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Abstract When a target moves to a new location during a
rapid aiming movement, the hand follows it, even when the
participant intends not to. Pisella et al. (Nat Neurosci
3:729–736, 2000) claim that the posterior parietal cortex, in
the dorsal visual stream, is responsible for this ‘automatic
pilot’. Here we study the limits of automaticity in the dorsal
stream through analysis of aiming movements to two tar-
gets in sequence. Participants were given a goal of moving
rapidly to two targets, with the Wrst movement being com-
pleted within approximately 200 ms. On 30% of trials, the
Wrst or the second target jumped unpredictably to a new
location at movement onset, allowing us to measure the
automatic capture of the hand. The results showed that
hand movements were less responsive to target jumps in a
2-target condition than in a 1-target control condition. This
indicates that the ‘automatic pilot’ is susceptible to interfer-
ence from multiple visual inputs, implying that the dorsal
stream is less eVective at guiding actions online when mul-
tiple targets are attended.

Keywords Pointing · Dorsal stream · Sequential aiming · 
Automatic guidance · Attention

Introduction

Online corrections to visually-guided movements are
thought to be mediated by the dorsal visual stream (Pisella
et al. 2000; Desmurget et al. 1999). This neural stream
projects to the posterior parietal cortex (PPC), and has been
shown to guide movements in the absence of conscious
awareness (for a review, see Goodale and Westwood 2004).
In fact, Milner and Goodale’s (1995) perception/action
model of dual-stream visual processing relegates all
conscious visual processing to the ventral stream (in the
inferotemporal cortex), leaving the dorsal stream to carry
out its tasks ‘automatically’. The robustness of this automa-
ticity has been demonstrated by movement corrections to
unperceived target perturbations (Goodale et al. 1986;
Pelisson et al. 1986; Prablanc and Martin 1992) and by par-
ticipants’ inability to inhibit corrections to perceived target
perturbations (Pisella et al. 2000; Cressman et al. 2006).
The PPC has, accordingly, been described as an ‘automatic
pilot’ for visually guided action (Pisella et al. 2000). In the
present study we investigate the limits of its automaticity
by testing whether it is subject to interference from multiple
visual inputs.

Direct evidence that the dorsal stream is involved in
online control is provided by studies of PPC patients as
well as studies of healthy individuals. Pisella et al. (2000),
for instance, show that bilateral PPC lesions prevent rapid
movement correction. Desmurget et al. (1999) show a simi-
lar eVect when PPC function in healthy participants is
inhibited with transcranial magnetic stimulation. The dorsal
stream, therefore, appears critical for quick adjustments to
movements that are already underway, and it can eVect
these changes in movements as short as 200 ms (Pisella
et al. 2000; Cressman et al. 2006). A feed-forward mecha-
nism, in which the predicted movement outcome is
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compared to the current target location, has been proposed
to mediate these online corrections (Desmurget et al. 1999;
Desmurget and Grafton 2000; Desmurget and Grafton
2003).

In the current study, we approach the dorsal stream as a
non-conscious online processor and examine, through
behavioural methods, its processing capabilities. SpeciW-
cally, we examine the dorsal stream’s ability to modify
movements under single- and dual-target conditions.
Previous studies of dorsal stream function have tended to
examine single-target movements only. Many everyday
actions, however, involve multiple targets and multiple
movement components: Any time one dials a number on a
telephone or places a sugar cube into a cup of tea, multiple
targets are involved in the movement sequence. How does
the visuomotor system contend with these targets, and does
the dorsal stream suVer interference under multiple target
conditions?

Although this type of interference has not been explicitly
addressed in the literature, previous research on sequential
aiming movements may provide relevant information. In
sequential aiming studies, participants tap 2 or more targets
in rapid sequence. When performance of a multiple-compo-
nent movement is compared to performance of a single-
component movement, movement time (MT) of the Wrst
segment of a multi-component movement is typically
longer than the MT of the single component movement.
This phenomenon is known as the ‘one-target advantage’,
and there are competing explanations for its source (for a
critical examination of these explanations, see Adam et al.
2000). The important feature of the one-target advantage
for the current discussion is that a cost is incurred when a
movement has to be executed to multiple targets versus a
single target. This Wnding would seem to suggest that the
dorsal stream does suVer interference when it is tasked with
multiple targets. However, there is reason to be cautious in
interpreting the one-target advantage this way. As Adam
et al. (2000) point out, “Invariably, all studies showing the
one-target advantage have emphasized speed of response
and imposed low accuracy constraints.” Indeed, the average
MT of the single-component movements in the 6 one-target
advantage studies summarized by Adam et al. (2000) is
128 ms. Such movements are subject to minimal, if any,
online control, and are, therefore, dubious indicators of
dorsal stream processing.

