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Decision-making is central to human cognition. Fundamental to every decision is the abil-
ity to internally represent the available choices and their relative costs and benefits. The
most basic and frequent decisions we make occur as our motor system chooses and exe-
cutes only those actions that achieve our current goals. Although these interactions with
the environment may appear effortless, this belies what must be incredibly sophisticated
visuomotor decision-making processes. In order to measure how visuomotor decisions
unfold in real-time, we used a unique reaching paradigm that forced participants to initiate
rapid hand movements toward multiple potential targets, with only one being cued after
reach onset. We show across three experiments that, in cases of target uncertainty, trajec-
tories are spatially sensitive to the probabilistic distribution of targets within the display.
Specifically, when presented with two or three target displays, subjects initiate their
reaches toward an intermediary or ‘averaged’ location before correcting their trajectory
in-flight to the cued target location. A control experiment suggests that our effect depends
on the targets acting as potential reach locations and not as distractors. This study is the
first to show that the ‘averaging’ of target-directed reaching movements depends not only
on the spatial position of the targets in the display but also the probability of acting at each
target location.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

We are faced with countless decisions every day, rang-
ing from the somewhat trivial (What shirt should I wear?)
to the potentially life-changing (What career should I
choose?). The most frequent decisions we make, those
made by our motor system, typically occur without con-
scious deliberation. Consider the scenario of sitting at your
desk anticipating an important phone call. You are about to
. All rights reserved.
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reach out and pick up your cup of coffee when the phone
rings. Rather than having to make the conscious decision
to stop reaching for the cup and only then plan a reach to-
wards the phone, you are able to shift seamlessly from the
execution of one motor plan to another. To explain this
behavior, it has been proposed that multiple potential tar-
gets for action are partially encoded in parallel and com-
pete for execution (e.g. Cisek, 2007). In the example just
discussed, having partial motor plans both for picking up
the phone and for picking up the cup makes the switch
from one goal to the other both rapid and efficient.

Some of the most compelling evidence for parallel tar-
get encoding comes from neural recordings in macaque
monkeys. Areas in premotor cortex (e.g. premotor dorsal)
and the midbrain (e.g. superior colliculus) have been
shown to simultaneously encode multiple potential targets
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for reach (Cisek & Kalaska, 2005) and eye movements (Bas-
so & Wurtz, 1997, 1998), respectively. Interestingly, these
brain regions overlap with, or are reciprocally connected
to, areas that represent quantity and probability informa-
tion (Gold & Shadlen, 2007; Hubbard, Piazza, Pinel, & Deh-
aene, 2005) – variables that are crucial to comparing and
deciding between alternatives. The existence of these
interconnected neural circuits has led to the idea that mo-
tor decision architecture provides the evolutionary scaf-
folding for the higher-level decision-making that is
central to human cognition (e.g. Cisek, 2007; Gold & Shad-
len, 2007). Yet, despite the critical role that motor deci-
sion-making clearly plays in our daily lives, and the role
it may have played in the evolution of higher-level cogni-
tion, the way in which this kind of decision-making un-
folds remains poorly understood.

