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Abstract Two different ways to code a goal-directed
movement have been proposed in the literature: vector
coding and position coding. Assuming that the code is
fine-tuned if a movement is immediately repeated, one can
predict that repeating movements to the same endpoint will
increase precision if movements are coded in terms of the
position of the endpoint. Repeating the same movement
vector at slightly different positions will increase precision
if movements are coded in terms of vectors. Following this
reasoning, Hudson and Landy (J Neurophys 108(10):2708—
2716, 2012) found evidence for both types of coding when
participants moved their hand over a table while the target
and feedback were provided on a vertical screen. Do we
also see evidence for both types of coding if participants
repeat movements within a more natural visuo-motor map-
ping? To find out, we repeated the study of Hudson and
Landy (J Neurophys 108(10):2708-2716, 2012), but our
participants made movements directly to the targets. We
compared the same movements embedded in blocks of rep-
etitions of endpoints and blocks of repetitions of movement
vectors. Within blocks, the movements were presented in
a random order. We found no benefit of repeating either a
position or a vector. We subsequently repeated the experi-
ment with a similar mapping between movements and
images to those used by Hudson and Landy and found that
participants only clearly benefit from repeating a position.
We conclude that repeating a position is particularly useful
when dealing with unusual visuo-motor mappings.
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Introduction

There are many possible ways to move ones hand towards an
object, but humans tend to move in a specific way (Morasso
1983). The biomechanics of the arm are very complicated,
with many muscles contributing to any goal-directed arm
movement. Many theories of motor control therefore assume
that goal-directed movements are initially planned in some
relatively simple higher-level manner and that this plan is
then converted into precise motor commands. Two hypoth-
eses about how these movements are planned have received
much attention: that they are planned in terms of the direc-
tion and distance towards the target (vector coding), and that
they are planned in terms of the desired position of the hand
or configuration of the arm (position coding).

There is ample evidence in the literature for both vec-
tor coding (Bock and Eckmiller 1986; Desmurget et al.
1998; Flanders et al. 1992; Georgopoulos et al. 1981; Gor-
don et al. 1994; Messier and Kalaska 1997; Rossetti et al.
1995; Vindras et al. 1998) and position coding (Berkinblit
et al. 1995; Graziano et al. 2002; MclIntyre et al. 1997,
1998; Soechting et al. 1990; van den Dobbelsteen et al.
2001; Thaler and Todd 2009). Thus, some movements may
rely on vector coding and others on position coding, or all
movements could rely on a combination of the two types of
coding (de Grave et al. 2004; Ghez et al. 2007; Scheidt and
Ghez 2007; Schenk 2006; van der Graaff et al. 2014). What
determines how movements are coded?

One could assume that the combination of codes that gives
the most precise movement will be used. If so, and if a code
becomes more precise when it is repeated over trials, a code
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Fig. 1 Experimental setup. Par-
ticipants made movements on

the tabletop to targets that they i §
saw reflected in the mirror .

that is repeated will contribute more to the movement. Hud-
son and Landy (2012) tested this hypothesis by asking par-
ticipants to make hand movements towards targets on a table
while they saw the targets and the feedback on a computer
screen in front of them. The movements were presented in
different blocks, either consisting of movements towards a
certain target position from different directions (to reveal ben-
efits incurred by improving the coding of the final position) or
by repeatedly moving the same distance in the same direction
between different positions (to reveal benefits incurred by
improving the coding of the movement vector). They found
that the shapes of the endpoint distributions for identical start-
ing positions and targets were different for the two blocks
and concluded that movements were coded both in terms
of positions and in terms of vectors. As the visual informa-
tion was provided on a vertical screen while the movements
were made on a table, participants had to learn a new visuo-
motor mapping. The finding that movements were coded both
in terms of positions and in terms of vectors could therefore
have been influenced by having to learn this new mapping.
Do we also see evidence for both of these types of cod-
ing if participants do not have to learn a new mapping?
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To find out, we repeated the study of Hudson and Landy
(2012), but our participants saw the targets and feedback on
the table on which they made the movements.

