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Abstract

We examined the allocation of attention during the preparation of sequences of manual pointing movements in a dual task paradigm.
As the primary task, the participants had to perform a sequence of two or three reaching movements to targets arranged on a clock face.
The secondary task was a 2AFC discrimination task in which a discrimination target (digital ‘E’ or 3’) was presented among distractors
either at one of the movement goals or at any other position. The data show that discrimination performance is superior at the location of
all movement targets while it is close to chance at the positions that were not relevant for the movement. Moreover, our findings demon-
strate that all movement-relevant locations are selected in parallel rather than serially in time, and that selection involves spatially dis-
tinct, non-contiguous foci of visual attention. We conclude that during movement preparation—well before the actual execution of the
hand movement—attention is allocated in parallel to each of the individual movement targets.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

When we inspect a visual scene, only certain parts or
aspects of the visual layout are processed to such a degree
as to encode this information in visual short-term memory,
and to make it suitable for guiding actions. Visual attention
is the mechanism that underlies this selective processing.
Thus, on the one hand, attention supports perception in
that it facilitates the detection of certain stimuli (e.g., Pos-
ner, 1980), enables integration of the features that belong to
an object (Treisman & Gelade, 1980), and determines which
objects are stored in visual short-term memory and can be
identified. This first function of visual attention has been
termed “selection-for-perception.” On the other hand,
visual attention is also involved in the selection of objects
that are relevant for goal-directed actions. Here, it is
assumed that attention provides the relevant spatial infor-

* Corresponding author.
E-mail address.: daniel.baldauf@campus.lmu.de (D. Baldauf).

0042-6989/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.visres.2006.08.021

mation about the targets of intended movements to the
motor system and helps to specify the spatial parameters of
the movement (Neumann, 1987). Allport (1987) referred to
this second attentional function as “selection-for-action”.
Empirically, the functional coupling of selection-for-per-
ception and selection-for-action has been demonstrated
most convincingly for saccadic eye movements (e.g., Deubel
& Schneider, 1996; Hoffman & Subramaniam, 1995; Kow-
ler, Anderson, Dosher, & Blaser, 1995; Schneider & Deubel,
2002). In the study of Kowler et al. (1995) participants were
presented displays containing eight premasks on a circular
array. They were instructed to saccade to the item indicated
by a central arrow cue. Simultaneously with the onset of the
cue, the premasks were replaced by letters which were
masked 200 ms later. It was found that the accuracy of let-
ter report was considerably higher for the letters that
appeared at the saccade target, than for the letters at move-
ment-irrelevant locations. Similar results were obtained by
Deubel and Schneider (1996; Schneider and Deubel, 2002).
In their studies, participants were first shown string-like
arrays of premasks left and right of fixation. A central
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colour cue was presented indicating one of the items in the
strings as saccade target; the saccade had to be performed
when the central cue was removed. Shortly after cue
removal, and before saccade onset, a critical discrimination
target (digital ‘E’ or ‘3’) was presented at a certain location
in the string among distractors, which was removed after
120 ms. At the end of each trial, participants had to indicate
the identity of the discrimination target. The results showed
that the discrimination accuracy was considerably higher
when the discrimination target was presented at the saccade
goal than when it was presented at the adjoining positions.
This preferential processing of the saccade target was found
even when the participants knew in advance the location of
the discrimination target, indicating that the coupling of
visual attention and saccade target selection is mandatory.

Recently, similar conclusions were drawn also for the
relationship of goal-directed hand movements such as
pointing and grasping, and visual attention. Deubel,
Schneider, and Paprotta (1998) showed that when partici-
pants prepare a pointing movement to a location, percep-
tual processing is selectively enhanced at the movement
goal, already before movement onset. They used a similar
paradigm as Deubel and Schneider (1996), cueing partici-
pants to point to a certain object in a letter string. Before
movement onset, a discrimination target was presented for
a short time interval. As for saccades, it was found that
when the target fell on the object to which the movement
had been programmed, discrimination performance was
better than when it fell at other locations, suggesting that
attention is coupled to the movement goal also of manual
movements. Deubel et al. (1998) showed evidence for such
coupling even when the discrimination target occurred at a
predictable location; obviously, participants are unable to
attend away from the goal of a pointing movement to
another location. This indicates that the coupling between
pointing movements and attention is mandatory. A recent
study has demonstrated that this action-induced selection
probably concerns the specific location of the movement
goal of the pointing, rather than the whole target object
(Linnell, Humphreys, McIntyre, Laitinen, & Wing, 2005).

