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Gallivan JP, Bowman NA, Chapman CS, Wolpert DM, Flana-
gan JR. The sequential encoding of competing action goals involves
dynamic restructuring of motor plans in working memory. J Neuro-
physiol 115: 3113-3122, 2016. First published March 30, 2016;
doi:10.1152/jn.00951.2015.—Recent neural and behavioral findings
provide support for the influential idea that in situations in which
multiple action options are presented simultaneously, we prepare
action plans for each competing option before deciding between and
executing one of those plans. However, in natural, everyday environ-
ments, our available action options frequently change from one
moment to the next, and there is often uncertainty as to whether
additional options will become available before having to select a
particular course of action. Here, with the use of a target-directed
reaching task, we show that in this situation, the brain specifies a
competing action for each new, sequentially presented potential target
and that recently formed action plans can be revisited and updated so
as to conform with separate, more newly developed, plans. These
findings indicate that the brain forms labile motor plans for sequen-
tially arising target options that can be flexibly restructured to accom-
modate new motor plans.

action; perception; decision-making; motor planning; working mem-
ory

NEW & NOTEWORTHY

In natural, everyday environments, our available action
options will frequently change from moment to moment,
and we must often act without knowledge of whether
additional options will become available to us. Here, we
provide evidence, using a target-directed reaching task,
that in such situations, movements are prepared and accu-
mulated across time for sequential action options and,
while being held in working memory, can be adaptively
revised based on newly acquired target information.

RECENT NEUROPHYSIOLOGICAL (Baumann et al. 2009; Cisek 2007,
Cisek and Kalaska 2005, 2010; Klaes et al. 2011) and behav-
ioral (Chapman et al. 2010a, 2014; Ghez et al. 1997; Stewart et
al. 2013, 2014; Tipper et al. 1998; Wood et al. 2011) studies
have provided strong evidence supporting the notion that in
situations in which multiple potential movement goals are
presented simultaneously, the brain specifies, in parallel, mul-
tiple motor plans for these competing options before deciding
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on one of them. Such motor encoding of competing action
goals could facilitate the incorporation of movement-related
costs and constraints into decisions related to action selection
and may enable more rapid responding once the target is
selected (Christopoulos et al. 2015; Cisek 2006; Cisek and
Pastor-Bernier 2014; Cos et al. 2011, 2012, 2014; Gallivan et
al. 2015). In contrast to experiments described above, in the
real world, due to continuous shifts of overt or covert attention,
potential action goals often arise sequentially over time with
uncertainty about the number of options that will become
available before we need to act. For example, as we clamber
over rough terrain, for each foot placement or handhold, we
have to select, using focal attention, a single target location
from among several possible alternatives that present them-
selves sequentially as we survey the scene. A great deal is
known about how processes linked to focal attention influence
visually guided movements [e.g., Song and Nakayama (2006)]
and how the brain accumulates and evaluates sensory evidence
over time to select an action signifying a perceptual decision
(Kira et al. 2015; Yang and Shadlen 2007). However, it
remains unclear how, before selecting from among multiple
potential actions, we represent and integrate new motor plans
with other competing motor plans already being held in work-
ing memory (WM).

It has recently been shown that in situations in which two
potential reach targets are presented in parallel, the motor plans
selected for the two targets interact and are ‘“cooptimized”
(Gallivan et al. 2015). Specifically, when one of the potential
targets (the ambiguous target) can be reached using either wrist
supination or pronation, and the other potential target (the
unambiguous target) can only be reached with one of these
orientations, the motor system selects and prepares a move-
ment for the ambiguous target that has the wrist orientation
required and prepared for the unambiguous target. This inter-
action, which can only arise if multiple, competing motor plans
are specified in advance of target selection, may be advanta-
geous in several ways. First, as we have demonstrated previ-
ously (Gallivan et al. 2015), the preparation of movements with
compatible wrist orientations can reduce the time required to
launch a given movement once a target is selected. Similarly,
it has been shown that reaction times (RTs) are reduced when
there is spatial compatibility between multiple, potential reach
target locations [e.g., Bock and Arnold (1992)] and in the
context of stimulus-response experiments, when the hand
movement to be executed is congruent with the actions af-
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forded by the stimulus [e.g., Tucker and Ellis (1998)]. Second,
the selection of compatible trajectories, which share common
movement components (e.g., wrist orientation), may reduce the
WM load associated with maintaining multiple motor plans in
advance of target selection.

Here, we tested several novel hypotheses related to the
representation of potential targets that arise sequentially and
probabilistically (i.e., with uncertainty about the number of
potential targets that will be presented before a target is
selected). Given the putative benefits of directly mapping
potential targets into associated action plans (outlined above),
we hypothesized that the brain prepares actions for sequentially
arising reach options. Specifically, due to uncertainty about the
number of options that will become available, we predicted
that motor plans are prepared for each option as they appear
and that these competing motor plans are accumulated across
time. Moreover, given the putative advantages of cooptimizing
motor plans, we hypothesized a bidirectional interaction be-
tween action plans for successively presented potential targets.
That is, we predicted that the movement prepared for the first
potential target in a sequence will influence the motor plan
formed for a second, more recently presented potential target
(i.e., proactive influence) and furthermore, predicted that the
action prepared for the first potential target can be revisited and
adaptively restructured so as to share movement components
associated with the second, later potential target (i.e., retroac-
tive influence). Our confirmation of these predictions demon-
strates that the brain forms labile motor plans for sequentially
arising action options that can be flexibly restructured to
accommodate new motor plans.