To explore dorsal stream interference more directly, we
borrowed from an experimental design developed by
Pisella et al. (2000). In that study, participants made rapid
(200–300 ms) pointing movements and were instructed to
either modify their movement when a target jumped (‘go’
trials) or to halt their movement when a target jumped
(‘stop’ trials). Pisella et al. found that on a signiWcant
number of the ‘stop’ trials, the aiming hand involuntarily

deviated in the direction of the jumping target, thereby
demonstrating the automaticity of rapid online corrections.
Furthermore, a patient with lesioned PPC did not succumb
to the same involuntary capture. Based on their Wndings,
Pisella et al. (2000) characterized the PPC as an online
control ‘automatic pilot’, a system that can update rapid
movements even when there is no conscious intention to do
so—even, in fact, when there is a conscious intention not to
do so.

Pisella et al.’s (2000) combination of a ‘stop’ instruction
with a target perturbation provides a window into the oper-
ations of the dorsal stream. We reasoned that by incorporat-
ing the same type of design into a sequential aiming task,
we could observe the impact of multiple targets on dor-
sally-mediated behaviour. SpeciWcally, we set up a task in
which participants made a fast sequential aiming movement
to two targets, with a goal MT of 200 ms to reach the Wrst
target. At this MT, automatic capture of the hand can be
reliably observed (Pisella et al. 2000; Cressman et al.
2006). We then compared the degree of hand capture
caused by a jumping Wrst target in this 2-target condition to
the degree of hand capture caused by a jumping single
target in a separate 1-target condition. If the processing of
multiple targets causes interference in the dorsal stream,
there should be less automatic capture in the 2-target condi-
tion than in the 1-target condition.

This 2-target protocol, therefore, allows us to examine
processing constraints in the dorsal stream. In a rapid
sequential aiming task, the visuomotor system must
contend with two targets that are potentially competing for
processing resources. If the dorsal stream is subject to
attentional limitations, our protocol should allow us to
detect this.

To anticipate our Wndings, we show that (1) the ‘auto-
matic pilot’ in the dorsal stream suVers interference from
multiple targets and (2) that the preparation of the second
component of the sequential aiming movements occurred,
at least in part, during the Xight of the Wrst component of
the movements.

Methods

Participants

Eight volunteers (6 female, 2 male) from the University of
British Columbia participated in the experiment. The average
age was 25 (range 22–30). All participants were right-handed
and had normal or corrected-to-normal vision. The experi-
ment was conducted in accordance with the ethical guide-
lines set by the university and with the ethical standards set
by the Declaration of Helsinki. All participants gave written
informed consent prior to participating in the study.
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Apparatus

The targets to which participants made aiming movements
were red dots of light (5 mm diameter) produced by light
emitting diodes (LEDs). The LEDs were set beneath an
inclined Plexiglas surface (Fig. 1a). The ‘home’ position
was located along the participant’s midline, at the near end
of the display surface. The two LEDs used for stationary
target presentation were vertically aligned at two distances
from ‘home’ position: 220 mm (near target or T1), and
295 mm (far target or T2). The two LEDs used for per-
turbed target presentation were each located 50 mm to the
right of their respective stationary target LEDs (Fig. 1b).
Participants sat with their head in a chinrest, their eyes
positioned approximately 60 cm from the display surface.
Participants held a stylus in their right hand. An infrared
emitting diode was Wxed to the front surface of the stylus,
and this allowed tracking of the movement with Optotrak
(Northern Digital Inc.). The position of the stylus was
sampled at a frequency of 500 Hz. The stylus’s micro-
switch tip allowed precise recording of movement lift-oV
and touch-down.