Other investigations studied attentional deployment for
grasping movements. Castiello (1996) showed that distrac-
tors relevant to a secondary task that the participants had
to perform affected the maximal aperture of the grasping
hand. Schiegg, Deubel, and Schneider (2003), and Deubel
and Schneider (2004) demonstrated that when an object is
grasped, visual attention is largely confined to the to-be-
grasped parts of the object. Further evidence for attention-
related effect of grasp preparation on perceptual processing
was provided by Craighero, Fadiga, Rizzolatti, and Umilta
(1998), Bonfiglioli and Castiello (1998), Kritikos, Bennett,
Dunai, and Castiello (2000).

Several models have been developed to describe the rela-
tionship between selection-for-perception and selection-
for-action. The prominent “premotor theory” proposes
that the system controlling action is the same system that
also controls spatial attention (Rizzolatti, Riggio, & She-

liga, 1994). Simultaneously with the preparation of goal-
directed movements, neurons in “spatial pragmatic maps”
are supposed to be activated, which results in spatially
selective attention. As proposed by a number of authors,
different spatial pragmatic maps are activated depending
on the type of the action that is to be performed (e.g.,
Andersen, Snyder, Bradley, & Xing, 1997; Andersen &
Buneo, 2002; Colby, 1998; Jeannerod, 1994; Kawashima
et al., 1996; Snyder, Batista, & Andersen, 2000).

A second theoretical approach is the Visual Attention
Model (VAM, Schneider, 1995). It postulates that selection
functions are performed by a single, common visual atten-
tion mechanism that is essential for selection-for-action in
the dorsal pathway as well as for selection-for-perception in
the ventral pathway. When an object is selected, the spatial
information that is computed in the dorsal pathway
becomes available for setting up motor programs towards
the object. This happens independently of whether the
action will actually be executed. Similar to the premotor
theory, VAM assumes that the preparation of actions in
space makes perceptual processing of the objects that are
relevant for the movement obligatory. The model predicts
that the perceptual representation of the external world
during the preparation of a movement should be best for
the movement target, allowing for efficient visual process-
ing of the target object. Vice versa, attending to a certain
object for perceptual analysis should automatically lead to
the implementation of (covert) motor programs towards
this object.

Most of the research described previously was character-
ized by the fact that the movements were directed to a sin-
gle location in space, a single target object. However, many
types of goal-directed movements in the natural environ-
ment are more complex in the sense that their preparation
requires to consider more than just a single item or loca-
tion. For example, in order to move to an object, the hand
often has to avoid an obstacle. At some point in time dur-
ing movement preparation, the spatial location of the
obstacle and possibly other relevant properties such as its
size and orientation have to be computed in order to pro-
gram a trajectory that leads the hand effectively around the
object. Similarly, when we intend to open a bottle of wine
we first prepare and perform a grasp to the opener and only
then move on to the bottle. The question arises whether in
these more complex actions composed of sequential move-
ments the selective processing of the relevant information is
also purely sequential, such that processing of the second
target would occur only after the first movement. Alterna-
tively, the selection (and processing) of further movement
goals may already start even before the onset of the initial
movement segment.

First evidence for the latter assumption was provided by
Henry and Rogers (1960) who showed that in longer and
more complex sequences, latencies are prolonged in con-
trast to simple single pointing movements. Likewise, it was
shown that when sequences of saccades have to be per-
formed, the latency of the saccades depends on both the
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number of targets in the sequence and on the ordinal posi-
tion of the saccade in the sequence (Inhoff, 1986; Zingale &
Kowler, 1987). For manual aiming movements, several
studies found that reaction time as well as the movement
time of the first sequence compartment increased as the
sequence complexity increases (e.g. Fischman, 1984; Fish-
man & Lim, 1991). For responses consisting of two or three
parts Christina and colleagues (Christina, Fishman, Ver-
cruyssen, & Anson, 1982) reported delayed movement ini-
tialisation compared to simple one-responses. Similar
results were obtained by Smiley-Oyen and Worringham
(1996) using much longer sequences of movements. Several
authors showed that the kinematics of the first part of a
double-step sequence depend on the difficulty of the second
part (Gentilucci, Negrotti, & Gangitano, 1997; Lajoie &
Franks, 1997; Rand, Alberts, Stelmach, & Bloedel, 1997;
Rand & Stelmach, 2000). These findings suggest that both
parts of the movement sequence are planned before move-
ment initialisation, considering the properties of the two
targets. Assuming that an increase in latencies reflects an
increase in preprogramming time these results imply that
some aspects of the entire movement sequence may be pre-
pared and stored in advance of the sequence execution,
which in turn may require visual attention to be allocated
to the movement targets.