Some insights into the underlying neural mechanisms
of human motor decision-making have come from kine-
matic studies of eye and arm movements made to targets
in the presence of non-target visual distractors. Distrac-
tors, which often share features with the target but less
commonly appear at possible target locations, have been
shown to cause deviations of the eyes (Arai, McPeek, &
Keller, 2004; Coren & Hoenig, 1972; Findlay & Walker,
1999; McSorley, Haggard, & Walker, 2006, 2009; van der
Stigchel, Meeter, & Theeuwes, 2006; Walker, Deubel,
Schneider, & Findlay, 1997; Walker, McSorley, & Haggard,
2006) and hand (Chang & Abrams, 2004; Lee, 1999; Sailer,
Eggert, Ditterich, & Straube, 2002; Song & Nakayama,
2008b; Tipper, Howard, & Jackson, 1997; Tipper, Lortie, &
Baylis, 1992). When a target and distractor appear in close
proximity, the endpoints of target-directed eye and arm
movements often land between them, an observation
which has been termed the ‘global effect’ or ‘spatial aver-
aging’ (Eggert, Sailer, Ditterich, & Straube, 2002; Findlay,
1982; Godijn & Theeuwes, 2002; Ottes, van Gisbergen, &
Eggermont, 1984; Sailer et al., 2002; Theeuwes, Kraemer,
Hahn, & Irwin, 1998; van der Stigchel et al., 2006). To ex-
plain this behavior, it has been posited that closely spaced
visual stimuli (targets or distractors) create overlapping
hills of activity in the corresponding motor maps of struc-
tures involved in movements of the eye (e.g. superior col-
liculus, McPeek, Han, & Keller, 2003; McPeek & Keller,
2001; Port & Wurtz, 2003; Robinson, 1972; Wurtz, Gold-
berg, & Robinson, 1980) and arm (e.g. motor cortex, Geor-
gopoulos, Kettner, & Schwartz, 1988; Georgopoulos,
Schwartz, & Kettner, 1986), with the final movement vec-
tor being determined by the averaging of these signals
(Godijn & Theeuwes, 2002; Tipper, Howard, & Houghton,
2000; Tipper et al., 1997; Tipper, Howard, & Paul, 2001).
Indeed, where the spatial averaging of eye movements
have been observed, activity in the superior colliculus ap-
pears greatest at an intermediary location between the
two targets (Glimcher & Sparks, 1993; van Opstal, van Gis-
bergen, & Smit, 1990). Under this view, both targets and
distractors are therefore thought to be initially repre-
sented as potential targets by the visuomotor system
(McPeek & Keller, 2004). It has been postulated that top-
down inhibitory signals can dampen the activity associ-
ated with a distractor (McSorley & McCloy, 2009; Tipper
et al., 1997), with the level of inhibition being a function
of time: with insufficient time to completely suppress dis-
tractor activity, movements will be partially deviated to-
wards a distractor (e.g. Eggert et al., 2002; Lee, 1999);
when inhibition has had long enough to suppress the dis-
tractor activation below baseline, movements will actually
deviate away from the distractor (Tipper et al., 1997; van
der Stigchel et al., 2006 for review; Walker et al., 2006). Gi-
ven that the deviations induced by distractors seem tem-
porally dependant, it follows that distractor effects
should also be contingent on prior expectations as well
as the latency of the eye- or arm-movement. Indeed, spa-
tial averaging is much less likely to be observed when sub-
jects can anticipate the location of a distractor (van der
Stigchel & Theeuwes, 2006; Walker et al., 2006) or have
increasing time to prepare the target-directed action (e.g.
Cardoso-Leite & Gorea, 2009; Eggert et al., 2002; Favilla,
1997, 2002; Ghez et al., 1997; Lee, 1999; Theeuwes
et al., 1998). Although distractor interference results pro-
vide a window into the target selection process, rarely
are distractors identical to the targets – differing along a
critical dimension such as color or location, and never in-
tended to be targets for action. In this way, distractors only
compete with targets indirectly.

In addition to what has been learned from studies of
distractor-related tasks, other insights into the neural pro-
cesses of decision-making have come from observing how
sensory information presented at different stages of motor
planning can affect the execution of reach movements. For
example, it has been shown that reaches are initiated more
quickly to precued target locations (Bock & Arnold, 1992;
Bock & Eversheim, 2000; Goodman & Kelso, 1980; Pellizzer
& Hedges, 2003, 2004; Rosenbaum, 1980) and that the de-
gree to which the precue influences the path of the trajec-
tory appears to be a function of the time between the
precue and movement onset (Favilla, 1997, 2002; Ghez
et al., 1997). Also, in agreement with the distractor find-
ings, visual stimuli presented concurrently with the target
appear to be automatically encoded regardless of whether
the information is to be used (e.g. Trommershauser, Malo-
ney, & Landy, 2008) or ignored (Chang & Abrams, 2004;
Song & Nakayama, 2006; Tipper et al., 1992). Finally, it
has been shown that task-related information presented
during the reach (Cressman, Franks, Enns, & Chua, 2007;
Schmidt, 2002) can be incorporated into the movement
in-flight, even when that information is not consciously
perceived.

