 ms), 200 ms after presentation of the target region
(Delay = 200 ms) or 400 ms into the trial (Delay =
400 ms) (Fig. 1b).

The target position was chosen randomly from a
uniform distribution on a square with a range of
±22 mm (vertically and horizontally) relative to screen
center. The penalty position was chosen randomly rel-
ative to the target center.

Procedure

The procedure in a single trial was similar to that
employed by Trommershäuser et al. (2003a, b). Subjects
were instructed to rapidly touch a green target region
while trying to avoid hitting an overlapping red penalty
region placed randomly to the left or right of the target.
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A target hit was always worth 100 points. A penalty hit
cost zero or 500 points, and the penalty value was con-
stant during a block of trials. If the subject touched the
region where the target and penalty overlapped, both the
reward and penalty were incurred. If a subject moved
from the starting position before or within 100 ms after
stimulus presentation, the trial was abandoned and re-
peated later during that block. Subjects were instructed
to earn as many points as possible. Subjects were re-
quired to complete the finger movement within 700 ms
of the presentation of the stimulus; if they did not, they
incurred a timeout penalty of 1,000 points.

Subjects first underwent a training session with no
penalty to learn the speeded pointing task including its
time constraints. The training session consisted of
270 trials in which the target region was always pre-
sented together with the penalty region (Delay = 0 ms).
The time constraint of completing the response was
slowly decreased across the 270 trials. The first 30 trials
were run without a time limit for the response (and
penalty values of zero points), followed by four blocks
of 20 trials each with a time limit of 850 ms and penalty
values alternating between zero and 200 points, followed
by eight blocks of 20 trials each with a time limit of
700 ms and penalty values alternating between zero and
200 points. After the training session, the time limit for
the response was held constant at 700 ms throughout the
experiment and data collection began. Data were col-
lected in two sessions of 60 min duration, run on two
consecutive days. Each session consisted of a total of
444 trials: 12 warm-up trials (with penalty values of
zero) followed by 12 blocks of 36 trials of data record-
ing. Penalty values alternated between zero and

500 points across blocks. Within a single block, each of
the four spatial configurations was presented three times
for each of the three delay conditions in random order.
Thus, subjects did not know whether the penalty region
would be presented at target onset or delayed.

Subjects and instructions

Five subjects participated. All subjects were male and
ranged in age from 24 to 36 years. All were unaware of
the experimental purpose and were paid for their par-
ticipation; they also received bonus payments deter-
mined by their cumulative score (25 cents per
1,000 points). All subjects had normal or corrected-to-
normal vision. All but one were right handed. Subjects
used their right index finger for the pointing movement.
Subjects were told the payoffs and penalties before each
block of trials. Subjects gave informed consent before
testing.

Model of optimal movement planning

Subjects’ performance in the task was compared to an
optimal movement strategy based on statistical decision
theory (Trommershäuser et al. 2003a, b). Here, we
summarize the key elements of the model as applied to
the task. In this model the optimal movement strategy is
the one that maximizes expected gain.

In our experiment, the scene is divided into three
regions: a circular target region (R1) with a positive gain,
a circular penalty region (R2) with no or negative gain,

Fig. 1 Stimulus configurations
and basic experimental design.
a Subjects pointed at a green
target and a red penalty region
(here displayed in gray). The
target and penalty areas were
circular with radius 8 mm/
32 pixel. The target was
displaced leftward or rightward
of the penalty region. The
distance between the centers of
the target and penalty regions
was either 8 mm/32 pixel
(‘‘Near’’) or 12 mm/40 pixel
(‘‘Far’’). b Basic experimental
design. First, the target was
presented, at which point the
subject could begin the
movement. The penalty region
could either be presented
simultaneously with the target
region (Delay = 0 ms), 200 ms
after presentation of the target
region (Delay = 200 ms) or
400 ms after presentation of the
target region (Delay = 400 ms).
The overall time limit for the
subjects’ response was 700 ms
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and the background (no gain). An optimal visuo-motor
strategy S on any trial is one that maximizes the sub-
ject’s expected gain

CðSÞ ¼
X2

i¼1
Gi P ðRi j SÞ þ GtimeoutPðtimeout j SÞ: ð1Þ

P(Ri|S) is the probability, given a particular choice of
strategy S, of reaching region Ri before the time limit
(t=timeout) has expired; Gi is the gain the subject re-
ceives if region Ri is reached on time (G1=100 points;
G2=0 or �500 points). The last term in Eq. 1 deals with
timeout penalties.