More recent investigations that directly studied the allo-
cation of attention during the preparation of saccade
sequences yielded partially conflicting results. Gersch,
Kowler, and Dosher (2004) analysed attentional allocation
during intersaccadic pauses while participants made repeti-
tive saccades on a circular array of squares. The task was to
identify the orientation of Gabor test stimuli that appeared
briefly along with superimposed noise in one of the squares.
They found that attentional resources were dedicated pri-
marily to the goal of the next saccade, leaving only little
attention for processing objects at other locations. In con-
trast, direct evidence for the parallel selection of multiple
target positions in saccade control resulted from the investi-
gation by Godijn and Theeuwes (2003). They measured the
accuracy of identification of letters presented briefly prior
to the execution of a sequence of two saccades in a dual-
task paradigm. The results showed that the letter identifica-
tion was better for letters presented at any of the saccade
targets than for letters presented at the movement-irrele-
vant locations. Moreover, in a matching task where the
identity of two briefly presented letters had to be compared,
performance was above chance only when both letters
appeared at the saccade goals, indicating that attention is
allocated to all saccade targets in parallel.

In the present study, the allocation of attention prior to
the execution of sequences of pointing movements was
examined in a dual-task paradigm in which participants
were asked to perform a forced-choice letter discrimina-
tion task while preparing sequential pointing movements
to several targets. In a first experiment (Experiment 1),
participants were required to execute a sequence of two
pointing movements on a circular array of characters,

arranged like a clock face. While the goal of the initial
movement was cued by a central arrow, the second move-
ment goal was defined by the instruction to then move on
to the item two clock positions further, in a clockwise
direction. We asked whether the preparation of this
sequential movement task would involve superior percep-
tual performance at both movement-relevant locations, in
comparison to the movement-irrelevant locations. A simi-
lar approach was used in a preliminary study reported in
Deubel and Schneider (2004). These authors found evi-
dence that attention is allocated to both movement targets,
before onset of the initial movement. Also, we were inter-
ested in the question of whether a possible facilitation at
the first and second movement target is due to a widening
of the attentional spotlight over both target positions, or
rather due to a division of attention among spatially non-
contiguous, distinct attentional locations. Therefore, we
also measured discrimination performance at the interme-
diate location between both movement goals. Experiment
2 and 3 asked whether multiple targets are selected before
movement onset even in longer and spatially more com-
plex movement sequences. In Experiment 4, single, double
and triple movement sequences were combined, on a trial-
by-trial basis. A major question here was whether percep-
tual performance at the first (and second) movement target
position would drop if further movement targets are added
to the sequence. This would indicate that the attentional
resources used in the task have limited capacity. Finally,
we studied in Experiment 5, in a matching paradigm,
whether multiple movement targets are selected serially or
in parallel.

2. Experiment 1: Double pointing

Experiment 1 was designed to examine the allocation of
attention before the execution of a sequence of two manual
pointing movements. In a circular arrangement of twelve
mask objects, participants were required to first point to the
item cued by a central arrow, and then to point to the item
two positions further in a clockwise direction. In the move-
ment preparation period, one mask element, at a randomly
selected position, changed to the critical discrimination tar-
get (digital ‘E’ or ‘3’). At all other positions, distractors
(digital ‘2’ or ‘5’) were shown. After a short presentation
time, the elements were masked again. At the end of each
trial, the participant had to judge, in a two-alternative
forced-choice task, which discrimination target had been
presented.