From this evidence it has been eloquently argued that
rapid reaching tasks, and the subsequent analysis of trajec-
tories, can provide a unique window into underlying cogni-
tive processes that ‘leak’ into movement execution (Song &
Nakayama, 2006, 2008a, 2009). With this in mind, many of
the effects on reach behaviors described in the above
examples might indirectly measure the parallel planning
of multiple actions. For example, the time varying effects
distractors have on movements is an indirect reflection of
what is thought to be a decaying unselected motor plan.
In the current experiment, rather than assuming that dis-
tractor information leaks into reaching behavior, we forced
people to initiate a rapid reach toward multiple potential
targets before one of the targets was cued for action. More-
over, rather than differentiating a target from a distractor
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in any way, the paradigm was designed so that all visual
items were identical prior to movement onset and com-
peted equally as potential targets. In this way, we inten-
tionally merged the final stages of planning an action,
when all display items needed to be considered as poten-
tial targets, with the on-line control of a rapid reaching
movement. The analysis of our reach trajectories therefore
directly measures how (and when) the decision to act on
the cued target is made.

In three experiments, we measured the moment-to-
moment kinematics of motor decisions. In the first exper-
iment, we presented single target or two target displays.
We show that people aim directly for the single targets
but toward the midpoint of the two target displays, consis-
tent with the previously reported global effect. This sug-
gests that participants produce an averaged trajectory
rather than make an arbitrary guess toward one of the
two equally probable target positions. In the second exper-
iment, we presented distractors simultaneously with an al-
ready selected target and replicated the single target
results of Experiment 1, suggesting the spatial averaging
we observed depended on the targets being viewed as po-
tential goal locations, not as irrelevant distractors. Lastly,
given the consistency with which our participants pro-
duced averaged trajectories, in a third experiment we
tested the limits of this sensitivity by varying target posi-
tions and introducing displays with three targets. This al-
lowed us to directly manipulate two critical aspects of
the display: First, by manipulating the distance between
two potential targets, we were able to shift the midpoint
Fig. 1. Experimental timings and example displays for all three experiments. T
(1000–2000 ms). This was followed by a target display containing one, two or th
reach to touch a target that would be filled-in at movement onset (note one
presentation for early trials in Experiment 2; left panel in B). Importantly, each
Upon target display presentation subjects had 325 ms to lift their finger off the
target. A: Experiment 1, single and two target trials. B: Experiment 2, single (ear
and three target trials (example single target trials not shown). Below A–C are h
Experiment 2. E: possible target positions in Experiment 3. On three target trials,
with the third target appearing on the opposite side of space. Note in D & E fixatio
between them and thus manipulate the spatial distribution
of targets within a display. Second, by putting two targets
on one side of space, and one target on the other we were
able to manipulate the probabilistic distribution of the tar-
gets within the display. Remarkably, we found that initial
trajectories still reflected an averaging behavior, and for
the first time show that participants were also biased to-
ward the side of space containing the greater number of
potential targets. With our paradigm we show that the ini-
tial trajectory is a measure of the motor plan toward multi-
ple potential targets and the subsequent in-flight
correction represents the timing and execution of the on-
line decision to act on the cued target.

2. Experiments 1 and 2

2.1. Methods

We recorded rapid reach movements (OPTOTRAK,
150 Hz) from 15 (Experiment 1) and 17 (Experiment 2)
right-handed subjects as they reached from a start button
to a touch screen (40 cm away). Trials began with partici-
pants holding down the start button and fixating a cross
centered on screen (1000–2000 ms). A beep signaled when
fixation was replaced by a target display, consisting of one
or two outlined-targets (black, on a white background),
and also provided the cue for subjects to initiate a reach
(within 325 ms). Upon button-release, one of the target(s)
in the display was cued (filled-in black) and subjects had to
correct their trajectory in-flight to that location (within
rials began with the subject fixating a cross for a variable time interval
ree possible targets which also provided the cue for subjects to initiate a
exception – the target could also be filled-in concurrently with display
unfilled target in the display always had an equal probability of filling-in.
start button, and then an additional 425 ms to reach and touch the cued
ly target cue) and two (late target cue) target trials. C: Experiment 3, two