Procedure

Participants completed 4 diVerent conditions: 1-target GO,
1-target STOP, 2-target GO, and 2-target STOP. Partici-
pants completed the 1-target conditions in a separate
session from the 2-target conditions. The order of sessions
was counterbalanced across participants, and the order of
the GO and STOP instructions within the sessions was also
counterbalanced across participants. Participants completed
a practice block of 50 stationary 1-target trials prior to the
1-target session, and they completed a practice block of 50
stationary 2-target trials prior to the 2-target session.

In all conditions, participants began the trial with the
stylus placed at the home position. In 1-target trials, one
target (T1) was displayed, and participants were told to aim
with the stylus to the single target. In 2-target trials, two tar-
gets (T1 and T2) were displayed, and participants were told
to hit both targets in rapid sequence, tapping T1 prior to T2.
Participants were told to initiate their movement as soon as
the target(s) appeared on the display (i.e. reaction time (RT)
was stressed). Participants were also told to try to complete
their movement to T1 with a MT as close to 200 ms as pos-
sible. Precise MT feedback was provided to participants
after every trial in all conditions. Finally, participants were
told to aim as accurately as possible, while still adhering to
the RT and MT instructions.

In each of the four conditions, 70% of the trials were sta-
tionary trials (the illuminated LEDs did not change during
the trial). The remaining 30% of trials were jump trials, in
which a target would jump to a new position at movement
onset. (A target ‘jump’ consisted of one LED being extin-
guished and a new LED being simultaneously illuminated
at a position 50 mm to the right of the extinguished LED.)
In 1-target trials, only one type of jump occurred: the target
(T1) jumped 50 mm to the right. In 2-target trials, two types
of jump occurred: T1 jumped 50 mm to the right or T2
jumped 50 mm to the right. Stationary and jump trials were
randomly interspersed, and in all conditions the target(s)
remained illuminated until the end of the trial.

In the 1-target GO condition, participants were told that
if the target jumped they should try to move to the target’s
new position. In the 2-target GO condition, participants
were told that if one of the targets jumped, they should try
to go to its new position during that component of the
movement (i.e. if T1 jumped, they should move to its new
position and then continue on to T2; if T2 jumped, they
should move to T1 and then continue on T2’s new
position).

In the 1-target STOP condition, participants were told to
immediately stop their movement if the target jumped. In
the 2-target STOP condition, participants were told to
immediately stop their movement if either target jumped.

Fig. 1 Participant seated at the display surface, with Optotrak system
recording the stylus position (a). The layout of the stimuli on the dis-
play surface (b)
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Data analyses

Movement lift-oV and touch-down were determined
according to the analog status of the stylus’s microswitch
tip, sampled at 500 Hz. The 3D position data from the
Optotrak were Wltered using a second order, dual-pass, But-
terworth Wlter with low-pass cutoV of 10 Hz. To calculate
mean hand paths, the position data for each movement were
Wrst resampled at 100 evenly-spaced points along the path
length, with linear interpolation between neighbouring
points (Goodbody and Wolpert 1998).

Results

Excluded trials

Trials were excluded from analysis based on the following
criteria: RT less than 100 ms or greater than 1,000 ms, MT
to T1 less than 100 ms or greater than 350 ms, and MT
from T1 to T2 less than 50 ms. Jump trials in which partici-
pants successfully stopped their movements prior to touch-
down on T1 (12.9% of STOP condition jump trials, on
average) were not included in the analysis. Overall, these
criteria led to the exclusion of less than 5% of all trials.

Reaction time (RT)

Table 1 shows the mean RTs for each of the four condi-
tions. A 2 instruction (GO/STOP) £ 2 target number (1-
target/2-target) repeated-measures ANOVA revealed that
RT was aVected by neither instruction, F(1,7) < 1, nor the
number of targets, F(1,7) < 1. There was also no interaction
eVect, F(1,7) < 1. The lack of a signiWcant target number
eVect is not consistent with previous studies that have
shown an increase in RT with an increase in target number
(Henry and Rogers 1960; Ricker et al. 1999; Lajoie and
Franks 1997). A possible reason for the absence of the
eVect in our study is the addition of a MT goal, which has
not been included in studies showing an RT diVerence
between 1- and 2-target trials. This MT goal may have
emphasized planning of the Wrst movement component, an
issue that will be explored further in the discussion section.