2.1. Method

2.1.1. Participants

Six students (three female, aged between 21 and 25
years) were paid for their participation in the experiments.
They had normal or corrected-to-normal vision. All partici-
pants were right handed. The experiments were undertaken
with the understanding and written consent of each subject.
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2.1.2. Apparatus

Fig. 1 provides a sketch of the experimental setup. The
participant was seated in a dimly illuminated room. The
stimuli were presented on a 21-in. colour monitor (Conrac
7550 C21) with a frame frequency of 100 Hz, at a spatial
resolution of 1024 x 768 pixels. The active screen size was
40 x 30cm; viewing distance was 58 cm. Pointing move-
ments were executed on a slightly inclined plane in front of
the participant. The use of a one-way-mirror between the
pointing plane and the participant’s face allowed free hand
movements without visual feedback about the position of
the hand and fingers. The mirror was adjusted such that the
visual stimuli appeared to be projected onto the pointing
plane. The visual stimuli were presented on a grey back-
ground, which was adjusted to a mean luminance of 2.2 cd/
m?. The relatively high background brightness is important
to minimise the effects of phosphor persistence (Wolf &
Deubel, 1997). The luminance of the visual stimuli was
23 cd/m?.

Reaching movements were recorded with a Fastrak elec-
tromagnetic position and orientation measuring system
(Polhemus Inc., 1993), consisting of a central transmitter
unit and a small receiver, mounted on the tip of the index
finger of the participant‘s right hand. The sender unit was
fixed 60 cm in front of the participant. The device allows for
a maximum translation range of 10 ft, with an accuracy of
0.03in. RMS. The frequency bandwidth of the system is
120 Hz; with a time delay of 4 ms. In order to provide visual
feedback about the spatial positions of the fingertip during
an initial positioning period, a small red LED (5 mm diame-
ter) controlled by the computer was attached to the sensor.
Participants were required to keep strict eye fixation on a
central cross throughout the trial. Eye fixation was moni-

tored by a video-based eye tracking system (SensoMotoric
Instruments, Eyelink-I). Head movements were restricted
by an adjustable chin rest.

2.1.3. Procedure

The sequence of stimuli in a typical trial is shown in
Fig. 2. At the beginning of each trial, a display appeared
containing a central fixation cross and a circular arrange-
ment of twelve premask characters (resembling a digital
‘®’), positioned on an imaginary circle with a radius of
7.2 deg around the central fixation. The horizontal width of
the premask characters was 0.90deg of visual angle; their
height was 1.40deg. The participant was asked to initially
position the right index finger at the screen centre. For this
purpose, the LED mounted on the index finger was
switched on for 2s. The active LED was visible through the
mirror and allowed the participant to point to the central
fixation cross. After a random delay of 1400-1600 ms, the
central fixation cross was replaced by a small arrow that
indicated one of the surrounding characters as the first
movement target (/st MT). The participant was required,
upon the onset of this movement cue, to make a sequence
of two pointing movements with the index finger of the
right hand, with the first movement aimed at the cued tar-
get. After the completion of the first movement, i.e., after
the finger touching the first movement target, the second
movement had to be directed to the character located two
clock positions further in the clockwise direction (2nd MT).
Participants were instructed to perform this movement
sequence as quickly and precisely as possible.

With a stimulus onset asynchrony (SOA) of 50 ms after
the appearance of the central movement cue, 11 of the 12
premask characters changed into distractors (resembling a

Monitor

/

One-way-mirror

Pointing plane

Polhemus transmitter
cube

Polhemus sender with
LED

Fig. 1. Experimental set-up. The visual stimuli that were generated on a video display were projected via a half-translucent mirror onto a pointing plane in
front of the participant; they appeared at a viewing distance of 58 cm. Movements of the right index finger of the pointing hand were recorded with a Pol-
hemus Fastrack electromagnetic tracking system. Fixation was controlled by an eyetracker.
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5. Feedback about latency
and accuracy of the
pointing movement

4. Masking

4359

3. Presentation of

discrimination target and

distractors

1. Start of trial

800 ms

170 - 220 ms

50 ms (SOA)

1500 ms

Fig. 2. Stimulus sequence in Experiment 1.