ypothesized reach trajectories (gray traces). D: possible target positions in
two of the targets would appear vertically stacked at one of the positions,
n is shown for reference and did not appear on the screen with the targets.
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425 ms) (see Fig. 1). Importantly, all targets in the display
had an equal probability of filling-in. To ensure rapid and
accurate movements subjects received feedback on the
screen following each trial. There were four possible types
of errors which caused the following text to be displayed at
the center of the screen: Too Early (if the start button was
Fig. 2. Averaged three-dimensional reach trajectories from Experiment 1 shown
twice scale) and side (bottom-row). Participants made reaches from a start button
and grey rectangle). Target displays contained either one (single target trials, blac
circles arranged horizontally (left-column), vertically (middle-column) or diag
standard error across 14 participants with darkened spheres at 25%, 50% and
Significance bars located in the above and side view plots give a measure of
repeated-measures ANOVA, p < 0.05) between trajectories in the lateral and he
drawn to scale.
released before 100 ms had elapsed), Time Out (if the start
button was not released within 325 ms), Too Slow (if the
screen was not touched within 425 ms of button-release)
or Miss (if subjects did not touch within a 6 cm � 6 cm
box centered on the target). Good was displayed on trials
without errors.
from: above (top-row, x-axis is twice scale), behind (middle-row, x-axis is
(0, 0, 0) to a touch screen located 40 cm away (denoted by thick black line

k- and green-traces) or two (two target trials, blue- and red-traces) hollow
onally (right-column). Tubes around trajectory traces represent average

75% of reach distance proportional to the velocity in each dimension.
where there were statistical differences (Greenhouse–Geisser corrected
ight dimensions, respectively. Note that target displays (at top) are not



Fig. 3. Averaged three-dimensional reach trajectories from Experiment 2
for 14 subjects shown in the same format as Fig. 2. Green- and black-
traces now represent trajectories on ‘Early’ trials and red- and blue-traces
now represent trajectories on ‘Late’ trials.
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One and two target displays were selected from four
possible target locations, arranged in a 12 cm square cen-
tered on the fixation (see Fig. 1 and Supplemental Table 1).
In single target trials for Experiment 1, subjects knew in
advance the final location of the target to be selected. In
two target trials, targets could be aligned horizontally
(top or bottom), vertically (left or right) or diagonally and
therefore, prior to movement onset, subjects needed to
prepare for either target to be selected. The design, stimuli
and timing of Experiment 2 were identical to Experiment 1
with the exception that (1) Two targets always appeared
on the screen (horizontal top or bottom only) and (2) the
target could be filled-in at movement onset (‘Late’ trials)
or at the time of the target display presentation (‘Early’ tri-
als) (see Fig. 1). Participants completed 320 (Experiment 1:
2 repetitions of 16 conditions for 10 blocks) or 80 (Experi-
ment 2: 1 repetition of 8 conditions for 10 blocks) correct
trials.

2.2. Results and discussion

Participants were excluded from analysis if they made
errors on more than 50% of the two target trials (1 partic-
ipant – Experiment 1) or ‘Late’ trials (3 participants –
Experiment 2) [for complete error analysis see Supplemen-
tal material]. Only Good trials were analyzed from the
remaining participants (n = 14 for both experiments). The
striking effect of multiple potential targets is most clearly
seen in the reach trajectories (Figs. 2 and 3). In Experiment
1, on trials when only a single target was presented (Fig. 2,
black- and green-traces), reaches were made straight to-
wards it. Importantly, however, reaches to two target dis-
plays (red- and blue-traces) were initially aimed at the
midpoint of the two targets, before the trajectory was cor-
rected to the cued position in-flight (see also Supplemental
Fig. S1). This was confirmed statistically using two func-
tional-ANOVAs (Ramsay & Silverman, 2005, see Supple-
mental material) within each display comparing the
lateral (x) and vertical (z) deviation at different reach-dis-
tances (y) across the single and two target trajectories. This
statistically sensitive technique, which extends a tradi-
tional univariate ANOVA to all points in a curve, allows a
quantification of not only if, but also where, two trajecto-
ries differ. In all cases, functional-ANOVAs along the
dimension of separation (e.g. x for horizontal displays, val-
ues reported below correspond to the Horizontal display
shown in Fig. 2, but all displays show the same pattern)
were statistically significant (where Greenhouse–Geisser
corrected p < 0.05) from very early (<1% 6 0.5 cm of y-
movement, see gray significance bars in Fig. 2) until the
end of the reach (100% = 40 cm of y-movement). Follow-
up functional comparisons (where Bonferroni corrected
p < 0.05) confirmed what is visually apparent; i.e., the sig-
nificant functional-ANOVA was driven by three different
initial reach trajectories: one toward each of the single tar-
gets, and a third toward the middle of the display when
two potential targets were presented. Critically, the
reaches toward two target displays did not statistically dif-
fer until much later in the reach (65% = 25 cm of y-move-
ment, see pink significance bars in Fig. 2) but were
separated from the single target trials very early in the
reach (<1%6 0.5 cm of y-movement , see light-blue and
dark-red significance bars, Fig. 2).