In our experiments, subjects win and lose points by
touching the reward and penalty regions before the
timeout. Penalties and rewards depend only on the po-
sition of the end point, so a strategy S can be identified
with the mean end point ð�x;�yÞ that results from
adopting strategy S. As in previous experiments, we
found that subjects’ movement variance was the same in
the vertical and horizontal directions (and stable
throughout the experiment). Thus, we assume that the
movement end points (x, y) are distributed according to
a spatially isotropic Gaussian distribution with variance
r2,

pðx; yj�x;�y; r2Þ ¼ 1

2pr2
exp � x� �xð Þ2 þ y � �yð Þ2

h i.
2r2

h i
:

ð2Þ

The probability of hitting region Ri is

P ðRij�x; �y; r2Þ ¼
Z

Ri

pðx; yj�x;�y; r2Þdxdy: ð3Þ

As in our previous experiments, the probability of a
timeout is effectively constant over the limited range of
relevant screen locations. Thus, the optimal movement
strategy corresponds to the mean end point
ð�xMEG;�yMEGÞ that maximizes

Cð�x; �yÞ ¼
X2

i¼1
GiPðRij�x;�y; r2Þ: ð4Þ

In our experiment, the optimal strategy ð�xMEG;�yMEGÞ
varies with the position and magnitude of the penalty.
When the penalty is zero, the optimal mean end point is
the center of the target region. For non-zero penalties,
the optimal mean end point shifts away from the penalty
region and, therefore, away from the center of the target.
This shift is larger for greater penalties, for penalty re-
gions closer to the target, and for subjects with greater
motor uncertainty r2 (Trommershäuser et al. 2003a, b).

Motor trajectories in the presence of visual informa-
tion provided after movement onset have been found to
be different from motor trajectories directed at a stim-
ulus configuration present before movement onset (e.g.,
Glover and Dixon 2002). For penalty values presented
after target onset (Delay = 200 or 400 ms), the subject

does not have all the information required to compute
the MEG aim point until after movement initiation.
Thus, a calculation of an updated aim point and a mid-
course correction may be required during the movement.
This could increase the value of r2 or change the shape
of the movement end point distribution. Changes in
value or shape of the end point distribution can result in
different optimal motor strategies. However, we did not
find differences in r2 for different times of penalty onset
(see below). We therefore compared performance under
the three delay conditions with the optimal performance
defined by Eq. 4 based on a single estimate of r2.

Data analysis

For each trial, we recorded reaction time (time from
target onset to release of the space bar), movement time
(time from release of the space bar to arrival at the touch
screen), the (x, y) screen position that was hit, and the
score. After movement start, the Optotrak recorded the
finger position at a rate of 200 Hz. Trials in which the
subject initiated the movement less than 100 ms after
presentation of the start signal or hit the screen later
than 700 ms after presentation of the start signal were
excluded from the analysis. End points on the screen
that were further than 6 cm from the target center were
classified as errors (e.g., knuckle hits) and were excluded
from the analysis. Each subject contributed approxi-
mately 864 data points (36 repetitions of each condi-
tion). Movement end point data were collapsed across
left-right symmetric configurations. Movement end
points were recorded relative to the center of the target
circle. We calculated movement speed profiles as the
distance traveled in space between successive time sam-
ples divided by the time between samples.

Reaction and movement times

Once the training session was completed, reaction and
movement times differed significantly across subjects,
but were consistent across conditions and throughout
the experiment (Tables 1 and 2).

We asked whether reaction times differed for motor
responses when information about the position of the
penalty was provided at target onset (Delay = 0 ms) or
after target onset (Delay = 200 or 400 ms). We per-
formed pairwise comparisons of the distribution of
reaction times for the Delay = 200 and 400 ms condi-
tions with the Delay = 0 ms condition using a Wilco-
xon Signed Rank Test. As penalty values were held
constant within a block of trials, reaction times were
analyzed separately for penalty values of zero and 500.

We asked whether movement times differed for motor
responses when information about the position of the
penalty was provided with target onset (Delay = 0 ms)
or after target onset (Delay = 200 or 400 ms). Move-
ment times were compared using a one-factor repeated
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measures ANOVA, the factor being the delay condition
(see Results and Table 2).