MATERIALS AND METHODS
Overview of General Procedure

To test whether the brain specifies multiple movement plans for
sequences of targets that are separated in time and to examine the
extent to which such plans interact in a bidirectional fashion, we
designed a reaching task in which participants were presented with a
temporal sequence of potential targets, one of which would be cued
eventually as the final target (Fig. 1). In brief, the majority of trials
(~75%) began with the presentation of one potential rectangular
target, and then, after a 1.5-s delay, a second was presented on a
vertical screen (Fig. 1C). After a further 1.5-s delay and concurrent
with an auditory beep, one of the potential targets was cued (filled in),
instructing the participant to move a hand-held rectangular tool-tip as
quickly and accurately as possible from the start position to contact
the target. Critically, on the remaining ~25% of the trials, the first
(and only) target was cued at the time the second target would have
otherwise been presented (i.e., one-target trials; Fig. 1D). These
one-target trials (randomly interspersed with the two-target trials)
created uncertainty as to whether, on any given trial, an additional
(second), potential target would become available before target selec-
tion and thus importantly encouraged participants to prepare move-
ments for the first of two potential targets in the sequence (on
two-target trials) once it appeared.

The orientations of the potential targets could be one of three types
(Fig. 1B): a target requiring wrist pronation (P), a target requiring
wrist supination (S), or an ambiguous target (A) that could be
contacted equally using either wrist pronation or supination. In a
variant of this task, in which the two targets were always presented
simultaneously, we previously showed that when the cued target was
ambiguous, participants were more likely to pronate or supinate the
wrist when the noncued, unambiguous target required pronation or

RESTRUCTURING OF ACTION PLANS IN WORKING MEMORY

Plexiglas
Projection
Screen

Tool at
the Start
Position

B

Pronation (P)

Supination (S) Ambiguous (A)
Target

Orientations% i C

Hand % Q
Orientations or

C

Example Two-Target Trial: A»S
= ‘ .

i & i =

&

MT

15s

15s

D

Example One-Target Trial: P

%—J—I
D

Ty

15s

RT MT

Fig. 1. Experimental setup and trial types. A: participants moved the
rectangular tip of a hand-held tool to contact targets projected onto a
vertical screen. B: possible target orientations (fop) and corresponding hand
orientations (bottom). Note that the ambiguous target equally afforded wrist
pronation and supination, as shown. C: example of a 2-target trial. Here, an
ambiguous potential target is displayed, and 1.5 s later, a supination
potential target is displayed while the tool is at the start position. After a
further 1.5 s, the ambiguous potential target is cued (filled in) as the target,
providing the go signal for the participant to move the tool-tip to the target.
D: example of a I-target trial. Here, a pronation potential target is
displayed, and 1.5 s later, it is cued as the target, providing the go signal.
RT, reaction time from target cuing to movement onset; MT, movement
time from onset to target contact.
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supination, respectively (Gallivan et al. 2015). In addition, we found
that RTs were slightly faster when the chosen wrist orientation was
compatible with the orientation that would have been required for the
other unambiguous target. Together, these previous findings indicated
that motor plans are specified for each potential target in advance of
target selection and are cooptimized to improve task performance in
cases of simultaneous target presentation. If in the current sequential
target-presentation task, motor plans are specified sequentially for
each potential target, and they interact over time, then we would
expect to observe similar cooptimization in trials in which the second
potential target is cued (i.e., proactive influence of the first motor plan
on the second). Furthermore and perhaps more interestingly, by
testing for cooptimization in trials in which the first potential target is
cued, our paradigm also allowed us to examine whether the first motor
plan can actually be reprogrammed so as to conform to the require-
ments of the second, more newly formed motor plan (i.e., retroactive
influence of the second motor plan on the first).

FParticipants

Thirty-five right-handed participants (aged 19-26, 21 women),
recruited from the student population at Queen’s University, took part
in this study after providing written, informed consent. Of the 18
participants who took part in the main experiment, 3 were excluded,
because they always either supinated or pronated the wrist when
reaching to the ambiguous target and therefore, could not contribute
information that either supported or disaffirmed our experimental
predictions (see below). Of the 17 participants who took part in a
second follow-up experiment, 3 were excluded for the same reason.
None of the participants who participated in the main experiment took
part in the second experiment. The Queen’s University Research
Ethics Board approved the study.

Apparatus

Seated participants held a Plexiglas tool that had a 6 X I-cm
rectangular tool-tip extending from its front, which directly matched
the orientation of the wrist (Fig. 1A). Rectangular targets, the same
size and shape as the tool-tip, were rear projected onto a vertical
screen located 15 cm from the start position of the tool-tip and ~40
cm from the participant’s eyes. The screen was covered in Plexiglas
and could be contacted forcefully with the tool-tip. An electromag-
netic sensor (Polhemus Liberty, Colchester, VT), embedded in the
tool-tip, recorded the position and orientation of the tool-tip in three
dimensions at 240 samples/s. Variants of this general type of “letter-
posting” task have been successfully used by others to investigate the
online control of visually guided actions (Darling and Miller 1993;
Goodale et al. 1991; Gosselin-Kessiby et al. 2008; Perenin and
Vighetto 1988; Torres and Zipser 2004).

