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Stewart BM, Baugh LA, Gallivan JP, Flanagan JR. Simultane-
ous encoding of the direction and orientation of potential targets
during reach planning: evidence of multiple competing reach plans. J
Neurophysiol 110: 807–816, 2013. First published May 22, 2013;
doi:10.1152/jn.00131.2013.—Reaches performed in many natural sit-
uations involve selecting a specific target from a number of alterna-
tives. Recent studies show that before reaching, multiple potential
reach targets are encoded in brain regions involved in action control
and that, when people are required to initiate the reach before the
target is specified, initial hand direction is biased by the spatial
distribution of potential targets. These findings have led to the sug-
gestion that the brain, during planning, simultaneously prepares mul-
tiple reaches to potential targets. In addition to hand direction, reach
planning often involves specifying other parameters such as wrist
orientation. For example, when posting a letter in a mail slot, both the
location and orientation of the slot must be encoded to control hand
direction and orientation. Therefore, if the brain prepares multiple
reaches to potential targets and if these targets require the specifica-
tion of hand direction and orientation, then both of these variables
should be biased by the spatial distribution of potential targets. To test
this prediction, we examined a task in which participants moved a
hand-held rectangular tool toward multiple rectangular targets of
varying location and orientation, one of which was selected, with
equal probability as the actual target after movement initiation. We
found that initial hand direction and orientation were biased by the
spatial distributions of potential target locations and orientations,
respectively. This result is consistent with the idea that the brain, in
cases of target uncertainty, simultaneously plans fully specified reach-
ing movements to all potential targets.

visually guided reaching; decision making; goal-directed action; hu-
man

VISUALLY GUIDED GOAL-DIRECTED reaching requires that action-
relevant features of a target, such as its location, orientation,
and shape, be extracted and transformed into a series of
coordinated motor commands (Baldauf and Deubel 2010;
Cisek 2007; Jeannerod 1981, 1984, 1988; Jeannerod et al.
1995; Tunik et al. 2005). Serial models of movement planning
assume that a target for action must be selected before the
movement metrics can be specified and the movement imple-
mented (McClelland 1979; Miller et al. 1960; Schall 2002a,b;
Sternberg 1969). However, recent studies examining situations
in which a single reach target must be selected from a number
of competing alternatives have challenged this serial model.
Specifically, it has been argued, on the basis of neurophysio-
logical data, that multiple potential targets are encoded in
parallel before deciding between them (Cisek 2007, 2012;

Cisek and Kalaska 2002, 2005). This parallel encoding pro-
vides a potential neural basis for the ability of individuals to
quickly adjust motor output and make online corrections when
the initial target changes (Brenner and Smeets 1997; Gomi
2008; Resulaj et al. 2009).

Parallel encoding is also consistent with findings from recent
behavioral studies showing that when reaching toward multiple
potential targets, one of which becomes cued after reach onset, the
initial direction of the reach is biased by the spatial distribution of
potential targets. For example, if two potential targets are pre-
sented that have equal probabilities of being selected as the target,
participants initially aim toward the midpoint (Chapman et al.
2010a; Gallivan et al. 2011a; see also Ghez et al. 1997). One
interpretation of these behavioral results is that the initial arm
movement arises from the parallel specification of competing
reach plans linked to potential targets (Chapman et al. 2010a).
However, there are other possible interpretations. For example,
participants may first select an initial movement direction based
on the distribution of potential target locations and then begin
moving in this direction.

The aim of the current study was to provide an important test
of the multiple reach plan hypothesis using a task in which
participants moved a hand-held rectangular tool toward multi-
ple potential rectangular targets of varying location and orien-
tation, one of which was selected as the actual target after
movement initiation. Reaching to such targets involves speci-
fying both hand direction and orientation, and there is strong
evidence that the control of these two parameters is integrated
(Desmurget et al. 1995, 1996; Fan et al. 2006). We reasoned
that if the initial movement trajectories reflect the simultaneous
planning of fully elaborated multiple reaches, then in addition
to the initial hand direction being biased by the distribution of
potential target positions, the initial hand orientation should be
biased by the distribution of potential target orientations. Al-
ternatively, if participants are solely concerned with the loca-
tions of the potential targets and select an initial movement
direction based on these locations, then we would not expect
initial hand orientation to be biased by the distribution of
potential target orientations. Such a situation could occur if
participants aimed to minimize a cost function associated with
corrective translational movements of the hand such as the
variance of durations or energy outlays of these movements
(for reviews dealing with cost functions, see Diedrichsen et al.
2010 and Todorov 2004).

METHODS

Participants and general procedure. Fourteen right-handed partic-
ipants (9 female; age range: 20–31 yr old) recruited from Queen’s
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University took part in this experiment after providing informed
written consent. The Queen’s University General Research Ethics
Board approved all experimental procedures, and the participants
received financial compensation (12 CAD/h) for their time.