Consistency of motor responses across subjects

Movement end points and movement end point vari-
ability were similar for all subjects (r=3.79 mm for MD
to r=4.54 mm for ABH). We therefore pooled data
across subjects (average movement end point variability
r=4.23 mm). Movement end point variability did not
depend on delay condition. Also, movement end points
did not differ with respect to spatially symmetric con-
figurations. Therefore, for the analysis of movement end
points in the x-direction, data were pooled across con-
ditions that were spatially symmetric. We computed the
deviations from the center of the reward circle for
symmetric conditions (e.g., ‘‘left, far’’ and ‘‘right, far’’)
and then multiplied the deviations for the ‘‘left’’ condi-
tion by -1 to reflect them about the center. After
reflection, we pooled the right and left deviations.

Differences in mean end points across spatial and penalty
conditions

The x- and the y-coordinate of movement end points
were compared across spatial, delay and penalty condi-
tions using a three-factor, repeated measures analysis of
variance (ANOVA) for each subject individually. As end
points differed in the x-direction across delay conditions
(see Results), we also compared end points in a post-hoc
analysis using linear contrasts.

Efficiency of end points for different delays of penalty
onset

We asked whether subjects were still able to plan their
movements efficiently with delayed information about
the penalty location. We define efficiency in our task as
the actual score divided by the optimal score derived
from the model of optimal movement planning. Our
model predicts clear differences in mean movement end
points in the ‘‘near’’ condition when the penalty is large
and not far from the target. We computed efficiencies for
the near condition as the ratio of the subject’s cumulative
score and the optimal score (i.e., the maximum expected
gain) predicted by the model of optimal movement
planning. The optimal score was computed based on
each subject’s movement variability. The 95% confidence
interval of optimal performance was computed across all
subjects for an optimal movement planner in a Monte
Carlo simulation consisting of 100,000 runs of the opti-
mal movement planner performing the experiment with
the average movement end point variability of
r=4.23 mm (for the ‘‘left, near’’ and ‘‘right, near’’ con-
ditions, for penalty values of zero and 500, respectively).
Performance was classified as significantly different from
optimal when the actual score fell outside the 95% con-
fidence interval of optimal performance.

Results

We first report evidence that subjects initiated their
movement independent of whether they had complete

Table 1 Median reaction times
for the three delay and two
penalty conditions (approx. 144
data points per condition, data
averaged across the four spatial
conditions)

ABH AJK AOO MD SWU

Penalty = 0 Delay = 0 ms 253 ms 310 ms 300 ms 246 ms 172 ms
Delay = 200 ms 259 ms 301 ms 291 ms 238 ms 180 ms
Delay = 400 ms 246 ms 302 ms 298 ms 237 ms 171 ms

Penalty = 500 Delay = 0 ms 262 ms 298 ms 319 ms 238 ms 203 ms
Delay = 200 ms 253 ms 296 ms 321 ms 232 ms 193 ms
Delay = 400 ms 251 ms 291 ms 309 ms 227 ms 199 ms

Table 2 Mean movement times for the three delay and two penalty conditions (approx. 144 data points per condition, data averaged
across the four spatial conditions)

ABH AJK AOO MD SWU

Penalty = 0 Delay = 0 ms 273 ms 275 ms 208 ms 319 ms 341 ms
Delay = 200 ms 280 ms 277 ms 207 ms 337 ms 331 ms
Delay = 400 ms 290 ms 276 ms 211 ms 345 ms 337 ms
ANOVA F(2,413)=3.110

P=0.046
F(2,425)=0.129
P=0.879

F(2,496)=0.162
P=0.851

F(2,424)=8.781
P<0.001

F(2,557)=2.366
P=0.095

Penalty = 500 Delay = 0 ms 271 ms 309 ms 218 ms 306 ms 329 ms
Delay = 200 ms 294 ms 313 ms 232 ms 332 ms 351 ms
Delay = 400 ms 314 ms 320 ms 240 ms 360 ms 363 ms
ANOVA F(2,383)=16.078

P<0.001
F(2,410)=2.136
P=0.119

F(2,482)=2.185
P=0.114

F(2,418)=26.299
P<0.001

F(2,492)=22.353
P<0.001
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knowledge about where the penalty region would be
located and when it would be displayed. We then dem-
onstrate that movement dynamics remained unaffected
by the presentation of the penalty region in the penalty
zero condition, indicating that the sudden visual onset did
not interrupt movement execution. We finally provide
evidence that subjects were still able to plan their move-
ments with high efficiency if information about the pen-
alty location was first available at movement onset, but
that they fail to do so if information was presented with a
delay of 400 ms, about 200 ms before movement end.