Movement time (MT) to T1

Table 1 shows the mean MTs to T1 for jump and stationary
trials in each of the four conditions. A 2 instruction (GO/
STOP) £ 2 target number (1-target/2-target) £ 2 jump
(jump/stationary) repeated-measures ANOVA revealed no
signiWcant main eVects or interaction eVects (all P-values
were greater than 0.20). Given that participants were
instructed to maintain their MT to T1 as close to 200 ms as
possible, this is not a surprising result.

Dwell time on T1 during two-component 
movements (GO condition only)

We also measured the dwell time on T1 (time between
touch-down on and lift-oV from T1) during two-target GO
trials. The mean dwell times on stationary, T1-jump, and
T2-jump trials were 41, 47, and 44 ms, respectively. A 1-way
repeated-measures ANOVA revealed a signiWcant eVect,
F(2,14) = 11.85, P < 0.001. Post-hoc analysis (Newman–
Keuls) revealed that all means diVered signiWcantly from
each other at P < 0.05.

Spatial accuracy and variability to stationary targets

Radial error (RE) around T1 (stationary trials)

We used RE, the average of the two-dimensional distances
between the target and the movement endpoints, as a mea-
sure of spatial accuracy. The average RE around T1 on sta-
tionary trials is displayed in Table 2. A 2 instruction (GO/
STOP) £ 2 target number (1-target/2-target) repeated-mea-
sures ANOVA was applied to the RE scores. There was no
signiWcant eVect of instruction, F(1,7) = 1.3, P > 0.20.
There was no signiWcant eVect of target number, F(1,7) < 1.
There was also no signiWcant interaction between the two
factors, F(1,7) = 1.1, P > 0.30.

95% Endpoint conWdence ellipses for movements 
to T1 (stationary trials)

We used the surface area of a 95% endpoint conWdence
ellipse as a further measure of spatial outcome. This ellipse
captures 95% of the endpoints of movements to a given tar-
get, and its surface area thereby provides a measure of theTable 1 Mean reaction time and movement time, in milliseconds, of

the movement to T1

1targetGO 1targetSTOP 2targetGO 2targetSTOP

Reaction time 

Stationary 258.2 256.6 260.2 260.8

Movement time 

Stationary 209.6 211.3 211.2 211.6

Jump 214.0 213.9 221.2 212.0

Table 2 Mean radial error (mm) and 95% endpoint conWdence ellipse
surface area (mm2) of the movement to T1 on stationary trials

1targetGO 1targetSTOP 2targetGO 2targetSTOP

Radial error 10.4 9.8 10.1 10. 6

Ellipse surface 
area

769.5 786.6 707.4 778.9
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two-dimensional variability of these endpoints. The
average ellipse surface areas for movements to T1 are
shown in Table 2. A 2 instruction (GO/STOP) £ 2 target
number (1-target/2-target) repeated-measures ANOVA was
applied to the ellipse surface area values. No signiWcant
eVects were found (all F-values < 1). These results, along
with those for radial error, suggest that movement accuracy
to T1 on stationary trials was aVected by neither the number
of targets nor the instruction type.

Impact of target perturbation

Lateral deviation diVerence score in movement to T1

The variable we were most interested in was one that would
indicate the degree of horizontal shift in the movement to
T1 caused by a T1 jump. The measure we used was the
diVerence between the mean horizontal endpoint on
T1-jump trials and the mean horizontal endpoint on the
corresponding stationary trials. We then compared the
diVerence scores on 2-target trials to the diVerence scores
on 1-target trials (Fig. 2). A 2 instruction (GO/STOP) £ 2
target number (1-target/2-target) repeated-measures ANOVA
was applied to these scores. There was a marginally signiW-
cant eVect of instruction, F(1,7) = 5.4, P = 0.053, suggest-
ing that participants deviate more when intending to ‘go’
than when intending to ‘stop’. More importantly, there was
a signiWcant eVect of target number F(1,7) = 15.25,
P < 0.01, indicating that there is more deviation to the
perturbed target in the 1-target trials than in the 2-target
trials. Finally, there was no signiWcant interaction,
F(1,7) = 1.03, P > 0.30, indicating that the eVect of target
number was consistent across instruction condition.