digital ‘2’or ‘5’), while one premask changed into the criti-
cal discrimination target (DT) which resembled the charac-
ter ‘B> or 3. After a presentation time of 160-220ms
(adjusted individually for each participant, see below), the
discrimination target and the distractors changed back to
the initial mask symbols. At the end of each trial, the partic-
ipant had to indicate, by pressing one of two buttons, which
of both discrimination targets had been presented. This
non-speeded response was given on a keypad with the left
hand. The trial finished with providing the participant
visual feedback about the actual landing position of the
pointing finger. For this purpose, a small red dot appeared
on the screen, indicating the final landing finger position.
Also, acoustic feedback about the latency of the initial
pointing movement was provided, based on an online cal-
culation of first point in time where movement speed is
above the velocity threshold . A low-frequency tone indi-
cated that the latency in the trial was sufficiently short,
whereas an unpleasant, high frequency tone indicated that
the latency was too long and that the participant should be
faster in the next trial. The feedback about the reaction
latency was implemented in order to encourage the partici-
pant to perform the pointing movements as quickly as pos-
sible after the presentation of the movement cue.

2.1.4. Pretest block

Before the experimental sessions, the participants per-
formed a pretest in which the presentation times for the
critical discrimination targets were determined individually
for each participant. This was necessary since the partici-
pants differed considerably in their ability to discriminate
the target letters. For this purpose, a block of 96 trials was
run in which each participant was asked to perform single
pointing movements to the position cued by the central
arrow, and to indicate the identity of the discrimination tar-
get, which was always presented at the movement target
location. The trials were performed with different presenta-

tion times in order to vary the degree of processing demand.
From the participant’s performance, we estimated the indi-
vidual presentation times such that each participant
reached a performance level of 85% correct responses in
this task. The resulting presentation times ranged from 150
to 230 ms (M =190ms). They were kept the same for each
subject in all following experiments.

2.1.5. Design

Initially, each participant performed a training session
consisting of three blocks of 96 trials each which were not
included in the data analysis. After initial training, the par-
ticipants performed four experimental blocks, each consist-
ing of 96 trials. Only six out of the twelve mask positions (at
1,3,5,7,9 and 11 o’clock) were possible movement goals.
As the second movement had to be aimed to the item
located two clock positions further, both movement targets
were separated from each other by an intermediate item.
Thus, possible pointing sequences were directed to 1 and 3
o’clock, 3 and 5 o‘clock, 5 and 7 o‘clock, 7 and 9 o‘clock, 9
and 11 o‘clock or 11 and 1 o’clock. The critical factor that
was varied in this experiment concerned the position where
the discrimination target was presented, relative to the
instructed movement targets. This factor, “Relative DT
position,” had four levels: (1) The discrimination target
(DT) was presented at the first movement target (condition
“Ist MT”), (2) DT was shown at the second movement tar-
get position (condition “2nd MT”), (3) DT appeared at the
location between both movement targets (condition
“between MTs”), and (4) DT appeared at any of the four
remaining letter positions that were movement-irrelevant in
that they were neither targets of the movement sequence in
the actual trial nor located between the movement-relevant
locations (condition “other”). Each of these four conditions
occurred with a probability of .25 in the trials. In half of the
trials, the discrimination target was the character ‘E’, in the
other half ‘3’ was shown. In total, this led to 48 different
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conditions (6 MT positions x 4 relative DT positions x 2
types of DT). Each of these conditions was presented twice
in an experimental block. The conditions were selected at
random in each trial.

2.1.6. Data analysis and rejection of trials

Hand and eye movements were recorded on-line by a PC
during sessions and evaluated off-line by custom software.
In order to determine latency, amplitude, and duration of
the finger movements, an off-line program searched the
movement traces for the first point above (or below) the
vectorial velocity threshold of 10 mm/s (which is equivalent
to about 1°/s). The beginning and the end of the pointing
movements were calculated as linear regressions in a 50 ms
time window around these threshold points. The analysis of
the movement data revealed that the finger sometimes did
not completely stop in the phases between the individual
movements, probably since the participants were keen to
produce very fast movement sequences. In these cases, it
was difficult to unequivocally determine the precise end
point of the particular movement. From this reason, move-
ment durations were not analysed further and will not be
reported. The latency of the subsequent movements was
calculated as the first point in time when movement speed
was above the velocity threshold. The program also ana-
lyzed the data from the eyetracker and computed the spa-
tial and temporal parameters of eventual saccades. The
algorithm to identify saccades is similar to that used for
the detection of the hand movements. The beginning and
the end of a saccade were calculated as linear regressions in
a 50ms time window around the first point in time above
(or below) the velocity threshold of 15°/s.