The start position of the tool-tip was aligned with a sagittal plane
through the participant’s shoulder, as well as the midline of the screen
(Fig. 1A). Targets were presented at a height of 15 cm above the table
surface (z-axis), either 6.5 cm to the left or 6.5 cm to the right of
screen midline or at both locations depending on the trial type. Target
and tool-tip orientations were defined as 0° when the long axis of the
rectangle was vertical, with the clockwise rotation from the perspec-
tive of the participant defined as positive.

In the main session in both experiments, three target orientations
were used: a target requiring wrist pronation, a target requiring wrist
supination, or an ambiguous target that could be equally contacted
using either wrist pronation or supination (Fig. 1B). The ambiguous
target was rotated +65° from upright (positive corresponds to clock-
wise). This orientation was based on our previous work (Gallivan et
al. 2015) and was slightly modified based on more recent pilot testing.
The pronation target was rotated +110° (or —70°) from upright, and
the supination target was rotated +20° from upright. Thus the pro-
nation and supination targets were rotated, relative to the ambiguous
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target, 45° clockwise and counter-clockwise, respectively. The start
position was rotated —25° from upright. Thus the magnitude of the
tool-tip rotation required to contact the ambiguous target from the
start position was the same regardless of whether the wrist was
pronated (90° counter-clockwise) or supinated (90° clockwise). More-
over, the same magnitude of rotation was required to contact the
pronation (45° counter-clockwise) and supination (45° clockwise)
targets.

Experimental Procedure

Main experiment. Participants first performed 70 one-target trials
with the rectangular targets at the following orientations centered on
+65° (i.e., the ambiguous target orientation) and ranging from +20°
(the supination target orientation) to +110° (the pronation target
orientation): 20, 30, 40, 50, 60, 65, 70, 80, 90, 100, and 110°. The
numbers of trials associated with these orientations were: 4, 4, 6, 8, 8,
10, 8, 8, 6, 4, and 4, respectively. In one-half of the trials for each
target orientation, the target was presented at the left target position,
and in the other half, it was presented at the right target position. The
order of trials was fully randomized. The aim of this initial phase was
to give participants experience reaching to targets of varying orien-
tations, including the ambiguous targets.

At the beginning of each trial in this initial phase, the start target
was displayed on the screen along with a rectangle (equal in size to the
tool-tip and start target), representing the projection of the tool-tip
onto the screen. The color of the projected tool-tip indicated whether
the tool-tip was held within 2 cm and 5° of the start position (green)
or not (red). With this feedback, participants could quickly position
the tool-tip at the start position. Once the tool-tip was held in the
correct position for 1.5 s, the start target disappeared, and a single
target was displayed. After a delay of 1.5 s, the target was cued (filled
in black), and a brief auditory tone (100 ms, 1,000 Hz) sounded,
together providing a “go” signal, instructing the participant to initiate
a movement to contact the target quickly and accurately. After the
tool-tip contacted the screen, the combined reaction and movement
time—from the go signal to screen contact—and whether the trial was
a “hit” or a “miss” were displayed centrally on the screen. The trial
was considered a hit if the center of the tool-tip was within 2 cm of the
center of the target, and the orientation of the tool-tip was within 15°
of the orientation of the target. If the movement was initiated <100
ms after the go signal (i.e., before the movement could have reliably
been triggered by the go signal), then the targets were removed from
the screen, the message “too early” was displayed, and the trial was
re-run later in the session.

The main experimental session began following these 70 one-target
trials. In each trial, after the tool-tip was aligned at the start position
for 1.5 s (as above), a target was presented on either the left or right
for 1.5 s. In 78% of these trials, a second target was then presented (in
the other location) for a further 1.5 s, while the first target remained
visible. One of these two potential targets was then cued (filled in),
and a tone sounded (see above), together providing the go signal to
contact the target quickly and accurately. In the remaining 22% of
these trials, the first target, after being presented for 1.5 s, was
immediately cued (filled in), and a tone sounded, providing the go
signal. After the screen was contacted, participants received the same
feedback as in the 70 single target trials (described above). The
sequences of events in these two- and one-target trials are illustrated
in Fig. 1, C and D, respectively.

Participants completed 8 blocks of 54 trials each (432 trials in total)
with rests in between. We will refer to different two-target trial types
using two letters, indicating the target orientation (A, P, or S),
separated by the > symbol, where the first and second letters denote
the first and second targets, and the cued target is boldfaced. Thus in
an A >> P trial, an ambiguous target was presented first, a pronation
target was presented second, and the first ambiguous target was cued.
We will refer to one-target trials using a single bold-faced letter (A, P,
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or S). The following trial types, with the number of trials in paren-
theses, were tested: A (32), A => A (16), A = P (32), P > A (32),
A>>S(32),S>A32),A>P(32),P>A32),P(32),P>
P (16),P>S (8),S>P(8),A>S32),S>A3B2),P>S
(8), S>> P (8), S (32), and S = S (16). The left vs. right locations
of the first and second targets were counterbalanced, and the trial
order was fully randomized within blocks.