Figure 3 shows some sample trajectories from one par-
ticipant for 1- and 2-target conditions. The trajectories
show deviation toward the perturbed T1 in both cases, but
the degree of deviation is larger in the 1-target condition.

Proportion of movements captured by a jumping T1

We also examined the impact of the T1 jump by classifying
movement endpoints as ‘captured’ or ‘not captured’ by the
T1 jump. Similar to Pisella et al. (2000), we used a 95%
conWdence interval derived from stationary target trials to
determine whether movements on jump trials were
captured. Endpoints falling outside the interval (on the side
of the target jump) were classiWed as ‘captures’. The results
are displayed in Fig. 4. Prior to statistical analysis, the bino-
mial proportion data were normalized using an arcsine-root
transformation. A 2 instruction (GO/STOP) £ 2 target-
number (1-target/2-target) repeated-measures ANOVA was
then applied. There was a marginally signiWcant eVect of
instruction, F(1,7) = 5.44, P = 0.052, and a signiWcant
eVect of target number, F(1,7) = 11.57, P < 0.05. No

Fig. 2 Amount of lateral deviation in movement to T1 caused by a T1
jump as a function of target number and instruction type. Error bars
represent standard error of the mean

Fig. 3 Sample trajectories from one participant for the 1-target GO
condition (a), and the 2-target GO condition (b). Solid black lines
indicate T1-jump trials; thick grey dashed lines indicate stationary
trials. The thin grey dashed lines in (b) indicate the second movement
component (i.e. the movement to T2) on T1-jump trials
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signiWcant interaction was found, F(1,7) < 1. These results
are consistent with those found in the endpoint diVerence
score analysis.

Latency of movement deviation to jumping T1

We compared average movement trajectories from the
jump and stationary trials of each participant to determine
when the mean movement paths in the jump trials diverged
from the mean paths in the stationary trials. To obtain our
estimate of the latency of deviation, we recalculated the
mean path in the jump trials at every 2 ms interval until the
mean point of divergence was reached. The average laten-
cies at which mean movements paths deviated in the direc-
tion of a perturbed T1 were 164 and 168 ms for the 1-target
GO and 2-target GO conditions, respectively. A correlated
t-test revealed no signiWcant diVerence between the two
trial types, t(7) = 0.69, P > 0.50, suggesting that the number
of targets did not have a signiWcant impact on the time at
which movements began to deviate towards T1.

Deviation in movement to T1 caused by T2 jump 
(2-target trials only)

We were also interested in whether a perturbation to T2 had
an impact on the movement to a stationary T1 during
sequential aiming. We compared the mean horizontal end-
point of the movements to T1 on T2-jump trials to the mean
horizontal endpoint of the movements to T1 on 2-target sta-
tionary trials (Fig. 5). A 2 instruction (GO/STOP) £ 2
jump (jump/no jump) repeated-measures ANOVA was
applied to the data. There was no signiWcant eVect of
instruction, F < 1. There was a signiWcant main eVect of
jump, F(1,7) = 11.71, P < 0.05, indicating that there was a

reliable (albeit very small, »2 mm) rightward shift in the
endpoint of the movement to T1 when T2 jumped to the
right. There was no signiWcant interaction between instruc-
tion and jump, F(1,7) = 1.05, P > 0.30.

Discussion

Our goal was to investigate multi-target processing in the
dorsal visual stream. We used participants’ non-intentional
online modiWcations of fast aiming movements as an indi-
cator of dorsal stream processing, and we examined the
impact of one vs. two targets on the participants’ ability to
execute such modiWcations. Our reliance on non-intention-
ality as a clear indicator of dorsal stream processing meant
that the STOP condition, in which participants had no
conscious intention to modify their movements, was of pri-
mary interest. The eVects of 1 versus 2 targets were consis-
tent, however, across GO and STOP conditions (i.e. none of
our analyses showed an interaction between target number
and instruction type). The following discussion of the
results will, accordingly, focus on the eVects of 1 versus 2
targets on movement corrections irrespective of instruction
condition.1

Fig. 4 The proportion of trials classiWed as ‘captures’ on T1-jump
trials as a function of target number and instruction type. Error bars
represent standard error of the mean

1 It should be noted, however, that we found a marginally signiWcant
main eVect of instruction on the degree of movement correction (more
deviation under ‘go’ instruction than under ‘stop’ instruction). This is
likely a result of late, intentionally driven, online corrections that can
occur in the ‘go’ condition. Pisella et al. (2000), for instance, found
equivalent amounts of correction in ‘go’ and ‘stop’ for MTs between
200 and 240 ms, but when MTs were greater than 240 ms, they found
more corrections in the ‘go’ condition. Since we only excluded trials
with MTs greater than 350 ms, some trials with MTs longer than
240 ms may have contributed to the observed diVerence between
instruction conditions.