On a given trial, one, two, or three potential targets were presented
on a vertical screen. These potential targets were unfilled rectangles
that varied in location and orientation. When instructed by an auditory
signal, participants were required, as quickly and accurately as pos-
sible, to align a hand-held rectangular bar to both the location and
orientation of the cued target by positioning the hand and orienting the
wrist. Importantly, however, the actual target was not filled in (i.e.,
cued) until the hand movement was initiated, and all potential targets
in the display had an equal probability of being cued as the actual
target.

Apparatus. Seated participants grasped an oval Plexiglas tool with
a rectangular protrusion (6 cm long and 1 cm wide), henceforth
referred to as the tool-tip (Fig. 1A). Participants used the tool-tip to
contact rectangular targets of the same size (i.e., 6 by 1 cm) projected
onto a display screen. An electromagnetic position sensor (LIBERTY;
Polhemus, Burlington, VT) embedded in the tool-tip measured both
the position and orientation of the tool in 3 dimensions (240 samples
per second). The tool was grasped with a power grip such that its
orientation was closely coupled to the orientation of the wrist.

The task involved moving the tool-tip from its start position (shown
in Fig. 1A), resting vertically on the tabletop, to contact targets
rear-projected (Electrohome 9500LC Ultra) on a screen covered with
Plexiglas. The projector had a refresh rate of 185 frames per second
and a computer-to-projector lag of 3 ms. The screen was located 30
cm from the tool-tip starting location (in the y-axis) and was �50 cm
from the eyes (in the y-axis). The top and bottom edges of the tool
were flat, and thus participants could easily hold the tool in a vertical
upright position at the start of each trial (as they were instructed to
do). Two photodiodes, placed on the top left and bottom right side of
the screen, were used to record the time at which potential targets
were displayed and the time at which the actual target was cued. The

table and screen borders were constructed from wood and brass
screws to prevent distortion of the electromagnetic signals from the
position sensor.

Stimuli. Target displays consisted of one, two, or three rectangular
targets (Fig. 1B). The centers of the potential targets were positioned
20 cm to either the left or right of the midline of the screen. The
potential targets were oriented 20° either clockwise (CW) or counter-
clockwise (CCW) from the vertical (z-axis). On 2-target trials, the two
potential targets were displayed on either side of midline. On 3-target
trials, two of the potential targets always appeared on one side of the
display with the remaining target appearing on the other side of the
display. The centers of the two potential targets displayed on one side
of the display were 6.64 cm apart in the vertical dimension. Target
displays consisted of all possible combinations of position and orien-
tation. Thus, as shown in Fig. 1B, there were 4 1-target displays, 4
2-target displays, and 16 3-target displays. The 3-target displays can
be partitioned into 3 types: 3-target same displays, in which all 3
potential targets have the same orientation; 3-target “paired” displays,
in which the 2 potential targets located on the same side of the display
have the same orientation; and 3-target “unpaired” displays, in which
the 2 potential targets located on the same side of the display have
different orientations, such that the 2 potential targets with the same
orientation are on opposite sides of the display.

Procedure. At the start of each trial, the participant placed the
hand-held tool at the “home” position (Fig. 1A). At the home position,
the tool was held vertically and upright, with the contact surface
facing forward and the bottom edge of the tool resting on the tabletop.
In this position, the position-angle sensor embedded in tool-tip was
aligned with the center of the screen in the y-z plane. A tongue
depressor, taped to the tabletop, helped the participant align the tool at
the home position but did not impede movement of the tool toward the
screen. Figure 1C shows the sequence of events for a single (3-target)
trial as well as the hand y- and x-positions and hand roll as a function
of time. Once the tool was held at the home position (with the sensor
held within 1.25 cm of the home position for 200 ms), a fixation cross
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Fig. 1. Apparatus and target displays. A: parti-
cipants moved a hand-held tool (t) with a
rectangular contact surface toward a display
with potential rectangular targets of varying
position and orientation. B: on a given trial,
1, 2, or 3 potential targets were presented,
with a total of 24 different configurations.
C: time course of a single 3-target trial show-
ing hand x- and y-positions and hand roll as
well as key events. After a fixation cross was
displayed for 1,000 ms, the potential targets
were displayed for 750 ms. An auditory sig-
nal then instructed the participant to reach,
and 1 of the potential targets was cued (filled
in) as the actual target at the time of move-
ment initiation. deg, Degrees.
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was displayed for 1,000 ms. Immediately thereafter, the potential
targets were displayed for 750 ms. An auditory “beep” (100 ms, 1,000
Hz) was then played, providing the go signal or cue for the participant
to begin reaching toward the screen. Once the tool-tip was displaced
2.5 cm from the start position, the actual target was cued (filled in
black). Participants were required to initiate the movement within 500
ms of the go (auditory) signal and, once the actual target was cued,
had 500 ms to make contact with the screen. The position and
orientation of the sensor at the time at which the contact surface of the
tool-tip contacted the screen was used to determine whether a partic-
ular trial was a “hit” or a “miss.” The trial was considered to be a hit
if the position of the sensor in the x-z plane was within 1 cm of the
target center point and the roll angle of the sensor was within 10° of
the target orientation. Otherwise, the trial was considered to be a miss.
A feedback message was displayed on the screen after each trial. If the
tool-tip contacted the screen within the aforementioned time restric-
tions (i.e., �500-ms reaction time and �500-ms movement time), the
feedback message indicated whether the particular trial was a hit or a
miss. The feedback message displayed for trials that were not com-
pleted within a 500-ms movement time was either “too slow: hit” or
“too slow: miss.” If the participant began moving too early (i.e.,
before 100 ms after the auditory go signal) or too late (i.e., �500 ms
after the auditory go signal), the trial was aborted, the potential targets
were removed from the screen, and the message too early or too late
was displayed, respectively. Before beginning the experiment, partic-
ipants completed 50 practice trials so that they would be comfortable
with the time restrictions and accuracy requirements of the task.
During the experiment, participants performed 600 experimental trials
that were separated into 4 blocks of 150 trials. Each block included 25
1-target trials, 25 2-target trials, and 100 3-target trials presented in a
random order. Mandatory breaks were given between each block to
prevent participants from becoming fatigued. The breaks ended when
the participants felt they were ready to continue. The experiment took
�1 h to complete.