Methods
Participants and experimental setup

Twelve right-handed participants took part in the experi-
ment, which is part of a programme that has been approved
by the ethics committee of the faculty of Human Movement
Sciences. All participants signed an informed consent form
before participating in the study. They were not informed
about the purpose of the study. The participants were seated
in front of a mirror setup (Fig. 1). In this setup, targets were
projected on a horizontal screen above a mirror. The par-
ticipants could see the targets reflected by the mirror, as
if they were on the tabletop below the mirror. The partici-
pants moved their invisible hand across this tabletop. Data
were recorded with an Optotrak 3020 system at a sampling
rate of 200 Hz.
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Procedure

At the start of the experiment, the participants moved with
their right index finger to a blue dot (I cm diameter) at
the starting position. They could not see their finger, but
received veridical feedback about its position whenever it
was less than 5 cm from the starting position. The feedback
was provided in the form of a white dot (5 mm diameter)
that exactly followed the position of the participant’s fin-
ger. When the participants had accurately placed the finger
at the starting position (within 2 mm of it for more than
100 ms), the feedback of the finger and the starting posi-
tion disappeared, and 100 ms later, the dot reappeared at
the target position and turned green. The participants were
instructed to lift their finger and move as accurately as pos-
sible to the target position, with a movement that was not to
take more than 300 ms. They could start moving any time
after a beep that was played 50 ms after the target appeared.
The endpoint of the movement was defined as the position
at the moment that the speed was below 7.5 cm/s (move-
ment onset was defined by the same velocity threshold).
Once participants finished their movement, a static red dot
appeared, providing feedback about the endpoint of the
movement. Using the above-mentioned velocity threshold
to determine the end of the movement meant that the hand
moved another millimetre after the endpoint (and thus feed-
back) was determined. This static red dot remained visible
until the participant’s finger was at the next start position.
An additional white dot appeared when participants’ fingers
were within 5 cm of the next start position. If the move-
ment took longer than 300 ms, the notification “too slow”
was displayed (and a sound was played) to encourage the
participants to make faster movements.

We used 6 different target positions (row spacing 6.4 cm,
column spacing: 6.8 cm), each combined with 6 different
starting positions that were distributed uniformly in direc-
tions separated by 60° intervals and were always 11.8 cm
from the target. This resulted in 36 start—target combina-
tions (Fig. 2). Each start—target combination was repeated

— Repeated vector ——
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’I Repeated position

12 times. We ordered the 12 repetitions of the 36 combi-
nations of start and target positions in three ways within
four blocks of trials: a repeated position block, a repeated
vector block, a random block and a repeated position with
curved trajectory block (repeated position via block). In the
repeated position block, participants made sets of 72 move-
ments towards one target, while the starting position (and
thus the direction of the movement) varied across trials.
The starting position was chosen semi-randomly: the six
possible starting positions were each chosen once in ran-
dom order, after which the six starting positions were each
presented again, and so on, with the additional provision
that the starting position was never the same on consecutive
trials (when switching to a new group of six starting posi-
tions). After a set of 72 trials for one target, the experiment
continued with a set of 72 trials to the next target, with-
out any notice. This was repeated until all six targets had
been tested (432 movements). The repeated vector block
was designed in a similar way, but in this block participants
repeated the same movement vector towards different tar-
gets 72 times before switching to another vector. The target
was chosen at random from the six possible values, with
the provision that it was never the same on two consecutive
trials.