Second experiment. The procedure for the second experiment was
the same as the main experiment, with the exception that this separate
testing session did not include one-target trials. That is, two potential
targets were always presented before the final target was cued, and
participants were informed that two targets would always appear
sequentially. The same two-target trial types used in the main exper-
iment, with the same number of trials for each type, were included,
resulting in a total of 336 trials. The aim of the follow-up experiment
was to assess whether participants actually prepare an action for the
first target before presentation of the second target, even when they
know that two targets will always be presented before target selection,
and if so, whether this first prepared action can be reprogrammed to
cooptimize the two motor plans.

Data Analysis

For each trial, we determined the roll angle of the tool-tip (Fig. 1A)
at the time the tool-tip contacted the screen. The wrist was classified
as having been supinated if the roll angle at contact was greater than
—25°, indicating that the wrist rotated clockwise from the start angle,
and as having been pronated if the roll angle was less than —25°,
indicating that the wrist rotated counter-clockwise from its start angle.
We also determined the RT for each trial, i.e., the time from target
selection to movement onset, where the latter was defined as the time
at which the resultant velocity of the tool-tip first exceeded 0.1 m/s.
Repeated-measures ANOVA and paired #-tests with a P value of 0.05
were used to compare dependent measures across conditions.

Trial Selection

Only hit trials were included in the analyses reported in RESULTS.
The percentage of successful target hits ranged from 72 to 93% across
the 15 participants (mean = 84%) in the main experiment and ranged
from 59 to 86% across the 14 participants (mean = 75%) in the
second experiment. We also excluded trials with RTs that did not fall
between 150 and 350 ms, so as ensure that movements were not
initiated before the go signal and to avoid unduly long RTs. This
resulted in the removal of 5 and 6% of all successful hit trials in the
main and second experiments, respectively.

RESULTS

We hypothesized that if multiple action plans are specified
sequentially for potential targets, as they appear, and they
interact over time, then we should expect to observe bidirec-
tional cooptimization. That is, we should find the following:
1) a proactive influence of the earlier movement plan formed
for the first potential target on the plan subsequently formed for
the second potential target and 2) a retroactive influence of the
second, more newly developed movement plan for the second
potential target on the plan previously formed for the first
potential target. Critical to testing each of these two ideas (i.e.,
proactive and retroactive cooptimization) is that participants
reliably form a motor plan for the first target in the sequence
once it appears. To determine whether the inclusion of our
one-target trials was successful in this regard, we compared the
RTs in one-target with two-target trials. In our previous study
(Gallivan et al. 2015), in which participants prepared either a
single movement in one-target trials or two movements in
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two-target trials in which both targets were simultaneously
presented, we found a 23-ms RT advantage for one-target
compared with two-target trials [an advantage consistent with
that reported previously, e.g., Bock and Arnold (1992); Chap-
man et al. (2010a); Gallivan et al. (2011); Rosenbaum et al.
(1992)]. Thus if participants in the current experiment consis-
tently prepared a movement for the first target when it was
presented and before the second target was presented, then we
might also expect to observe a similar RT advantage for
one-target over two-target trials here. A paired -test revealed
that RT was significantly shorter (t;, = —5.30; P < 0.001), by
21 ms, in one-target (mean = 250 ms; SE = 6 ms) compared
with two-target (mean = 271 ms; SE = 5 ms) trials. In the
context of our previous results (and others’), this finding
clearly suggests that participants consistently prepared a move-
ment for the first potential target once it appeared and thus
permitted us to investigate further whether competing action
plans for sequentially presented potential targets were coopti-
mized proactively, retroactively, or both.

Tests for Cooptimization of Selected Wrist Posture

To address these central research questions, our analysis
focused on one- and two-target trials in which the ambiguous
target was cued as the final target. (Note that in trials in which
the pronation or supination target was cued, participants in-
variably pronated or supinated the wrist, respectively.) Figure
2A shows the average probability, across participants, of se-
lecting wrist supination (pS) for all two-target trial types in
which the cued target was ambiguous. To quantify whether the
orientation of the noncued target influenced pS for the ambig-
uous target and whether presenting the ambiguous target first
or second also influenced pS, our analyses first focused on the
four trial types in which the noncued target was unambiguous
(A>P,P> A, A > S, and S = A, where the letter before
and after the >=> symbol corresponds to the first and second
presented target, respectively). Here, a two-way, repeated-mea-
sures ANOVA revealed a main effect of orientation (F; ,, = 76.6;
P < 0.001) and an interaction between orientation and presenta-
tion order (F; 4 = 5.52; P < 0.034) but no main effect of
presentation order (F; 1, = 0.001; P = 0.98). Overall, we found
that pS was greater when the noncued target required supination
(mean = 0.66; SE = 0.08) compared with when the noncued
target required pronation (mean = 0.39; SE = 0.08). This
result is consistent with our previous study that only used
simultaneous target presentation [cf. Gallivan et al. (2015)]
and demonstrates that the movement prepared but not exe-
cuted for the unambiguous target directly influenced the
movement prepared and executed for the ambiguous target.
For comparison, in Fig. 2A, the average pS from our
previous study (Gallivan et al. 2015) for trials in which the
cued target was ambiguous, and the noncued target was a
pronation or a supination target, respectively, is represented.