Subjects initiate movement independent of whether they
know where and when the penalty will appear

We first asked whether reaction times differed for
movements when the penalty was presented together
with the target region, i.e., prior to movement onset, or
some time later in the trial. We found that reaction times
did not differ significantly whether the penalty appeared
together with the target region or during the movement
(Wilcoxon Signed Ranks Test, P>0.064, except for
reaction times of ABH, penalty values of 500, De-
lay = 400 ms vs. 0 ms; z=-3.057; P=0.002, N=144;
see Table 1). This is also evident from Fig. 2 which
shows no difference in speed profiles for different times
of penalty onset.

Movements were not disrupted by the sudden display
of the penalty during the movement, and still exhibited
the same bell shaped velocity profiles as found for trials

in which the penalty was zero (Fig. 2). In the penalty
zero condition, mean movement end points did not
differ significantly from the center of the green target
(Fig. 3a), independent of time of display of the penalty
region. In addition, movement dynamics remained
unaffected by the delayed presentation of the penalty
region. Movement times did not differ systematically
across the three conditions of time of penalty display in
the penalty zero condition (Table 2).

Subjects still compensate for delayed presentation
of penalty position at movement onset

We next asked whether performance was affected by the
delayed presentation of the penalty display. Consistent
with the predictions of our model of optimal movement
planning, movement end points did not differ signifi-
cantly in the y-direction across spatial, delay and penalty
conditions (P>0.05 for all conditions and subjects). We
found that subjects still managed to adjust their move-
ment when the penalty region was presented with a
200 ms delay. Stimulus presentation with a delay of
200 ms fell in the range of times of movement onset with
median reaction times ranging from 171 to 321 ms
(Table 1). Movement end points did not differ signifi-
cantly across the three delay conditions. This lack of
overall effect is due to identical shifts in end points for
the 0 and 200 ms delay conditions (Fig. 3a, lower panel).

To check for effects in the condition of highest delay
(400 ms) compared to the other delay conditions, we

Fig. 2 Speed profiles for
different times of presentation
of the penalty region (penalty
value of 500 only); data
presented for a single subject
(ABH)
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computed a linear contrast between the combined 0 and
200 ms delay conditions and the 400 ms delay condition
(separately for targets located to the right or left of the
penalty region, near condition only). We found signifi-
cant effects for most subjects (P<0.05 except for AJK,
right configuration: t(102)=�0.335, P=0.246; data
Bonferroni corrected for three tests). Accordingly, effi-
ciencies in the 200 ms delay condition were almost as
high as in the 0 ms delay condition (>70%; Fig. 3b).
However, efficiency was very low when the penalty re-
gion was presented with a 400 ms delay. In fact, all
subjects lost points in this condition, as they failed to
shift their movements in time to avoid the penalty region
(Fig. 3a). Although velocity profiles did not differ sig-
nificantly for the different penalty delays (Fig. 2),
movement times increased slightly with delayed onset of
penalty presentation (Table 2).

Information about penalty value is integrated during the
movement

Finally, we asked whether we have evidence when
information about the penalty region is integrated
into the movement plan. Subjects do not shift their

movement end points in response to the purely visual
display of the penalty region, i.e., when the assigned
penalty value is zero (Fig. 3a). Furthermore, we found
no evidence that their movements were disrupted by the
unexpected visual display of a colored disk, either with
penalty values of zero or 500. Subjects do shift their
movement end points away from the penalty region in
trials in which the penalty value is non-zero, as long as
information about the penalty location is available prior
to or around movement onset, but fail to do so if
information about the penalty location is provided
during the movement (Fig. 3b). Figure 4 makes clear
that this shift develops gradually across the reach and
occurs later in the reach the later information about the
penalty region is available. If penalty information is not
available prior to movement onset, that information is
still integrated during the course of the movement.

Discussion

The purpose of our study was to investigate whether
information about the movement goal can be updated
after a movement has begun. We studied human move-
ment planning in a task in which subjects attempted

Fig. 3 Mean movement end points and efficiencies for different
times of presentation of the penalty region. a Mean movement end
points for the ‘‘Near’’ condition, with penalty values of zero (top
panel) and 500 (lower panel). Data pooled across five subjects. Error
bars indicate ± two standard error of the mean, standard error
computed across subjects and trials (approximately 196 data points
per condition). b Efficiencies for the ‘‘Near’’ condition (averaged
across spatially symmetric conditions), with penalty values of zero

(top panel) and 500 (lower panel). Efficiencies computed for each
subject individually, based on the subject’s movement variability.
Data pooled across five subjects. Error bars indicate ± standard
error of the mean, standard error computed across subjects. Solid
lines indicate optimal performance for a subject with average
movement variability of r=4.23 mm; dashed lines the 95%
confidence interval
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to touch a target region and avoid a nearby overlapping
penalty region. The reward region was always visible
at the beginning of the trial. The penalty region
could appear together with the target region, or delayed
by 200 or 400 ms after presentation of the target loca-
tion. The subject did not know whether the penalty
would appear immediately or how long it might be
delayed. The position and orientation of the stimulus
configuration were varied unpredictably from trial to
trial.