The two blocks described in the previous paragraph
correspond to the two conditions of Hudson and Landy
(2012). We added two more blocks. In the random block,
we never repeated either the position or the vector in two
subsequent trials. Thus, after every movement, a subse-
quent movement was chosen that neither involved the same
vector nor moving to the same endpoint. This block pro-
vides a baseline for performance without successive repeti-
tions. The fourth block was introduced because we realized
that in the repeated position block, the movement from a
start position to the target is the opposite of the preced-
ing movement to that start position. Participants might use
this to learn the movement vector. To check whether this
has an effect, we included the repeated position via block,
in which the participants were guided towards the start

— Random ——— — Repeated position via —
C D
\ / 4
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Fig. 2 Experimental blocks in which the combinations of start and
target positions are presented. a Repeated position block, show-
ing all 6 start-target combinations for one of the 6 target positions.
b Repeated vector block, showing all 6 start—target combinations for

one of the six vectors. ¢ Random block, showing a possible sequence
of six of the 36 start-target combinations. d Repeated position via
block, showing one path to a start position (dashed curve)
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position along a curved trajectory. Instead of dots indicat-
ing the start position, participants saw an array of 12 identi-
cal vectors at the top of the screen. These vectors indicated
the distance and direction (i.e. vector) between their right
finger and the starting position. However, the 12 vectors
were initially misdirected by 90°, randomly in a clock-
wise or counter-clockwise direction in different trials. The
magnitude of the misdirection decreased in proportion to
the distance moved, guiding the finger to the target along
a curved trajectory. When the finger was within 5 cm of
the start position, the vectors disappeared and a representa-
tion of the participant’s finger position appeared so that the
participant could finish the movement towards the starting
position under visual guidance.

At the start of the experiment, participants did a prac-
tice session of 25 movements (arranged as in the random
block), after which they did two blocks of 432 movements.
On a different day, they did another practice session of
25 movements, and then the two remaining blocks of 432
movements. The order of the blocks was counterbalanced
across participants. Each block took about 30 min. At the
start of every block, the coordinates of the Optotrak were
aligned to the coordinates of the projector.

Data analysis

Movement endpoints were defined as the moment the
velocity was below 7.5 cm/s. Trials that ended further than
4 times the standard deviation from the mean of the trials
for the same start—target combination were excluded from
further analysis. This was the case in 1% of the trials. As
we were only interested in the variability, we removed any
systematic errors by subtracting the mean error for each
combination of starting position and target position from
each of the 12 trials with that combination of positions.
This allowed us to determine measures of variability across
different combinations of positions without having to con-
sider possible systematic differences between the endpoints
for the different combinations. Irrespective of the way the
trials were presented in the different blocks, we grouped
movements for the analysis in two different ways: either as
6 groups of 72 movements with the same endpoints (posi-
tion grouping), or as 6 groups of 72 movements with the
same direction from start to target (vector grouping). As
we were interested in how having previously made a simi-
lar movement (in terms of the two kinds of coding) influ-
ences the subsequent precision, the first 24 trials of each
sequence of 72 trials were not considered when determin-
ing the variability.

We have two predictions that we will test. The first is
that if participants benefit from repeating the same end-
point, the variability in endpoints will be lower in the
repeated position block than in the random block. We
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therefore calculated the area within the 95% confidence
ellipse for each endpoint (position-grouped) as a measure
of precision (for each participant). We compared the aver-
age surface areas of such ellipses in the repeated position
block with those in the random block with a paired 7 test.
The second prediction is that if participants benefit from
repeating the same vector, we expect them to be less vari-
able in the direction of their movement (we do not expect
a reduced variability in the movement distance, as this was
the same in all blocks). We therefore calculated the stand-
ard deviation in the endpoints in the direction orthogonal to
the movement direction for the vector-grouped block and
for the random block. We compared the averages of par-
ticipant’s standard deviations for the repeated vector block
with their averages in the random block with a paired £ test.

Results

On average, the movement times were 268 ms, but they
depended on the block [F(3,33) = 4.42, p < 0.05]. Post hoc
comparisons revealed that movement times in the repeated
position via block were shorter than in the repeated posi-
tion and the repeated vector block: 246 ms versus 269 and
286 ms (p < 0.05 and p < 0.01, respectively). Figure 3
shows the absolute errors on successive trials within each
set of 72 trials, averaged across sets and participants. This
figure suggests that any refinements to the movements
occurred within the first 24 trials.