The above interaction between noncued target orientation
and presentation order suggests an order effect; that is, when
the noncued target required supination, participants were more
likely to supinate when the noncued target was presented first
(compare S >=> A with A > S), and when the noncued target
required pronation, participants were more likely to pronate
when the noncued target was presented first (compare P >=> A
with A >=> P; i.e., stronger proactive than retroactive influence
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Fig. 2. Results of the main experiment. A: average probability of selecting wrist
supination (pS) for all 2-target trial types in which the cued target was
ambiguous. The first and second letters represent the first and second target
orientations, respectively (A = ambiguous, P = pronation, S = supination).
The red and blue circles represent the average pS from a previous study
(Gallivan et al. 2015) in which competing targets were presented simultane-
ously for trials in which the cued target was ambiguous, and the noncued target
was a pronation or a supination target, respectively. B: probability density
functions (fit using a Gaussian kernel with an SD of 10°) of the roll angle,
relative to the start roll angle, at 30% of the Y distance to the target for
different trial types. The vertical lines depict (from /left to right) the relative roll
angles associated with the ambiguous target when selecting pronation
(Amby,,), the start position, and the ambiguous target when selecting supina-
tion (Ambg,,). As clearly demonstrated by this plot, we found no evidence for
the averaging of target orientation early in the movement trajectory (i.e., no
values at 0° relative roll angle from start). C: corresponding functions for
2-target trials in which the pronation and supination targets were cued (6
represents all possible target orientations). Here, the vertical lines depict (from
left to right) the relative roll angles associated with the pronation target (Pro),
the start position, and the supination target (Sup).
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of the noncued target). However, to determine whether the
effects of the noncued target on pS still held for both presen-
tation orders, we performed follow-up #-tests. Concerning the
proactive effects, we expectedly found that when the ambigu-
ous target was presented second, pS was greater (t,, = 7.31;
P < 0.001) when the noncued (first) target required supination
(S > A: mean = 0.66; SE = 0.08) compared with pronation
(P >> A: mean = 0.37; SE = 0.07). Concerning the retroactive
effects, we also found that when the ambiguous target was
presented first, pS was greater (t,, = 6.37; P < 0.001) when
the noncued second target required supination (A > S:
mean = 0.61; SE = 0.07) compared with pronation (A >=> P:
mean = 0.421; SE = 0.08). Together, these results importantly
demonstrate that the cooptimization of motor plans occurs
regardless of the order in which the ambiguous and unambig-
uous targets are presented. Nevertheless, they also show that
the influence of the noncued target on the motor plan formed
for the cued target is stronger when the noncued target is
presented first rather than second (i.e., stronger proactive than
retroactive influence), suggesting that there may be some
resistance to revising a motor plan that has already been
formed.

The effect of potential target presentation order described
above (i.e., ambiguous target first vs. second), coupled with our
one- vs. two-target RT effects noted at the outset, strongly
suggests that action plans for the targets are specified sequen-
tially as they appear. If this is the case, then it also suggests that
the action plan developed for the second (noncued) potential
target can cause the plan developed for the first (cued) potential
target to be reprogrammed/updated (i.e., retroactive cooptimi-
zation). To assess this possibility further, we directly compared
trials in which the first cued target was ambiguous, and the
second noncued target was ambiguous (A >=> A trials) with
trials in which the first cued target was ambiguous, but the
second noncued target was unambiguous (A >=> P or A > S
trials). We reasoned that if plans are specified both sequentially
and independently for each potential target, then pS should be
the same in all of these trial types (as in all cases, the same
ambiguous target, which equally affords wrist supination and
pronation, is being cued). Conversely, if the action plan com-
puted for the first target is reprogrammed following the pre-
sentation of the second target and is cooptimized based on the
competing action options, pS for the cued first target (i.e.,
ambiguous target) should be influenced by the orientation of
the second noncued target (i.e., unambiguous target). Consis-
tent with the latter prediction, paired f-tests revealed that pS
was greater (t;, = 2.53; P = 0.024) in A >> S trials than in
A > A trials (mean = 0.51; SE = 0.09) and smaller (t,, =
—2.88; P = 0.012) in A >> P trials than in A => A trials (see
Fig. 2A4). Based on our RT evidence above that individuals
consistently prepared a movement for the first potential target
in the series, once it appeared, this finding suggests that the
actions associated with the second potential target can update
the plan previously formed for the first target (i.e., using A >
A trials as a baseline for comparison).

Tests for Cooptimization during the Early Reach Trajectory

Figure 2B shows probability density functions for the same
five trial types shown in Fig. 2A of the roll angle relative to the
roll angle at the start position when the tool-tip reached 30% of
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the Y distance to the ambiguous target. Each function, or
distribution, includes all trials from all participants. For com-
parison, Fig. 2C shows probability functions for two-target
trials in which the cued target was either the pronation target
(6 = P, where 6 represents all target orientations) or the
supination target (6 => S). As can be directly appreciated by
visual inspection of Fig. 2B, participants, when reaching to the
ambiguous target, committed early to either wrist pronation or
supination, with the change in roll angle approximately one-
half of the total change required to reach the target, and there
is no evidence for the spatial averaging of wrist orientation [cf.
Stewart et al. (2013)]. That is, bimodal distributions were
observed for all trial types, and the relative roll angle was never
close to 0° by the time the tool-tip reached 30% of the Y
distance to the target [a point into the reach movement where
spatial averaging would be expected; cf. Chapman et al.
(2010a, b); Gallivan and Chapman (2014)]. Whereas this
finding is certainly novel in the context of previous work that
has used (or relied on) spatial averaging behavior to reveal the
parallel encoding of competing movements [and/or probe the
effects of distractors on reaching; see Buc Calderon et al.
(2015); Chapman et al. (2015); Gallivan et al. (2011); Meegan
and Tipper (1998); Stewart et al. (2014); Tipper et al. (1997,
2000)], the absence of spatial averaging effects here is perhaps
to be expected, given that movements were initiated only after
the target was cued.