Data analysis. Position and orientation signals from the tool-tip
position sensor were smoothed using a fourth-order, zero-phase-lag,
low-pass Butterworth filter with a cutoff frequency of 14 Hz. The
velocities of the hand in x, y, and z were obtained using a central
differential equation, and the tangential velocity (or speed) of the
handle was computed as the resultant of the x-, y-, and z-velocities.
Our analysis focused on the horizontal (x)-position of the tool-tip and
the CW or CCW roll of the tool-tip. Note that roll was measured as the
orientation of the tool-tip about the y-axis of a coordinate system
anchored to the tool (yt-axis in Fig. 1A).

Because we were interested in examining the initial trajectory
produced in response to target uncertainty in the display, our analysis
focused on the movement of the tool-tip before when corrections
could be made based on visual feedback about the actual target being
cued. To this end, we determined the x (or lateral)-position and roll
angle of the tool-tip when the tool-tip had moved 40% of the
y-distance from the start position to the screen. Previous studies have
used 60% of the distance from the start position to distinguish the
point before correction (Chapman et al. 2010a; Gallivan et al. 2011a;
Wood et al. 2011). However, we found that corrections could some-
times be observed using the 60% criteria, whereas, as will be dem-
onstrated in the results, this was very rarely the case with the 40%
criteria. In any event, all of the analyses reported in the current paper
were also carried out using 50 and 60% of the distance from the start
position to the screen, and these analyses yielded very similar results.

Previous studies examining reaching to multiple potential targets
have reported that a substantial proportion of participants consistently
adopt a strategy of selecting one of the potential targets in the display,
initiating a movement toward that target, and attempting to correct if
another potential target is specified as the target (Chapman et al.
2010a; Gallivan et al. 2011a). We wished to exclude such participants
(as previous studies have done) because their data cannot be used to
test between the competing hypotheses under investigation. To iden-

tify such participants, we examined the distribution of tool-tip x-po-
sitions, determined at the time the tool-tip reached 40% of the
y-distance to the screen, in all 2-target trials. Figure 2 shows separate
distributions for each participant (gray and red lines). For comparison,
the combined distributions (across subjects) for all 1-target trials with
the target on the left (green line) or right (blue line) are shown. The
four distributions shown in red are from participants who were
excluded from further analysis. Two of these participants exhibited a
strong right-side bias, suggesting that they selected the right target.
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Fig. 2. A: cumulative frequency distributions, expressed as proportions, show-
ing, for 2-target trials, the x-position of the tool-tip when the y-position of the
hand reached 40% of the distance from the start position to the screen. The
gray lines show the distributions from the 10 participants analyzed in this
study. The red lines show distributions from the 4 participants who were
excluded from analysis. For comparison, the green and red lines show the
distributions for 1-target left and 1-target right trials, respectively, combining
data from all analyzed participants. B and C: cumulative frequency distribu-
tions showing, for all trials, reaction time (B) and movement time (C). The gray
lines show distributions of each participant, and the thicker black line shows
the distribution across all participants.
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One exhibited a strong left-side bias, suggesting that they selected the
left target. The other participant exhibited a bimodal distribution,
suggesting that they randomly selected either the left or right target in
a given trial. The 10 remaining participants (gray lines) were used in
all analyses.