Figure 4 shows the shapes of the endpoint ellipses. It is
evident from this figure that for the position-grouped end-
points the ellipses are more or less circular, whereas for
the vector-grouped endpoints the ellipses are elongated in
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Fig. 3 Development of absolute errors during sets of 72 reaches,
averaged across sets and participants. The horizontal bar indicates the
set of trials that was used to determine the variability
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Fig. 4 Normalized 95% confidence ellipses for movement endpoints
in the different blocks (columns) and for the different types of group-
ing for the analysis (rows). Each ellipse represents one participant.
For the position-grouped endpoints, one ellipse was calculated for

Fig. 5 Results of the main A
experiment, averaged across the 35
12 participants. Error bars rep-

resent the SEM between partici- 30
pants. a Surface area of the 95%
confidence ellipses of move-
ment endpoints for position-
grouped data. The surface area
for the repeated vector block is
11.9 cm? (not shown in the fig-
ure). b Standard deviation in the
movement endpoints orthogonal
to the movement direction for 10t
vector-grouped data
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Surface area (cm?)

Repeated
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the movement direction. This pattern was also reported by
Hudson and Landy (2012) and corresponds to averaging
ellipses oriented along the direction of movement.

To test whether participants benefited from repeating
a position, we compared the precision (averaged across
endpoints) between the repeated position block and the
random block (Fig. 5a). We did not find the predicted
consistent difference between the surface area of the 95%
confidence ellipses for the repeated position block and the
random block (#;; = 1.20, p = 0.23). The small tendency
(17%) in the predicted direction might be related to making

Repeated vector

Random

Random

Repeated position via

every target. For the vector-grouped endpoints, one ellipse was calcu-
lated for every movement direction. The surface areas of the ellipses
were normalized to illustrate the similarity in shape across partici-
pants

101

Standard deviation (mm)
[o)]

Random

Repeated
vector

Repeated
position via

back-and-forth movements, because the difference between
the repeated position via block and the random block
was even smaller (3%) and more clearly not significant
(t;; =0.21,p = 0.83).

To test whether participants benefited from repeating a
vector, we compared the standard deviations in the direc-
tion orthogonal to the movement direction in the repeated
vector block and the random block (Fig. 5b). Although
there was a slight tendency in the predicted direction
(5%), this tendency was far from significant (t,; = 0.97,
p = 0.35).
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Control experiment

In our main experiment, we found no systematic differ-
ences between the endpoint errors when repeating a posi-
tion, repeating a vector or not repeating either of them.
There was a tendency for the variability to be smaller
in the blocks with repetitions, but the differences were
small and not significant. In a previous study, Hudson and
Landy (2012) found that participants clearly benefited
from repeating a position or a vector. In their study, par-
ticipants moved in a different region than where the tar-
gets and the feedback were presented, so differences in
variability could arise from adjustments to the visuo-motor
mapping, rather than from adjustments to the movements
themselves.

To check whether we can attribute all the differences
between our results and those of Hudson and Landy to
the transformation between the table and the screen, we
repeated our experiment with 12 new participants (but skip-
ping the repeated position via block). Instead of using the
mirror setup, the participants were now seated in front of
a table with a monitor in front of them (Fig. 6). The par-
ticipants saw the targets on the computer screen and per-
formed the movements on the table. The dimensions of the
image on the computer screen were exactly the same as
those on the horizontal screen in the main experiment. In
all other respects, the experiment was also identical to the
main experiment.

Results

Average movement times were 266 ms, irrespective of the
block that was performed. Figure 7 shows that the absolute
errors were larger than in the main experiment, but again any
refinements to the movements occurred within the first 24
trials. The errors were smaller in the repeated position block
than in the repeated vector block, and smaller in both these
blocks than in the random block. As in the main experiment,
the behaviour was consistent across participants (Fig. 8).

To test whether participants benefit from repeating a
position in this experiment, we compared the precision
(averaged across all endpoints) in the repeated position
block with that in the random block (Fig. 9a). In line with
the prediction, the surface area of the repeated position
block was significantly smaller (37%) than the surface area
of the random block (¢, = 2, 42, p < 0.05).