Effects of Cooptimization on RT

In our previous study, we found that in trials in which the
cued target was ambiguous, and the noncued target was unam-
biguous, RT was slightly improved when participants selected
a wrist orientation that was compatible, as opposed to incom-
patible, with the orientation required for the competing non-
cued target. Here, we observed the same outcome; a paired
t-test revealed that RT was marginally but significantly greater
(t;4 = 2.44; P = 0.029) in incompatible (mean = 278 ms;
SE = 6 ms) compared with compatible (mean = 274; SE = 5
ms) trials. Comparison of RT in trials in which the cued target
was presented first vs. trials in which it was presented second
revealed no significant difference (t;, = 1.09; P = 0.294).
Together, this indicates a small processing advantage when
both targets are recognized as affording a common wrist
orientation, an advantage that does not depend on potential
target presentation order.

Results of Second Experiment

Our inclusion of one-target trials in the main experiment was
guided by the fact that in our typical natural environment, there
is often some uncertainty as to whether newer action options
will be made available before having to select a particular plan
of action. Accordingly, it is perhaps not surprising that given
our inclusion of one-target trials (which were randomly inter-
spersed with two-target trials), we report several lines of
evidence showing that individuals consistently prepared move-
ments toward the first potential target in the sequence once it
appeared. We recognize, however, that there are many situa-
tions in the real world in which before making a selection, one
can be fully certain about all of their available options. In such
scenarios, we wondered whether individuals would still bother
preparing movements for the first option as it appears or just
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Fig. 3. Results of the second experiment. Average probability of selecting wrist
supination (pS) for all 2-target trial types in which the cued target was
ambiguous. The first and second letters represent the first and second target
orientations, respectively (A = ambiguous, P = pronation, S = supination).

simply wait until all options become available before forming
an action plan for each (i.e., wait for simultaneous target
presentation). To explore these possibilities, we performed an
additional experiment in a separate group of individuals that
was identical in all regards to our main experiment, with the
exception that there were never any one-target trials. That is,
participants in this second experiment knew and were explic-
itly told that a second potential target would always follow
after the first.

Figure 3 shows, for this additional experiment, the average
pS for all trial types in which the cued target was ambiguous.
A two-way, repeated-measures ANOVA revealed a main effect
of orientation (F, ;3 = 17.9; P < 0.001) but no main effect of
presentation order (F; ;5 = 0.86; P = 0.37). Overall, we found
that pS was greater when the noncued target required supina-
tion (mean = 0.75; SE = 0.07) compared with pronation
(mean = 0.46; SE = 0.07). The analysis also revealed a
significant interaction between orientation and presentation
order (F; 3 = 8.77; P = 0.011). This latter effect can be
directly appreciated by visual inspection of Fig. 3; when the
noncued target required pronation, pS for the ambiguous target
was smaller when the noncued target was presented first
(compare P >> A with A >> P), and likewise, when the
noncued target required supination, pS for the ambiguous
target was greater when the noncued target was presented first
(compare S >=>> A with A >> S). However, as in the main
experiment, follow-up #-tests further revealed that the noncued
target orientation significantly influenced pS for both presen-
tation orders. That is, when the ambiguous target was presented
first, pS was greater (t;; = 2.94; P = 0.012) when the noncued
second potential target required supination (A >> S: mean =
0.72; SE = 0.07) compared with pronation (A >> P: mean =
0.48; SE = 0.08), and when the ambiguous target was pre-
sented second, pS was greater (t;5 = 5.64; P < 0.001) when
the noncued first potential target required supination (S >=> A:
mean = 0.79; SE = 0.08) compared with pronation (P > A:
mean = 0.44; SE = 0.07).
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As in the main experiment, to assess further the reprogram-
ming effect (i.e., whether the motor plan for the first potential
target is recomputed following the presentation of the second
potential target), we compared trials in which the first cued
target was ambiguous, and the second noncued target was
ambiguous (A > A trials) with trials in which the first cued
target was ambiguous, but the second noncued target was
unambiguous (A >=> P or A >> S trials). Consistent with that
observed in the main experiment, we found that pS was greater
(t;3 = 2.448; P = 0.029) in A >> S (mean = 0.72; SE = 0.07)
trials than in A >=> A trials (mean = 0.55, SE = 0.08) and
smaller, although not significantly so (t;; = 1.1; P = 0.291), in
A > P trials (mean = 048, SE = 0.08) than in
A >=> A trials.

The results of this second experiment indicate that the target
presentation order effects and reprogramming effects described
in our main experiment are not related to the fact that in that
main experiment, participants had uncertainty as to whether a
second potential target would appear before target selection
(recall in the main experiment that in ~25% of the trials, the
first presented target was cued without the second target ever
being shown). This indicates that individuals, even when not
encouraged to do so, naturally prepare actions for potential
targets as they appear and flexibly update pre-existing plans to
be compatible with newer plans. Together, this suggests that
the formation of an action plan for each sequential action
option reflects a largely automatic process that occurs in spite
of participants’ explicit knowledge of whether or not newer
options will become available.