As noted above, participants in the current study viewed the
potential targets for 750 ms before receiving the auditory go cue. In
contrast, in several previous studies using a similar approach, the
actual presentation of the potential targets served as the go cue
(Chapman et al. 2010a; Gallivan et al. 2011a). We opted for a 750-ms
target display viewing period (i.e., before movement onset) because
we found, in pilot testing, that over half of the participants exhibited
a strong (typically right-side) bias when required to move as soon as
possible after presentation of the target display.

In total, 90% of all trials were completed within the reaction time
restrictions (Fig. 2B), 87% of all trials were completed within the
movement time restriction (Fig. 2C), and 79% of all trials were
completed within both the reaction time and movement time restric-
tions. Only the latter trials were included in the analysis. Because we
were primarily interested in the initial trajectory of the movement,
before the online correction when the final target was cued, both
misses and hits were included in the analysis.

We used repeated-measures ANOVA and paired t-tests to assess
experimental effects. Bonferroni corrections were used to compensate
for multiple comparisons. An �-level of 0.05 was considered to be
significant.

RESULTS

Errors rates. The average percentages of successful target
hits, based on participant means, in 1-, 2-, and 3-target trials
were 91.4% (SE � 2.5%), 89.3% (SE � 2.2%), and 88.0% (SE �
2.4%), respectively. One-way repeated-measures ANOVA
failed to reveal a significant effect of target number on the
percentage of target hits (F2,18 � 1.01; P � 0.385). Misses
could arise from errors in the location and/or the orientation of

the handle. A paired t-test failed to reveal a significant differ-
ence between the percentages of location [mean (M) � 5.1%,
SE � 1.1%] and orientation (M � 5.7%, SE � 1.5%) errors
(P � 0.72; data collapsed across all 1-, 2-, and 3-target trials),
suggesting that participants were not attending to one target
feature at the expense of the other.

Representative movement paths. Figure 3 shows, for indi-
vidual trials generated by a single participant, movement paths
in the x-y (horizontal) and roll-y planes. Thus these plots
illustrate how the lateral position and roll angle of the tool-tip
evolved over time as the hand approaches the screen (i.e., as y
increased). Figure 3, A and B, shows paths from four 2-target
trials and two 1-target trials. The paths are color-coded to
indicate the target configuration (see inset; filled targets denote
the actual target cued on that particular trial). Whereas the hand
moved in an approximately straight line (in the horizontal
plane) toward the single target in the 1-target trials, in the
2-target trials, the hand was initially directed approximately
halfway between the two potential targets (i.e., midpoint or
“averaged” location). The hand direction then veered toward
the actual target (cued after movement onset) at around the
time that y-position of the hand reached 40% of the distance to
the screen (denoted by the horizontal dashed line in Fig. 3A).
On the 1-target trials, the roll angle began changing toward the
orientation of the target right from the start of the movement.
In contrast, on the 2-target trials in which the two potential
targets had opposite orientations (i.e., �20 and �20°), hand
roll stayed at �0° for the initial part of the movement and only
veered toward the orientation of the cued target when the
y-position of the hand reach 40% of the distance to the screen
(Fig. 3B). Critically, on 2-target trials in which the two poten-
tial targets had the same orientation, hand roll began changing
toward this orientation right from the start of the movement, as
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Fig. 3. Exemplar movement paths from a representative par-
ticipant. A: x-y paths of the hand for single 1- and 2-target
trials. The inset shows the target configuration for each trial,
and the filled potential target indicates the target that was
selected after movement onset (note that the target configura-
tions are color-coded to indicate correspondence with the
associated movement paths). B: roll-y paths of the hand for the
same trials shown in A. C and D: same as A and B except that
paths are shown for single 1- and 3-target trials. Horizontal
dashed black lines indicate 40% of the distance from the start
position to the screen.
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in the 1-target trials. These results suggest that, on 2-target
trials, both the orientation and the location of the potential
targets are encoded and transformed into appropriate motor
commands controlling hand direction and roll.

Figure 3, C and D, shows paths from two 3-target trials and
four 1-target trials. Again, on 1-target trials, right from the start
of the movement the hand moved in a straight line toward the
target and the roll angle began changing toward the orientation
of the target. On 3-target trials, the initial direction of the hand
was biased (relative to the initial direction seen in 2-target
trials) toward the side of the display with two targets, although
the initial direction was closer to the midline than in the
1-target trials (compare the red and blue lines with the green
and cyan lines in Fig. 3C). Likewise, the initial path in roll-y
space was biased toward the angle shared by two of the three
targets, regardless of whether these two targets were on the
same side (blue line) or opposite sides (red line) of the display.
However, the initial roll-y direction on these 3-target trials was
closer to midline than in the 1-target trials (compare red and
blue lines with the green and orange lines in Fig. 3D). These
findings suggest that on 3-target trials, as in 2-target trials, both
the orientation and the location of the potential targets are
encoded and transformed into motor commands controlling
hand direction and roll.