To test whether participants benefit from repeating a
vector, we determined the standard deviations in the direc-
tion orthogonal to the movement direction for movements
in the same direction. We compared the individual averages
of these values for the repeated vector block with those
in the random block (Fig. 9b). The difference was in the
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Fig. 6 Experimental setup of the control experiment. Movements
were recorded with an Optotrak system, which was placed approxi-
mately 2 m behind the computer screen
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Fig. 7 Absolute errors in the control experiment, averaged as in
Fig. 3

predicted direction, but was small (15%) and not significant
(t;; =1, 56, p = 0.15).

Discussion

In this study, we compared identical movements that had a
different history. We compared blocks in which the same
position was repeated and blocks in which the same vec-
tor was repeated. These two blocks were compared with
a block in which neither a position nor a vector was ever
repeated. We found that when participants had to move in
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Fig. 8 95% confidence ellipses for the different blocks (columns) and types of grouping (rows) for the control experiment. For further details,
see Fig. 4

Fig. 9 Results of the control
experiment, averaged across
the 12 participants. Error bars
represent the SEM between
participants. a Surface area of
the 95% confidence ellipses of
position-grouped data. Surface
area for the repeated vector
block is 23.1 cm? (not shown in
the figure) b Standard devia-
tion in the direction orthogonal
to the movement direction for
vector-grouped data
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Standard deviation (mm)

0
Repeated Random Repeated Random
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a different region than where the target and feedback were =~ This makes sense, because proprioceptive memory of the
provided (as in using a computer mouse; control experi-  position can help localize it on the next trial. When par-
ment), they consistently benefited from repeating a posi-  ticipants moved their hand to the visible target position
tion, in line with the results of Hudson and Landy (2012).  itself (main experiment), the benefit of repeating the same
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Fig. 10 Average aspect ratio
of the 95% confidence ellipses or
(long divided by short axis
length) for the vector-grouped
data of both experiments, with
our way of averaging (dark
solid line) and Hudson and
Landy’s way of averaging (light
dotted line). For comparison,
we added the results of Hudson
and Landy (2012) by a green
dash-dotted line. Error bars
represent the SEM across par-
ticipants (color figure online)
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Aspect ratio

1471

Main experiment

Control experiment

Repeated
position

position was negligible. In neither case did participants’
precision in the direction orthogonal to the movement
direction (i.e. in the direction of motion) increase consist-
ently when a vector was repeated.

The shapes of the confidence ellipses might tell us some-
thing about how participants code their movements. Hud-
son and Landy (2012) based their conclusion that position
is coded in repeated position blocks on the fact that partici-
pants’ movement endpoints had round confidence ellipses
in such block, even if the movements were vector-grouped.
We found that the vector-grouped confidence ellipses were
elongated in the direction of movement, both for the main
experiment and for the control experiment that was a rep-
lication of their study. Other studies also find movement
endpoint distributions that are elongated in the movement
direction when repeating movements from the same start-
ing point to the same target with target and hand co-located
as in our main experiment (van Beers et al. 2004) and when
moving from a single starting point to various targets pre-
sented in random order with a vertical computer screen as
in our control experiment (Gordon et al. 1994).

What might be the reason that the shapes of the con-
fidence ellipses in our control experiment, which was a
close replication of Hudson and Landy’s (2012) study,
differ from those of that study? One difference between
the two studies is that we averaged our data in a different
way than they did. As we were only interested in the vari-
ability, we removed systematic errors separately for each
start—target combination. This correction was the same
for position grouping as for vector grouping. Hudson and
Landy did not remove systematic errors separately for each
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movement direction when analysing the repeated position
block. If we perform the analysis on our data in their man-
ner, we find that the results for the repeated position block
(this aspect of the analyses only differed for that block) are
slightly more similar to the results of Hudson and Landy
(they found an aspect ratio of 1.03 for the repeated position
block, see green line in Fig. 10). We see that in both experi-
ments the aspect ratio is closer to one when conducting the
analysis in the same way as Hudson and Landy did so, than
it is for our analysis (Fig. 10). However, the aspect ratios
remain quite similar for the two blocks and are clearly
larger than one for the repeated position block (meaning
that the ellipses are clearly elongated). Thus, although a
small part of the difference between our and their results
can be attributed to the different way of analysing the data,
this cannot be the whole explanation.