DISCUSSION

Recent studies have provided evidence that in situations in
which multiple potential reach targets are presented simulta-
neously, the brain prepares motor plans for each competing
option before selecting one of them to be executed (Chapman
et al. 2010a; Cisek 2007; Cisek and Kalaska 2005, 2010;
Gallivan et al. 2011; Klaes et al. 2011; Stewart et al. 2014).
Moreover, by sharing common movement components across
these motor plans, they can often be launched more quickly
and thereby, cooptimized so as to improve task performance
(Gallivan et al. 2015). Here, we investigated the encoding of
competing action options that appear sequentially over time, as
often occurs in natural, dynamic environments. With the use of
a task in which potential reach targets were presented in series
before one was cued as the target, we found evidence that
individuals successively prepared actions for both the first and
second potential targets, each as they appeared, and that these
plans interacted in a bidirectional fashion. That is, not only did
we find that the movement planned (and executed) for the
second target reliably shared kinematic components (i.e., wrist
orientation) with the movement prepared for the first target
(i.e., proactive influence), but we also found that the movement
plan formed for the first target could be reformed so that it
borrowed kinematic components from the plan formed for the
second, newer target (i.e., retroactive influence). Together, our
findings suggest that movements previously considered and
presumably being held in WM (as they can influence the wrist
posture selected on the second target) can be adaptively revised
based on the actions associated with more newly presented
targets.
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Previous work has shown that when two potential reach
targets are simultaneously presented, activity in sensorimotor
areas of the brain reflects these competing options in parallel
before a target is selected (Cisek and Kalaska 2005; Klaes et al.
2011). One interpretation of this activity, consistent with Gib-
son’s (1979) highly influential notion of action “affordances,”
is that it represents the encoding of a movement plan toward
each of the potential targets (Cisek 2007). However, it is
entirely plausible that this activity instead represents visual
properties of the potential targets (e.g., their locations/direc-
tions) and/or some general purpose WM buffer that maintains
the locations of the targets so as to make a decision about
response choice (Cisek and Kalaska 2005). Most of the studies
that have examined the representation of competing reach
options at the behavioral level have used variants of the
“go-before-you-know” task in which participants are presented
with multiple potential targets and required to launch a move-
ment toward them before knowing which potential target will
be cued as the final target after movement onset (Chapman et
al. 2010a, 2014; Ghez et al. 1997; Hudson et al. 2007; Stewart
et al. 2013, 2014; Tipper et al. 1998). These studies have
shown that the direction of the initial reach vector corresponds
to a spatial average of the reach directions to the potential
targets. Recently, with the use of go-before-you-know tasks, in
which movement and target directions were dissociated, we
showed that this spatial averaging behavior does not likely
arise from the planning of a single movement toward a visually
averaged target location and instead, is more consistent with
the specification of competing motor plans for these potential
targets (Stewart et al. 2014). Moreover, we have provided
evidence that control policies for competing motor plans may
also be averaged (Gallivan et al. 2016). It has recently been
suggested that the initial movement direction in the go-before-
you-know tasks minimizes the cost of movement corrections
made once the target is cued (Haith et al. 2015). Given this, one
possibility is that the averaging of motor plans occurs precisely
because it approximates an optimal solution for reducing the
cost of such corrections (Hudson et al. 2007). However, it is
also possible that participants deliberatively plan and execute a
single movement that minimizes the costs of correction and
that only resembles a motor average. Ultimately, it can be
difficult to draw clear conclusions about the nature of the
mechanisms that underlie motor planning in cases of target
uncertainty from spatial averaging behavior alone.

Recently, with the use of a variant of the task used in the
current study, in which the potential targets were always
presented simultaneously, we provided direct evidence, via the
cooptimization of action plans (i.e., the sharing of movement
components across potential targets), that competing motor
plans are considered for multiple potential targets in advance of
target selection (Gallivan et al. 2015). This finding is notewor-
thy, given that the structure of the task in which target selection
provided the cue for movement initiation (as here) did not
actually require that participants consider the movements af-
forded by each target beforehand. That is, because we did not
enforce any reaction or movement time requirements, individ-
uals could have just as easily performed the task by simply
waiting until the final target is cued before forming and then
executing a single reach movement to that particular target.

Here, we report the same cooptimization behavior in the
current experiment but in a task in which potential targets are
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presented sequentially over time. The previous study is impor-
tant, because it provided compelling evidence that competing
motor plans are prepared in advance of selecting one to
execute. In contrast, the significance of the current study,
which also shows that multiple competing plans are consid-
ered, lies in elucidating the fundamental nature of these plans.
Specifically, the present findings indicate that the brain forms
labile motor plans for sequentially arising action options and
that these plans can be flexibly updated to either share param-
eters with old (proactive influence) or newly formed (retroac-
tive influence) motor plans. In this regard, the current task
affords us some particularly unique insights into the mecha-
nisms that support action reprogramming. Previous studies
investigating this topic have tended to focus on cases in which
individuals must discard or cancel a prepared action plan in
favor of a new, alternative action (Buch et al. 2010; Hartwigsen
et al. 2012; Nashed et al. 2014; Neubert et al. 2010; Verbrug-
gen et al. 2010). Typically, in these paradigms, immediately
before the execution of an action plan, the target or action
required is switched on the participants, and they must quickly
reprogram a new, corresponding movement. Here, however,
we focused on a much different question: can a recently formed
action plan for the first target in a series be revisited and
reprogrammed based on the parameters of an action plan
generated for a newer, second target? Even though such repro-
gramming is not actually required by our task (as the originally
prepared movement would equally satisfy the demands of the
task), we provide evidence that the blueprints of newer plans
can revise those that had been developed previously for an
earlier potential target.