Fig. 5 Amount of lateral deviation in movement to a stationary T1
caused by a T2 jump. Error bars represent standard error of the mean.
CE constant error (movement endpoint¡target position)
123



Exp Brain Res (2007) 181:297–305 303
With respect to the issue of dual-target interference, our
results show that automatic movement corrections are
reduced when two targets are involved in the movement
sequence. Participants’ movements deviated less to a jump-
ing T1 in 2-target trials than they did in 1-target trials. This
result suggests that the visuomotor processing of the second
target interfered in some way with the processing of the
Wrst target. It is worth noting that movement modiWcations
to a jumping T1 were not eliminated in the 2-target trials—
they were merely reduced relative to the 1-target trials.
Thus, T1 was still being processed in the 2-target trials, just
not as eVectively.

Online programming of the movement to T2 (i.e. pro-
gramming occurring during the execution of the movement
to T1) might explain the interference that was observed.
This would be consistent with previous research suggesting
that reWnement of the programming to the second target
occurs online (Ricker et al. 1999). In fact, by stressing a
MT goal for the movement to T1, and thereby indirectly
emphasizing the preplanning of the Wrst movement compo-
nent, our design likely encouraged online programming of
the movement to T2. Our Wnding that the endpoint of the
movement to T1 was biased by a T2 jump further supports
the idea that online programming of the second movement
interferes with execution of the Wrst.

Interestingly, the number of targets did not appear to
aVect the latency at which mean movement paths began to
deviate to T1 when it jumped to a new location. The onset
of deviation occurred just as early in 2-target trials
(»168 ms) as it did in 1-target trials (»164 ms). So, while
the amount of correction to the T1 jump suVered interfer-
ence from the presence of T2, the latency of the onset was
not aVected. This result may indicate that the interference
arises from processes occurring after the hand deviation has
been initially triggered. The online processing of T2, which
we have postulated as a source of interference, may not
manifest itself until later in the movement (i.e. sometime
after approx. 170 ms).

In fact, the processing cost associated with the 2-target
trials appears to be entirely restricted to a reduction in the
amount of automatic deviation to a perturbed T1. No other
measures (reaction time, movement time, radial error, and
endpoint conWdence ellipse surface area) showed any sig-
niWcant diVerence between the 1-target and the 2-target tri-
als. One might expect the lack of a MT diVerence, given
that MT was constrained, but the lack of any diVerence in
spatial accuracy on stationary trials is puzzling. If there is
an online processing cost associated with multiple targets,
one would expect it to emerge in the parameter that is free
to vary—in this case spatial accuracy to T1. (Our design
was, in a way, the inverse of most sequential aiming move-
ment studies, which usually constrain accuracy and then
infer processing costs through increases in MT.)

It is possible that the endpoints to T1 on stationary trials
largely reXect preplanning, and that movement endpoint
was speciWed with equal Wdelity in the 1- and 2-target trials.
We argued above that the MT constraint may have empha-
sized planning to T1 in 2-target trials, making movement
preparation in these trials similar to 1-target trials. This is
supported by the equal RTs in 1- and 2-target trials, as RT
correlates with the complexity of the movement that has
been prepared (Henry and Rogers 1960; Lajoie and Franks
1997). However, for this argument to account for the simi-
lar accuracy in stationary 1- and 2-target trials, it must
assume that minimal online control is occurring on station-
ary trials. (Otherwise, the online programming to T2 would
interfere with the online control to T1, reducing accuracy to
T1 on stationary 2-target trials.) This is hard to reconcile
with the Wnding that movements are modiWed online when
T1 jumps, unless one posits that automatic corrections to
large target perturbations engage diVerent online processes
than movement corrections to stationary targets. It may be
for instance, that a large error signal (such as that produced
by a target perturbation) allows feed-forward correction
systems in the PPC to detect a discrepancy between the pre-
dicted outcome of the programmed movement and the tar-
get location sooner (and thus to modify the movement
sooner) than in stationary target conditions. In the latter
case, the discrepancy between the programmed movement
and the target location would be much smaller and, there-
fore, might take longer for the system to detect. In fact, if
the discrepancy is small enough, the PPC may be unable to
detect it at all, potentially leading to no feed-forward online
correction on some stationary trials.