Another experimental difference is that Hudson and
Landy’s (2012) rewarded the subjects more explicitly, by
showing exploding targets. In our experiment, the reward
was only implicit: subjects could see the size of their error.
As what is learned can differ between reward-based learn-
ing and error-based learning (Huang et al. 2011; Galea
et al. 2015; Dayan et al. 2014), such a minor experimental
detail might give rise to quite different results.

Vector and position coding might not be the only ways of
planning. It has also been suggested that a whole trajectory
is planned (Scott and Kalaska 1995). In the repeated posi-
tion block of this study, not only the position is repeated,
but also the trajectory is the reverse of the one that brought
the hand to the starting position. Therefore, the trajectory to
the starting position could also have provided information
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that participants used to make more accurate movements.
In our main experiment, participants tended to be slightly
more precise in the repeated position block than in the
repeated vector or in the random block (although the effect
is not statistically significant). This tendency was gone
when participants were guided to the start position along
a curved trajectory (Fig. 5a). There is therefore some (non-
significant) indication that participants might use trajec-
tory information to improve their precision in the repeated
position block, but note that neither this nor the effects of
repeating a position or movement direction were significant
when moving to visually perceived positions without any
additional transformation in the main experiment.

Conclusion

When moving in a different region than where the targets
are seen and feedback is provided, participants benefit from
repeating a position, but not from repeating a vector. When
moving to the actual visible targets with feedback provided
at the position of the hand, there was no consistent benefit of
repeating a position or a vector. This could mean that fine-
tuning the endpoint is particularly useful when dealing with
unusual visuo-motor mappings, for instance by remember-
ing the felt position of the hand at the endpoint to help bring
the virtual position of the hand (cursor) to the target on the
screen when the same endpoint is repeated across trials.
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References

Berkinblit MB, Fookson OI, Smetanin B, Adamovich SV, Poizner
H (1995) The interaction of visual and proprioceptive inputs
in pointing to actual and remembered targets. Exp Brain Res
107(2):326-330

Bock O, Eckmiller R (1986) Goal-directed arm movements in absence
of visual guidance—evidence for amplitude rather than position
control. Exp Brain Res 62(3):451-458

Dayan E, Averbeck BB, Richmond BJ, Cohen LG (2014) Stochastic
reinforcement benefits skill acquisition. Learn Mem 21(3):140—
142. doi:10.1101/Im.032417.113

de Grave DDJ, Brenner E, Smeets JBJ (2004) Illusions as a tool
to study the coding of pointing movements. Exp Brain Res
155(1):56-62

Desmurget M, Pelisson D, Rossetti Y, Prablanc C (1998) From eye
to hand: planning goal-directed movements. Neurosci Biobehav
Rev 22(6):761-788

Flanders M, Helms-Tillery SIH, Soechting JF (1992) Early stages in
a sensorimotor transformation. Behav Brain Sci 15(2):309-320

Galea JM, Mallia E, Rothwell J, Diedrichsen J (2015) The dissociable
effects of punishment and reward on motor learning. Nat Neuro-
sci 18(4):597-602. doi:10.1038/nn.3956

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(4):725-743

Ghez C, Scheidt R, Heijink H (2007) Different learned coordinate
frames for planning trajectories and final positions in reaching. J
Neurophysiol 98(6):3614-3626. doi:10.1152/jn.00652.2007

Gordon J, Ghilardi MF, Ghez C (1994) Accuracy of planar reaching
movements. 1. Independence of direction and extent variability.
Exp Brain Res 99(1):97-111