Cumulative frequency distributions. Cumulative frequency
distributions of the x-position and roll of the tool-tip, at the
time when the y-position of the tool-tip reached 40% of the
distance from the start position to the screen, are shown for
select target configurations in Fig. 4. These distributions in-
clude all trials from all participants. Overall, we observed a
right-side bias in initial hand direction (Fig. 4A) that may arise,
at least in part, from the fact that our participants were

right-handed (Chapman et al. 2010a; Gallivan et al. 2011a).
These distributions indicate that the pattern of results illus-
trated by the single trials shown in Fig. 3 hold across all trials
and participants. In 2-target trials, the hand was initially di-
rected between the two targets, and in 3-target trials the initial
hand direction shifted (relative to the 2-target trials) toward the
side of the display with two targets. The distribution of roll
angles (Fig. 4B) on the 2-target trials in which the targets had
the same orientation (blue line) was very similar to distribu-
tions on 1-target trials with the same target orientation (orange
and cyan lines). The initial roll angle on the 2-target trials in
which the targets had opposite orientations (green and lime
lines) was in-between the roll angles on 1-target trials with CW
and CCW targets, although the roll angle was somewhat biased
by the orientation of the right-side potential target (compare
lime and green lines). On 3-target trials, the initial roll angle
was shifted (relative to the distribution on 2-target trials with
opposite target orientations) toward the angle shared by two of
the three targets, regardless of whether these two targets were
on the same side (black line) or different sides (red line) of the
display. Importantly, these distributions indicate that the influ-
ence of multiple potential targets on initial hand direction and
roll occurred at the level of individual trials, something that
could not be inferred by only examining the average initial
hand direction and roll across trials.

Effects of target configuration in 1- and 2-target trials. To
assess statistically the effects described above, we first com-
pared 1- and 2-target trials. Figure 5A shows the average
x-position of the hand at the time when the y-position of the
hand reached 40% of the distance to the screen (based on
participants’ means) for 1-target left, 1-target right, and 2-tar-
gets trials, collapsed across target orientations in each case.
One-way repeated-measures ANOVA revealed a significant
effect of target condition (F2,18 � 165.6, P � 0.001). On
2-target trials, the x-position of the hand (M � 2.71 cm, SE �
0.50 cm) was intermediate between the x-positions observed
when one target was presented on the left (M � �5.63 cm,
SE � 0.67 cm) or right (M � 6.98 cm, SE � 0.41 cm).
Bonferroni-corrected pairwise comparisons indicated that all
conditions were significantly different from one another (P �
0.001 in all 3 cases).

Figure 5B shows the average roll angle of the hand at the
time when the y-position of the hand reached 40% of the
distance to the screen (based on participants’ means) for
1-target CW and 1-target CCW trials (collapsed across target
locations) as well as 2-target CW (both targets CW), 2-target
CCW (both targets CCW), and 2-target CW�CCW (1 target
CW and 1 CCW) trials. One-way repeated-measures ANOVA
revealed a reliable effect of target condition (F4,36 � 107.3,
P � 0.001). Bonferroni-corrected pairwise comparisons indi-
cated that all conditions were significantly different from one
another (P � 0.001) with two important exceptions: the initial
roll angle on 1-target CW trials (M � 9.82°, SE � 0.84°) was
not reliably different (P � 0.99) from the roll angle on
2-targets CW trials (M � 9.75°, SE � 1.24°), and the roll angle
on 1-target CCW trials (M � �12.20°, SE � 1.49°) was not
reliably different (P � 0.56) from the roll angle on 2-target
CCW trials (M � 10.52°, SE � 1.72°). Note that when we
combined the 1-target CW and CCW trials and also combined
the 2-target CW and CCW trials, after negating the roll angle
in all CCW trials to obtain a normalized roll angle (see inset in

A

B

Fig. 4. Distributions of initial x-positions and roll angles. A and B: cumulative
frequency distributions, expressed as proportions, showing the x-position (A)
and orientation (B) of the tool-tip when the y-position of the hand reached 40%
of the distance from the start position to the screen. Distributions for selected
1-, 2-, and 3-target configurations are shown and color-coded (inset). Vertical
dashed black lines indicate 0 cm in the x-position (A) and 0° rotation (B).
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Fig. 5B), we still failed to find a significant difference between
1-target and 2-target trials even when using an uncorrected
paired t-test (P � 0.199).

The above results show that on 2-target trials, participants
directed their initial hand movement between the two po-
tential targets, albeit with a right-side bias. When the two
potential targets had opposite orientations, the initial roll
angle was close to 0 on average (M � �0.30°, SE � 1.25°).
However, when the two potential targets had the same orien-
tation, the initial roll angle was not different from that seen on
1-target trials with the same target orientation. These results
are consistent with the spatial averaging behavior reported
previously (Chapman et al. 2010a; Gallivan et al. 2011a) but
show, rather importantly, that this averaging applies to both the
location and orientation of the potential targets.