The idea that larger discrepancies between the intended
movement and the target location enable earlier movement
corrections does have empirical support. Elliott and Allard
(1985), for instance, showed that participants beneWted
from visual feedback at shorter MTs when displacing
prisms were worn (which produce a large discrepancy)
compared to normal vision (small discrepancy).

Although our design is quite diVerent from one-target
advantage designs we described in the introduction, there
are some issues from the one-target advantage literature
that deserve to be addressed. We have suggested that the
dual-target cost in the current study arises from interference
by the online programming of the second movement com-
ponent with the execution of the Wrst movement compo-
nent. While some researchers (e.g. Chamberlin and Magill
1989; Ricker et al. 1999) argue that online programming of
the second movement component occurs during the Wrst
movement component, other studies (e.g. Fischman and
Reeve 1992) discount the role of online programming in the
one-target advantage. Adam et al. (2000) also discount the
online programming explanation, although their proposal,
the movement integration hypothesis, does not remove
123
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online processing from the equation. Rather, their theory
suggests that interference is caused by online implementa-
tion of a pre-programmed second movement component,
not online construction of a second movement component.

While it is possible that the movement integration
hypothesis might account for our Wndings, there are several
reasons to suspect that it does not. First, we show no RT
diVerence between 1- and 2-target conditions. If the second
movement component had already been programmed and
was simply awaiting implementation, one would predict
longer RTs in the 2-target trials. Second, as mentioned ear-
lier, our design’s emphasis on achieving a goal MT to T1
probably encouraged online programming of the second
movement component. Finally, our Wnding that a T2 jump
inXuenced the movement to a stationary T1 suggests that
some degree of programming of the second movement
component was occurring during the execution of the Wrst
movement component.

In 2-target trials, target jumps also appeared to inXuence
the amount of time spent on T1 (dwell time). We saw a
very small but signiWcant increase in dwell time when T1
jumped (6 ms increase) and when T2 jumped (3 ms
increase) relative to stationary trials. This increase in dwell
time probably reXects a cost associated with having to mod-
ify the original movement plan as a result of the perturba-
tion. This also suggests that the second target was taken
into consideration prior to movement initiation, since we
would expect no diVerence in dwell time between station-
ary and perturbed trials if all programming of the second
movement component occurred online. However, the very
small magnitude of the dwell time increase also suggests
that this consideration of the second target prior to move-
ment initiation was quite limited; almost as much online
programming time was required for a stationary T2 as for a
perturbed T2. Still, the dwell time data raise the possibility
that interference in the 2-target condition might be a result
not only of the online programming of the movement to T2,
but also the need to respond to a target perturbation that
compromises the initial movement plan.2

Conclusion

Our results show that rapid online updating of a movement
to a target jump is impaired when two targets are involved
in the movement sequence. Our results also suggest that
this dual-target interference arises because online program-
ming of the second movement component reduces the dor-
sal stream resources that can be dedicated to executing the
Wrst movement component. So, although dorsal stream

movements may be ‘automatic’ in that they elude conscious
control (Pisella et al. 2000; Cressman et al. 2006) and also
elude interference from simultaneous perceptual targets
(Liu, Chua and Enns 2006, Unpublished data), they do not
escape interference from simultaneous action targets. This
points to resource-limitations among unconscious visual
processes that resemble those that have been explored for
many years in conscious visual processes (Pashler 1998).
The challenge for future research will be to Wnd methods
for exploring the limited resources of unconscious pro-
cesses that go beyond what can be learned from the GO-
STOP action paradigm.

Acknowledgments This research was supported by a doctoral schol-
arship from the Natural Sciences and Engineering Research Council of
Canada (NSERC) awarded to B.C. and by a NSERC Discovery Grant
awarded to R.C.