Graziano MSA, Taylor CSR, Moore T (2002) Complex move-
ments evoked by microstimulation of precentral cortex. Neuron
34(5):841-851

Huang VS, Haith A, Mazzoni P, Krakauer JW (2011) Rethinking
motor learning and savings in adaptation paradigms: model-free
memory for successful actions combines with internal models.
Neuron 70(4):787-801. doi:10.1016/j.neuron.2011.04.012

Hudson TE, Landy MS (2012) Motor learning reveals the exist-
ence of multiple codes for movement planning. J Neurophys
108(10):2708-2716. doi:10.1152/jn.00355.2012

Mclntyre J, Stratta F, Lacquaniti F (1997) Viewer-centered frame of
reference for pointing to memorized targets in three-dimensional
space. J Neurophysiol 78(3):1601-1618

Mclntyre J, Stratta F, Lacquaniti F (1998) Short-term memory for
reaching to visual targets: psychophysical evidence for body-
centered reference frames. J Neurosci 18(20):8423-8435

Messier J, Kalaska JF (1997) Differential effect of task conditions on
errors of direction and extent of reaching movements. Exp Brain
Res 115(3):469-478

Morasso P (1983) Three dimensional arm trajectories. Biol Cybern
48(3):187-194

Rossetti Y, Desmurget M, Prablanc C (1995) Vectorial coding of
movement—vision, proprioception, or both. J Neurophysiol
74(1):457-463

Scheidt RA, Ghez C (2007) Separate adaptive mechanisms for con-
trolling trajectory and final position in reaching. J Neurophysiol
98(6):3600-3613

Schenk T (2006) An allocentric rather than perceptual deficit in
patient DF. Nat Neurosci 9(11):1369-1370

Scott SH, Kalaska JF (1995) Changes in motor cortex activity during
reaching movements with similar hand paths but different arm
postures. J Neurophysiol 73(6):2563-2567

Soechting JF, Tillery SIH, Flanders M (1990) Transformation from
Head- to shoulder-centered representation of target direction
in arm movements. J Cogn Neurosci 2(1):32—43. doi:10.1162/
jocn.1990.2.1.32

Thaler L, Todd JT (2009) The use of head/eye-centered, hand-
centered and allocentric representations for visually guided
hand movements and perceptual judgments. Neuropsychologia
47(5):1227-1244. doi: 10.1016/J.Neuropsychologia.2008.12.039

van Beers RJ, Haggard P, Wolpert DM (2004) The role of execution
noise in movement variability. J Neurophysiol 91(2):1050-1063

van den Dobbelsteen J, Brenner E, Smeets JBJ (2001) Endpoints of
arm movements to visual targets. Exp Brain Res 138(3):279-287

van der Graaff MCW, Brenner E, Smeets JBJ (2014) Misjudgment
of direction contributes to curvature in movements toward hap-
tically defined targets. J Exp Psychol Hum Percept Perform
40(2):802-812. doi:10.1037/a0034843

Vindras P, Desmurget M, Prablanc C, Viviani P (1998) Pointing errors
reflect biases in the perception of the initial hand position. J Neu-
rophysiol 79(6):3290-3294

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1101/lm.032417.113
http://dx.doi.org/10.1038/nn.3956
http://dx.doi.org/10.1152/jn.00652.2007
http://dx.doi.org/10.1016/j.neuron.2011.04.012
http://dx.doi.org/10.1152/jn.00355.2012
http://dx.doi.org/10.1162/jocn.1990.2.1.32
http://dx.doi.org/10.1162/jocn.1990.2.1.32
http://dx.doi.org/10.1016/J.Neuropsychologia.2008.12.039
http://dx.doi.org/10.1037/a0034843

	Vector and position coding in goal-directed movements
	Abstract 
	Introduction
	Methods
	Participants and experimental setup
	Procedure
	Data analysis

	Results
	Control experiment
	Results
	Discussion
	Conclusion
	References