Effects of target configuration in 3-target trials. Figure 6A
shows the average x-position of the hand at the time when the
y-position of the hand reached 40% of the distance to the
screen (based on participants’ means) for all 3-target trials in
which two targets were on the left and all 3-target trials in
which two targets were on the right, collapsed across target
orientations in each case. A paired t-test revealed that the
x-position of the hand on 2-target left trials (M � 0.90 cm,

SE � 0.66 cm) was significantly different (P � 0.006) from
that of 2-target right trials (M � 4.10 cm, SE � 0.67 cm).
Thus, although a clear right-side bias was observed, the initial
direction of the hand was strongly influenced by the spatial
distribution of potential targets.

We predicted that on 3-target trials, the initial roll angle of
the tool-tip (i.e., the roll angle at the time when the y-position
of the hand reached 40% of the distance to the screen) would
be greatest, in absolute terms, when all three potential targets
had the same orientation (3-target-same trials). We also ex-
pected that when the two potential targets on one side of the
display had the same orientation and the single potential target
on the other side had the opposite orientation (3-target-paired
trials), the initial roll angle would more closely match the
orientation of the two potential targets located on the one side.
However, we considered two possibilities on 3-target trials in
which the two potential targets on one side of the display had
opposite orientations (3-target-unpaired trials). On the one
hand, if the processing of target locations biases the processing
of target orientations, such that the orientations of the two
potential targets on one side of the display would be weighted
more heavily than the orientation of the single potential target
on the other side, then we would expect the bias in initial roll
angle to be greater in 3-target-paired trials than in 3-target-
unpaired trials. On the other hand, if locations and orientations
are processed independently and in parallel, consistent with the
idea of multiple independent motor plans, then we would not
expect any difference between 3-target-paired and 3-target-
unpaired trials.

To evaluate these possibilities, we examined the normalized
roll angle on 3-target-same trials, 3-target-paired trials, and
3-target-unpaired trials. Specifically, we negated the initial roll
angle on trials in which two of the potential targets had a CCW
orientation (to obtain normalized roll) and then collapsed
across the four 3-target-same configurations, the four 3-target-
paired configurations, and the eight 3-target-unpaired config-

A

B

Fig. 5. Average initial x-positions and roll angles for 1- and 2-target trials.
A and B: average x-position (A) and orientation (B) of the tool-tip when the
y-position of the hand reached 40% of the distance from the start position to the
screen. Averages based on participant means. Vertical lines on bars represent �1
SE. Target configurations from which the trials used to compute participant means
were taken are shown. CCW, counterclockwise; CW, clockwise. The inset in B
shows normalized roll in 1- and 2-target (Targ) trials.
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Fig. 6. Average initial x-positions and roll angles for 3-target trials. A and
B: average x-position (A) and orientation (B) of the tool-tip when the y-position
of the hand reached 40% of the distance from the start position to the screen.
Averages based on participant means. Vertical lines on bars represent �1 SE.
Insets provide example target configurations from which the trials used to
compute participant means were taken.
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urations separately (see Fig. 1B for reference). Figure 6B
shows the average initial roll angle (based on participants’
means) for each of these three 3-target conditions (same,
paired, and unpaired). One-way repeated-measures ANOVA
revealed a reliable effect of target condition (F3,18 � 23.3, P �
0.001). To explore this effect further, we carried out two
orthogonal comparisons: one comparing the roll angle in the
3-target-same condition to the roll angle in the combination of
the 3-target-paired and 3-target-unpaired conditions and the
other comparing the roll angles in the 3-target-paired and
3-target-unpaired conditions. The roll angle was significantly
greater in the 3-target-same condition compared with the other
two conditions combined (P � 0.001), but there was no
reliable difference between the 3-target-paired and 3-target-
unpaired conditions (P � 0.626). Pairwise comparisons (with
Bonferroni correction) revealed that the roll angle was greater
in the 3-target-same condition than in each of the other con-
ditions (P � 0.002 in both cases). These results support the
hypothesis that participants independently integrate informa-
tion about potential target locations and orientations in speci-
fying their initial reach motor commands.

DISCUSSION

The aim of the current study was to provide a test of the
hypothesis that during reach planning, the brain specifies
multiple competing action plans in parallel before choosing
among the alternatives (Chapman et al. 2010a; Cisek 2007).
Using a task in which participants were asked to initiate
reaches toward multiple potential targets that varied in both
location and orientation, before one of the potential targets was
cued as the target, we found that the initial movement trajec-
tory took into account not only the locations of potential
targets, but also their orientations. This finding is consistent
with the idea that, under conditions of target uncertainty, the
brain simultaneously prepares multiple fully elaborated reach-
ing movements, which are integrated to generate an initial
movement tuned to the distribution of potential targets.