The subject was required to complete the response in
700 ms, independent of the penalty delay. This time
window of 700 ms included the time for movement ini-
tiation as well as the time for movement execution.
Median reaction times (time to movement onset) were
approx. 200 ms, i.e., the time of display of the penalty
region in the condition with medium delay.

We found that, in the longest delay condition, mean
movement end points were too close to the penalty re-
gion leading to performance that was significantly sub-
optimal. On the contrary, efficiencies were high in the
condition with medium delay, indicating that humans
are able to plan their movements with high efficiency
even if knowledge of the exact movement goal was
provided only at the time of movement onset.

We also found that performance did not suffer
appreciably when the movement goal was only available
at the time of movement onset (200-ms-delay condition).

While movement trajectories diverged less rapidly from
the center toward the optimal aim point in comparison
with the movement trajectories of the 0-ms-delay con-
dition (Fig. 4), the distribution of mean end points and
the measures of efficiency of the conditions in these two
conditions did not differ significantly. Note that the
movement goal in our task is defined by a complex
combination of factors, including the spatial arrange-
ment of the penalty and target regions, the pay-offs as-
signed to each region, and the subject’s movement
variability. Yet, efficiencies in the 200-ms-delay condi-
tion were only slightly lower than in the 0-ms-delay
condition or than those found in our previous studies
(Trommershäuser et al. 2003b, 2005). In contrast, if the
movement goal was only available 200 ms after the ini-
tiation of movement (400-ms-delay condition), efficiency
dropped substantially.

To summarize: if the goal of a movement changes
shortly after movement is initiated (at about 200 ms
after the start of a trial), the motor system can still
gradually integrate the changed goal into the movement
plan as it unfolds over the next 500 ms. If it is changed
more than 200 ms after movement initiation, the motor
system is unable to compensate for the changed goal in
the roughly 300 ms remaining until contact.

Our results complement findings reported from
studies using the so-called double-step paradigm in
which a visually specified target is displaced at

Fig. 4 Change in mean
movement end point in the x-
direction during the movement.
Mean fingertip locations in the
x-direction were computed as a
spatial average within the xy-
plane for different distances in
the z-direction. Data are
displayed for each subject
individually; error bars indicate
± one standard error of the
mean, approx. 144 data points
per delay condition (penalty
value of 500, near condition
only). Data were pooled for the
‘‘left, near’’, ‘‘right, near’’
conditions
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movement onset of a pointing response (Bridgeman
et al. 1979; Komilis et al. 1993; Pélisson et al. 1986;
Sarlegna et al. 2004). These studies demonstrated that
subjects can rapidly modify arm movements after an
unexpected change of target position. It takes subjects
about 320 ms to adjust their movements to the dis-
placement in target position when the hand was visible
and 390 ms without visual feedback of the hand, indi-
cating that visual feedback of the hand contributes to
online corrections of hand movements. Subsequent
studies have attempted to further identify contributions
of different sources of feedback to the online control of
movements. Perturbations of visual feedback of the
hand have lead to corrections as early as �120 ms after
the perturbation if they occur in the movement direction
and within �150 ms if orthogonal to movement direc-
tion (Saunders and Knill 2004, 2005).

We emphasize that a penalty region is defined by
information that is not simply visual in nature, but also
by non-visual information such as the pay-off assigned
to the penalty region. In particular, our results indicate
that subjects only adjust their movements in conditions
in which non-zero pay-offs are associated with the pen-
alty region, but manage to ignore the sudden visual
display altogether if hitting the penalty region comes
without additional cost for the subject. These results
indicate that subjects in our experiment indeed adjust
their movements in response to changes in the reward
structure and not due to the sudden onset of a visual
distractor (Castiello 2001; Tipper et al. 1997). We con-
clude that relevant information concerning the reward
structure is required between 200 and 400 ms prior to
the end of the movement, but is not necessarily required
prior to movement initiation.
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