There are two possible, though not exclusive, explana-
tions of the spatial averaging observed in Experiment 1:
the midpoint trajectories may (1) reflect that both visual
items are being equally encoded as potential targets or
(2) be the result of an under-inhibited visual distractor
(uncued target) interfering with the reach (similar to the
cognitive ‘leaking’ described by Song & Nakayama, 2009).
To test between these alternatives, Experiment 2 always
presented displays containing two targets but manipulated
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the timing of target cuing, with the final target being cued
either early (at the time of display presentation) or late (at
movement onset) into movement planning (see Fig. 1). In
this way, ‘Early’ trials were equivalent to single target trials
in that the final target was cued before reach initiation, and
yet they controlled for the potential distracting effects of
the non-selected target.

Trajectory results from Experiment 2 are shown in Fig. 3
and suggest that the uncued second target that was pres-
ent on ‘Early’ trials did not function as a distractor or as a
potential target. That is, trajectories to targets that were
cued early were straight and did not deviate towards the
second visual item. Experiment 2 therefore replicates the
findings in Experiment 1 with ‘Early’ trials behaving like
single target trials and ‘Late’ trials replicating the midpoint
effect seen on two target trials (see Fig. 3, note the pattern
of significance denoted by the significance bars is identical
to Experiment 1).

To confirm that participants were not treating the un-
cued target as a distractor, we conducted an analysis of tra-
jectory deviation as a function of reaction time (response
latency) for both Experiments 1 and 2. It has been well
established in the eye-movement literature that short la-
tency responses (where inhibition has not had time to de-
velop) are drawn towards a visual distractor more than
long latency responses (where inhibition has developed,
e.g. Eggert et al., 2002; Godijn & Theeuwes, 2002; McSorley
et al., 2006; van der Stigchel et al., 2006 for review). To test
for this effect in our data we analyzed all trials with two
initially uncued targets that were separated along the hor-
izontal (x) dimension (Horizontal and Diagonal displays for
Experiment 1, and ‘Late’ trials for Experiment 2). Since the
hand starts at the lateral midpoint between the two targets
for these displays we were able to quantify the deviation
toward the ‘distractor’ (i.e. uncued target location) as the
maximum lateral (x) deviation toward the side of space
opposite the cued target. Each participant’s latency distri-
bution on these trials was grouped into bins of 20% (quin-
tiles) and the deviation toward the distractor averaged for
each bin. A Greenouse–Geisser corrected repeated-mea-
sures ANOVA of maximum deviation toward the distractor
across the five quintiles was not significant for either Exper-
iment 1 (0–20%: 15.01 mm, 20–40%: 18.02 mm, 40–60%:
16.77 mm, 60–80%: 16.32 mm and 80–100%: 16.13 mm
[F(2.3, 30.3) = 1.98, p = 0.15]) or Experiment 2 (0–20%:
14.95 mm, 20–40%: 17.01 mm, 40–60%: 16.17 mm, 60–
80%: 15.45 mm and 80–100%: 19.60 mm [F(3.0, 39.5) =
1.20, p = 0.32]). Together with the trajectory evidence, we
are therefore confident that the effects we report cannot
be explained by claiming the uncued target was functioning
as an under-inhibited distractor.

For additional analysis of reaction time and other
kinematic measures from all three experiments see
Supplemental material and Supplemental Table 1.
3. Experiment 3

We wanted to test whether the remarkably sensitive
averaging behavior observed in the first two experiments
would extend to displays with different spatial and proba-
bilistic distributions of potential targets. To this end,
Experiment 3 manipulated both the location of the mid-
point between two targets (display width) and the number
of targets on the screen. We hypothesized that initial reach
trajectories would reflect target probabilities inherent in
the display – being shifted toward a new midpoint position
and biased to the side of space with more targets.