Our results show that participants were not solely concerned
with the locations of the potential targets when launching the
initial movement. Such a situation could occur if participants
sought to minimize a cost function associated with corrective
translational movements of the hand, such as the variance of
durations or energy outlays of these movements. Because of
the large inertia associated with changing the position of the
hand, one might reasonably expect the initial movement to be
strongly influenced by the distribution of potential target loca-
tions. In contrast, because of the relatively small inertia asso-
ciated with changing the orientation of the hand, one might
expect hand orientation to be specified only after the target is
cued and during the corrective movement to that target. How-
ever, we cannot rule out the possibility that the initial hand
movement is selected to minimize costs associated with cor-
rective changes in both hand position and hand orientation.

Neurophysiological basis of spatial averaging behavior.
Particularly convincing evidence that the brain encodes multi-
ple potential reach targets in parallel before selecting between
them comes from neurophysiological investigations in nonhu-
man primates (NHPs). Neurons in dorsal premotor cortex
(dPM) have been shown to encode simultaneously multiple
target locations for reaching before the animal being instructed

on which movement to make (Cisek and Kalaska 2005).
Similarly, neurons in parietal cortex and the superior colliculus
have been shown to encode simultaneously multiple target
locations for eye movements before the animal selecting one of
them for fixation (Basso and Wurtz 1997; Platt and Glimcher
1997). Results from behavioral studies of arm and eye move-
ments made to targets in the presence of other competing
targets and/or distractors appear to reflect directly this simul-
taneous coding of multiple competing targets at the neural
level. When two potential targets (or 1 target and 1 distractor)
appear in close proximity, the initial trajectories (and often
endpoints) of target-directed arm and eye movements often
land between them at a midpoint location (Arai et al. 2004;
Chapman et al. 2010a,b; Gallivan et al. 2011a; Ghez et al.
1997; McSorley et al. 2006; Sailer et al. 2002; Song and
Nakayama 2008; Tipper et al. 1997; Welsh et al. 1999; Wood
et al. 2011), a behavior often referred to as the “global effect”
or spatial averaging (see Van der Stigchel et al. 2006 for
review). To explain this behavioral effect, it has been sug-
gested that closely spaced target stimuli create overlapping
hills of activity in the corresponding motor maps of structures
involved in movements of the eye and arm (Cisek 2006;
McPeek et al. 2003; Port and Wurtz 2003), with the final
movement vector being determined by an averaging of these
competing signals (Findlay and Walker 1999; Godijn and
Theeuwes 2002; Tipper et al. 2000). This suggestion is highly
consistent with neural findings in the superior colliculus of
NHPs showing that in situations in which spatially averaged
eye movements are produced, maximal activity can appear at a
midpoint location between both targets (e.g., Glimcher and
Sparks 1993).

To date, evidence for the parallel encoding of multiple
targets as well as competing motor plans (and related interpre-
tations of the resultant behavioral spatial averaging effects) has
been directly linked to the location of potential targets in space
and the spatial direction of movements to these targets. How-
ever, in everyday behavior, hand movements are not directed to
single points in space but rather to objects, and planning such
actions involves further specifying additional object properties
such as size, shape, and orientation (Jeannerod et al. 1995).
Importantly, the results of the current study suggest that the
parallel encoding of multiple reach targets, and specification of
potential movements to these targets, occurs also with respect
to orientation, a highly grasp-relevant target property. These
findings lend behavioral support to recent neurophysiological
evidence from NHPs showing that during grasp planning
toward a single target object (a handle), parietal neurons
involved in hand preshaping appear to represent simultane-
ously multiple potential grasp movements before one is se-
lected for action (Baumann et al. 2009).

Neural mechanisms involved in object processing for reach-
ing. Numerous studies have provided evidence that the fron-
toparietal network contains two distinct circuits for visuomotor
control: the dorsolateral circuit involving connections from the
anterior intraparietal area (AIP) to ventral premotor cortex,
thought to be specialized for grasping, and the dorsomedial
circuit (DMC) involving connections between V6A/medial
intraparietal area to dPM, thought to be specialized for reach-
ing (Andersen and Buneo 2002; Grafton 2010; Jeannerod
1988; Johnson and Grafton 2003; Matelli and Luppino 2000;
Rizzolatti and Matelli 2003; Sakata and Taira 1994; Sakata et
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al. 1998). This body of work provides support for the highly
influential two-channel framework, which proposes that the
control of reach-to-grasp actions can be subdivided into a reach
component that selectively processes extrinsic object proper-
ties such as target distance and location and a grasp component
that selectively processes intrinsic object properties such as
size and shape (Jeannerod 1981). However, a clear dissociation
between reach- and grasp-related processes has not always
been observed at the neural level (Fattori et al. 2009, 2010;
Grol et al. 2007). Moreover, the status of object orientation
within this two-channel framework remains unclear. For ex-
ample, object orientation is coded in areas more traditionally
implicated in hand preshaping, like AIP (Baumann et al. 2009),
as well as in areas traditionally involved in reaching, including
monkey V6A (Fattori et al. 2009) and its putative human
homolog, superior parieto-occipital cortex (Gallivan et al.
2011b; Vesia et al. 2010), both part of the DMC. The idea that
the coding of different object properties, such as location,
orientation, and size, is distributed across, and integrated
within, different regions and circuits is arguably more consis-
tent with the model of grasping proposed by Smeets and
Brenner (1999). According to this model, reach-to-grasp ac-
tions involve planning separate movements of each digit (e.g.,
the thumb and index finger) to grasp points on the object that
are selected by integrating information about object location,
orientation, size, and shape.