References

Adam JJ, Nieuwenstein JH, Huys R, Paas FGWC, Kingma H, Willems P,
Werry M (2000) Control of rapid aimed hand movements: the one-
target advantage. J Exp Psychol Hum Percept Perform 26:295–312

Chamberlin CJ, Magill RA (1989) Preparation and control of rapid,
multisegmented responses in simple and choice environments.
Res Q Exerc Sport 60:256–267

Cressman EK, Franks IM, Enns JT, Chua R (2006) No automatic pilot
for visually guided aiming based on colour. Exp Brain Res
171:174–183

Desmurget M, Grafton S (2000) Forward modeling allows feedback
control for fast reaching movements. Trends Cogn Sci 4:423–431

Desmurget M, Grafton S (2003) Feedback or feedforward control: end
of a dichotomy. In: Johnson-Frey SH (ed) Taking action: cogni-
tive neuroscience perspectives on intentional acts. MIT Press,
Cambridge, pp 289–338

Desmurget M, Epstein CM, Turner RS, Prablanc C, Alexander GE,
Grafton ST (1999) Role of the posterior cortex in updating reach-
ing movements to a visual target. Nat Neurosci 2:563–567

Elliott D, Allard F (1985) The utilization of visual feedback informa-
tion during rapid pointing movements. Q J Exp Psychol A
37:407–425

Fischman MG, Reeve TG (1992) Slower movement times may not
necessarily imply on-line programming. J Hum Mov Stud
22:131–144

Goodale MA, Westwood DA (2004) An evolving view of duplex vi-
sion: separate but interacting cortical pathways for perception and
action. Curr Opin Neurobiol 14:203–211

Goodale MA, Pelisson D, Prablanc C (1986) Large adjustments in
visually guided reaching do not depend on vision of the hand or
perception of target displacement. Nature 320:748–750

Goodbody SJ, Wolpert DM (1998). Temporal and amplitude general-
ization in motor learning. J Neurophysiol 79:1825–1838

Henry FM, Rogers DE (1960) Increased response latency for compli-
cated movements and a “memory drum” theory of neuromotor
reaction. Res Q Exerc Sport 31:448–458

Lajoie JM, Franks IM (1997) Response programming as a function of
accuracy and complexity: evidence from latency and kinematic
measures. Hum Mov Sci 16:485–505

Milner AD, Goodale MA (1995) The visual brain in action. Oxford
University Press, Oxford

Pashler H (1998) The psychology of attention. MIT Press, Cambridge

2 We thank an anonymous reviewer for bringing this possibility to our
attention.
123



Exp Brain Res (2007) 181:297–305 305
Pelisson D, Prablanc C, Goodale MA, Jeannerod M (1986) Visual
control of reaching movements without vision of the limb II:
evidence for a fast unconscious process correcting the trajectory
of the hand to the Wnal position of a target step. Exp Brain Res
62:303–311

Pisella L, Grea H, Tilikete C, Vighetto A, Desmurget M, Rode G,
Boisson D, Rossetti Y (2000) An “automatic pilot” for the hand
in human posterior parietal cortex: toward reinterpreting optic
ataxia. Nat Neurosci 3:729–736

Prablanc C, Martin O (1992) Automatic control during hand reaching
at undetected two-dimensional target displacements. J Neuro-
physiol 67:455–469

Ricker KL, Elliot D, Lyons J, Gauldie D, Chua R, Byblow W
(1999) The utilization of visual information in the control of
rapid sequential aiming movements. Acta Psychol 103:103–
123
123


	Dual-target interference for the ‘automatic pilot’ in the dorsal stream
	Abstract
	Introduction
	Methods
	Participants
	Apparatus
	Procedure
	Data analyses

	Results
	Excluded trials
	Reaction time (RT)
	Movement time (MT) to T1
	Dwell time on T1 during two-component movements (GO condition only)
	Spatial accuracy and variability to stationary targets
	Radial error (RE) around T1 (stationary trials)
	95% Endpoint conWdence ellipses for movements to T1 (stationary trials)

	Impact of target perturbation
	Lateral deviation diVerence score in movement to T1
	Proportion of movements captured by a jumping T1
	Latency of movement deviation to jumping T1
	Deviation in movement to T1 caused by T2 jump (2-target trials only)


	Discussion
	Conclusion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