3.1. Methods

In Experiment 3 (22 right-handed participants), the
stimuli, apparatus and timing were identical to Experi-
ments 1 and 2 with the exception that we changed both
the number and location of potential targets. Targets could
appear at four different horizontal positions at the same
height as fixation – outside or inside left (12 and 6 cm to
the left of midline, respectively) and outside or inside right
(12 and 6 cm to the right of midline) – in displays of one,
two or three targets (see Figs. 1 and 4 and Supplemental
Table 1). In two and three target displays there was always
at least one target on both the left and right. On three tar-
get trials, the third target appeared coupled (vertically
stacked, same horizontal position) with another target.
Throughout the experiment targets were equally distrib-
uted across all possible positions. As such, despite subjects
not knowing the final target location prior to movement
onset, the three target display biased the probability (2/
3) of a target being selected at a particular location. Partic-
ipants completed 420 total trials (28 conditions distributed
randomly across 10 blocks).

3.2. Results

Four participants were removed from analysis due to
poor performance (more than 50% errors on the two and
three target trials). To improve our estimate of partici-
pants’ reach behavior we analyzed both Good trials and
Too Slow trials, provided that the movement time on the
Too Slow trial fell within 1 standard deviation of that par-
ticipant’s mean movement time. We replicated the behav-
ior observed in Experiment 1 with straight reaches to
single targets (black- and green-traces, Fig. 4) and an aver-
aging behavior on trials with two targets (red- and blue-
traces, Fig. 4A). By using two target stimuli that varied in
display width, we were able to manipulate the position
of their midpoint. Initial reach trajectories followed these
horizontal shifts in midpoint (Fig. 4A) with reaches toward
displays with a potential target in the outside position
(red-traces) being pulled in that direction relative to
reaches made with targets in an inside position (blue-
traces). A planned functional comparison confirmed this
midpoint shift (pink significance bars in Fig. 4A show
where the blue- and red-traces differ at p < 0.05). Impor-
tantly, Experiment 3 also investigated the reach response
to three potential targets unequally distributed across
space (Fig. 4B). Consistent with our predictions, the initial
reach trajectories were reliably biased toward the side of
space containing more targets (red- and blue-traces,
Fig. 4B). Planned functional comparisons (where p < 0.05)
revealed two types of initial trajectories: those made
toward two target-left displays (blue-traces) and those



Fig. 4. Average reach trajectories from 18 participants in Experiment 3 (shown from above, with error, timing and single target trials as in Fig. 2) when
manipulating (A) target display width and (B) the number of targets. A: reaches to inside-left (left panel) or inside-right (right panel) endpoint when a
second target, on the opposite side, was inside (blue-traces) or outside (red-traces). B: Three target trials. Blue-traces: trajectories to a two target left, one
target right display; red-traces: trajectories to a two target right, one target left display. Significance bars provide a measure of statistical differences
between trajectories in the lateral dimension. Note that target displays (at top) are not drawn to scale.
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made toward two target-right displays (red-traces). These
two initial trajectories persisted quite far into the reach be-
fore separating (blue significance bars indicate where the
two target-left displays separated: 65% = 26 cm of y-move-
ment, red significance bars indicate where the two target-
right displays separated: 55% = 22 cm of y-movement) and,
rather remarkably, these two headings differed from each
other quite early in the movement (pink significance bars,
Fig. 4B; for movements ending left: 12% = 5 cm of y-move-
ment, for movements ending right: 18% = 7 cm of y-move-
ment). Notably, these target-number related biases
resulted in subtle deviations away from the simple mid-
point, independent of display width, yet remained signifi-
cantly different from trajectories on the single target trials.

4. General discussion

Our results across the three experiments show that
when subjects are simultaneously presented with multiple
competing targets and forced to act quickly, they initiate
trajectories that reflect a probabilistically weighted aver-
age that takes into account both the location and the num-
ber of potential targets, before the movement is corrected
in-flight to the cued target location. The initial trajectory
and the subsequent motor decision made between targets
provide a unique glimpse into how visuomotor decision-
making evolves in real-time.