As noted above, previous studies have shown that in reach-
ing tasks in which both hand direction and orientation need to
be specified, the control of these two parameters is highly
integrated (Desmurget et al. 1995, 1996; Fan et al. 2006). One
possible interpretation of this finding is that the motor system
plans these reaches in six dimensions, specifying the trajectory
of the hand in terms of both position and orientation in
three-dimensional space. Note that this notion could also ac-
count for the current results. Specifically, the motor system
may plan multiple reaches to potential targets in six dimen-
sions, with the initial movement arising from a weighted
average of these plans.

Parallel object feature processing within the broader con-
text of visual cognition. In the field of visual cognition, there is
evidence suggesting that visual short-term memory (VSTM),
the working memory system that temporarily stores visual
information for use in ongoing cognitive tasks, can be subdi-
vided into spatial (e.g., location) and object-based (e.g., orien-
tation, color) subsystems. For example, in certain dual-task
designs, the maintenance of spatial and object-based VSTM
can be dissociated (Hyun and Luck 2007; Woodman and Luck
2004; Woodman et al. 2001), and there appear to be cases in
which brain damage may impair one system but not the other
(Hanley et al. 1991). In the context of the current results, one
possibility is that, during action planning, the VSTM system is
recruited to process simultaneously all the object locations and
their associated orientations in the visual display and then
quickly relay this information to the sensorimotor system to
form a corresponding set of fully elaborated competing motor
plans, any of which can be immediately implemented once the
final target has been cued. These proposed links between the
VSTM and sensorimotor systems are in line with the recent
observation that the capacity limit of three to four objects for
recall in VSTM tasks (e.g., Luck and Vogel 1997) closely
matches the upper limit for the number of targets that can be

simultaneously encoded for action, as revealed through the
spatial averaging of reach trajectories (Gallivan et al. 2011a).
This matching may be no coincidence; it seems likely that the
processes of the VSTM and sensorimotor systems reflect in-
terrelated components of a common underlying mechanism
involved in generating goal-directed behavior. Indeed, this
would provide a parsimonious explanation as to why functional
MRI activity in the intraparietal sulcus is closely linked to not
only VSTM performance on perceptual tasks (Todd and Ma-
rois 2004; Xu and Chun 2006), but also the planning and
generation of reaching and grasping actions (e.g., Gallivan et
al. 2013).

Much like the averaging of competing movement plans that
appears to occur at the neural level (e.g., Glimcher and Sparks
1993), the averaging of spatial and object-based information
also appears to be a basic strategy employed by sensory and
cognitive systems. For instance, MacEvoy and colleagues
(2009) showed, using intrinsic signal optical imaging, that the
patterns of early visual cortex (V1) activity evoked by super-
imposed contrast gratings could be predicted by the averages of
responses to their individual constituent gratings. Likewise, it
was found that visual responses to object pairs in the lateral
occipital complex, a brain area predominantly implicated in
object-related processing (Malach et al. 1995), could also be
predicted by the averages of responses to the individual con-
stituent objects (MacEvoy and Epstein 2009, 2011). One pos-
sibility, suggested by these authors, is that this type of popu-
lation-level averaging response may reflect part of a general
neural coding scheme that preserves detailed information about
visual stimuli in the environment while, at the same time,
preventing a saturation of neural responses as the number of
objects in the visual scene is increased (MacEvoy and Epstein
2009, 2011). This simple neural mechanism would seem par-
ticularly advantageous for processing the multiple motor-rele-
vant features of objects in the environment in cases of target
uncertainty and may be what ultimately underlies the target
orientation and location biases observed here in the initial
movement vectors.

Conclusion. Increasing neural and behavioral evidence from
sensorimotor tasks as well as current models of decision-
making suggest that the simultaneous preparation of competing
actions reflects an inherent computational strategy employed
by the brain (Andersen and Cui 2009; Beck et al. 2008; Cisek
2012; Wang 2008). As well-argued elsewhere, the parallel
specification of multiple potential movements may confer
important evolutionary advantages in a continuously changing
environment, allowing one to switch efficiently between dif-
ferent actions in a moment’s notice (Cisek 2007). Here, we
provide behavioral evidence consistent with this framework,
showing that the initial trajectory of the hand in a rapid reach
task reflects the parallel and independent coding of potential
target locations and orientations during planning.
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