Why should the motor system cooptimize action plans for
competing targets presented sequentially over time? One pos-
sible reason, suggested by both the current results and those
from our previous work (Gallivan et al. 2015), is that the
selection of a wrist orientation for the ambiguous target that is
compatible with the competing unambiguous target may lead
to an RT advantage. That is, by exploiting redundancies in the
actions afforded by competing targets and preparing competing
movements that share common kinematic components, each
action plan might be launched more quickly. According to a
recently proposed framework of motor planning (Wong et al.
2015), RT benefits may either stem from a facilitation of
processes related to deciding on the goal of the action (e.g.,
perceiving the target objects and choosing between them) or
alternatively, a facilitation of decision processes related to
specifying the features of movement (e.g., preparing the kine-
matics of how the motor goal will be achieved). In our task, the
RT benefit observed when individuals select the compatible
wrist posture presumably reflects an advantage in specifying
the final kinematics of the movement, as the perceptual re-
quirements associated with both compatible and incompatible
trials (e.g., target identification and cuing, application of task
rules, etc.) are identical. Nevertheless, we recognize that this
RT advantage, documented both here and in our previous work
(group means of 6 and 8 ms, respectively), is very small and
thus unlikely to be much of a factor in driving cooptimization
behavior.

Another, perhaps more plausible reason for the observed
cooptimization behavior is that selection of the compatible
wrist orientation might optimize the deployment of WM re-
sources. WM operations, which support the active maintenance

RESTRUCTURING OF ACTION PLANS IN WORKING MEMORY

and manipulation of behaviorally relevant information over
short temporal intervals, such as the time between each of the
target presentations and movement execution in the current
study, are expected to play an important role in our task. First,
our RT results indicate that a movement plan (i.e., information
about how to move) is formed for a given target immediately
after it is presented. Second, the proactive and retroactive
effects that we observe indicate that the existing movement
plan, which in the case of ambiguous targets, is not uniquely
specified by the viewed target, can be revised (i.e., the infor-
mation about how to move can be manipulated). Together,
these findings suggest that in our task, movement plans are
being maintained briefly in WM, a view that is consistent with
neurophysiological findings [e.g., Cisek and Kalaska (2005)].
Although the role of WM in supporting sensory and/or percep-
tual processing has been examined thoroughly (Sreenivasan et
al. 2014), its role in supporting the processes of motor control,
although equally well appreciated (D’Esposito and Postle
2015), remains far less studied. Nevertheless, given the limited
capacity of WM (Luck and Vogel 2013), just as it has been
shown that sensory representations should prioritize task-rele-
vant over task-irrelevant information (Vogel et al. 2005), so too
should the sensorimotor system prioritize certain types of
motor information over others. With regard to the present
study, this might mean prioritizing the representation of certain
potential movements over others and allocating more WM
resources to encoding movements that might be more optimal
for achieving the goals of the task. For example, the repro-
gramming of initially prepared movements for the first target in
a series, so as to be compatible with some of the kinematics
(wrist orientation) required for the second, newer target in a
series, would necessarily constrain the range of hand postures
that must be concurrently held in WM in advance of either the
first or second target being selected.

Notably, our findings demonstrate that participants did
not always cooptimize for each trial. At the level of senso-
rimotor processing, this may indicate some level of noise,
either in initially encoding the visual orientation of the
target (i.e., noise in perception) or in mapping that orienta-
tion onto the movement(s) afforded by that particular target
(i.e., noise in sensorimotor transformation). In addition to
these factors, the inherent noise in competitive interactions
between competing plans in most models (Cisek 2006;
Wang 2008) would make consistent cooptimization from
trial to trial that much more unlikely. Nevertheless, our
pattern of effects clearly demonstrates that participants did
not use an explicit cognitive strategy during the task. In-
deed, had they done so, we would have expected that
participants always select the compatible wrist posture (i.e.,
always select pronation for the cued ambiguous target when
the noncued target required pronation and always select
supination for the cued ambiguous target when the noncued
target required supination). Together, this suggests that the
cooptimization of action plans, when observed, arises from
automatic sensorimotor processes occurring outside of indi-
viduals’ conscious awareness.

To summarize, here, we show, using a sequential target
presentation reaching task, that participants appear to spec-
ify a movement plan for each potential target once it appears
and that previously formed plans (for the first potential
target) can be reprogrammed based on the encoding of more
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newly formed plans (for the second competing potential
target). In certain respects, this latter finding resonates with
the phenomenon of retroactive interference, whereby newly
learned information impedes the recall of previously learned
information; the exception here is we putatively describe a
case of retroactive facilitation, whereby newly formed plans
adaptively modify previously formed independent plans,
thereby cooptimizing movements across multiple potential
targets.
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