Fundamental to the formation of any decision is a neu-
ral representation of the possible choices to be made –
whether those choices are being made in the context of a
low-level perceptuo-motor or high-level cognitive task. In
fact, electrophysiological recordings in monkeys show that
neurons in the motor and visual systems appear to simul-
taneously encode multiple potential target locations for
upcoming limb and eye movements (Basso & Wurtz,
1997, 1998; Cisek & Kalaska, 2005). These findings provide
compelling evidence that the brain specifies multiple pos-
sible motor actions before selecting what action it wants to
perform – presumably a product of the evolutionary de-
mands for rapid action-selection (Cisek, 2007).

In humans, however, where the use of invasive neural
techniques is necessarily limited, investigating the mo-
ment-to-moment dynamics of decision-making is more
challenging. This is particularly true in the paradigms used
in most laboratory situations where the actions to be per-
formed are selected before the movements are initiated.
Recent studies that have examined rapid reaching move-
ments have shown that cognitive states held prior to the
movement can ‘leak’ into the reach (for review see Song
& Nakayama, 2009), but they rarely use paradigms de-
signed to test the effect of directly-competing, equally-
weighted motor plans. More often, these tasks rely on
the need for participants to inhibit what is thought to be
an automatically generated visuomotor response to a dis-
tractor. These distractors differ from the target along a crit-
ical dimension (e.g. color, Schmidt, 2002; Song &
Nakayama, 2008b; Tipper et al., 1992) and within a single
trial, are never the targets of action. In these tasks, there is
likely a context of inhibition, where participants know they
will have to ignore some of the incoming visual stimuli. It
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is unclear how this context influences the bottom-up vi-
sual processing of stimuli features and how this ultimately
influences the competition between targets and distractors
(e.g. in a task with red targets and yellow distractors (as in
Tipper et al., 1992), there might be biased processing for
the color red). We provide one possible solution to this
problem by presenting subjects with a display of multiple
equiprobable potential targets but withhold the critical
information (cueing one of the targets) for making the
decision until movement onset. In this way, during plan-
ning we force the visuomotor system to equally represent
all the visually identical items as possible targets for the
reach. This may explain why even when we embed typical
distractor trials in the context of direct target competition
(experiment 2, ‘Early’ trials), we see no evidence for dis-
tractor interference in the movement trajectories. While
it is possible that in these trials an inhibitory process has
developed during the reaction time, the fact that we see
no latency dependant interference effects argues against
this interpretation.

Our rapid-reach paradigm and trajectory analyses can
therefore provide an important and sensitive tool for
behavioral researchers wanting to compare the initial
encoding and subsequent decision to act on competing
stimuli. Whereas previous work that has been restricted
to discrete responses (e.g. keypresses) measures only the
outcome of a decision, the current paradigm, in which
the final target (selected from equally probable potential
targets) is cued in-flight, yields a continuous measure of
the entire decision-making process. Recently, other
researchers have also successfully used continuous reach-
ing as a measure of underlying cognitive processing (e.g.
Cressman et al., 2007; McKinstry, Dale, & Spivey, 2008;
Schmidt, 2002; Song & Nakayama, 2006; Spivey, Grosjean,
& Knoblich, 2005; Trommershauser et al., 2008). This work
picks up on a rich history of experiments which examine
the automatic online correction of movements to targets
whose final position is specified during the movement
(e.g. Goodale, Pelisson, & Prablanc, 1986; Pisella et al.,
2000).

Our findings provide evidence that is highly consistent
with the suggestions that the visuomotor system plans
multiple motor programs in parallel (e.g. Cisek, 2007)
and the subsequent motor act is an average between them.
The convergence of results demonstrating averaging
behaviors independent of the acting effector (hand or
eye) suggests that the simultaneous encoding of potential
movements is a decision-making strategy employed
throughout the visuomotor system. Given the novel dem-
onstration that the initial reach trajectory is modulated
by the probability of target distribution, an interesting
direction for future studies will be to ask how many poten-
tial targets can be rapidly and simultaneously encoded and
compare this limit to the capacities of working–memory
and attention, as well as the limits of the subitizing range.
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