In order to ensure that the discrimination target was no
longer present when the actual movement started, trials
with onset latencies of the initial movement below an indi-
vidual cut-off time which was 50 ms (=SOA) plus the indi-
vidual presentation time were excluded from further
analysis. We also discarded trials where movement onset
latency was above 600 ms, and where the program detected
a saccade or a significant deviation of the eye or initial hand
position fixation. Finally, trials in which the second point-
ing goal was missed by more than 3deg or the movement
erroneously was executed toward a non-cued pointing posi-
tion were classified as pointing errors and were not ana-
lyzed further.

The accuracy of the perceptual performance is expressed
by the percentage of correct decisions on the identity of the
discrimination target; since there were two alternatives,
chance level was at 50%. For the analysis of perceptual per-
formance, all possible movement target conditions were
averaged for each subject. We computed percent correct for
the factor “Relative DT position” which had four levels: (1)
The discrimination target (DT) was presented at the first
movement target (condition “Ist MT”), (2) DT was shown
at the second movement target position (condition “2nd
MT”), (3) DT appeared at the location between both move-
ment targets (condition “between MTs”), and (4) DT

appeared at any of the remaining four letter positions that
were movement-irrelevant in that they were neither targets
of the movement sequence in the actual trial nor located
between the movement-relevant locations (condition
“other”).

Statistical analyses in this and the following experiments
included repeated-measure analyses of variance. Post-hoc
comparisons were done with ¢-tests. All p-values were Bon-
ferroni-corrected or, in case of pairwise #-tests, Holm-cor-
rected. Statistical analyses were performed with the “R”
statistical package.

2.1.7. “Discrimination-only” control experiment

In a separate “Discrimination-only” control experiment,
five participants that did not belong to the experimental
group performed the perceptual discrimination task with-
out any pointing. They had not previously served as partic-
ipants in any of the pointing experiments. These
participants were required to position their index finger at
the fixation cross position, and to keep the finger there for
the whole experiment, ignoring the (irrelevant) movement
cue. Otherwise, the stimulus sequence was the same as
described before. Also the probability relationship between
the arrow direction and the position of the discrimination
target was kept the same. The control experiment was per-
formed by a separate group of participants because the par-
ticipants of our main experiment were all well trained to
perform multiple pointing sequences. We wanted to avoid
that these participants would eventually reactivate, in
motor imagery, their well-trained behavioural pattern of
multiple pointing movements.

2.2. Results

2.2.1. Discarded trials

9.0% of all trials in this experiment had to be discarded
because of too short or too long movement latencies.
Another 5.7% of trials were discarded because of insuffi-
cient eye fixation or the occurrence of a saccade. Finally, in
8.2% of the trials pointing errors occurred, these trials were
also excluded from further analysis.

2.2.2. Movement performance

After the initial training block, all participants produced
pointing movements with consistent accuracy and latency.
They reported that they had no difficulties to point quickly
to the indicated target items. Fig. 3a displays typical trajec-
tories of the movement sequences of a single subject. Fig. 3b
shows the final landing positions of the movement sequence
for the six participants. It can be seen that the movement
sequences were performed quite accurately. The mean spa-
tial distance between the instructed second target and the
final landing position was 1.21 deg.

Mean latency of the initial movement with respect to cue
onset was 349 ms (SE =21.8 ms). The second movement of
the sequence was executed with a mean latency of 633 ms
(SE =52.8 ms) after the presentation of the movement cue.
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Fig. 3. (a) Typical trajectories of the double movement sequences in
Experiment 1 of a single subject. (b) The dots indicate the final landing
positions after the double movement sequence for the six participants.

A repeated-measures analysis of variance (ANOVA)
showed no significant effect of the factor “Relative DT
position” on the latencies of the first and the second move-
ment of the sequence, F(1, 4)=.1422, p>.73 for the initial
movement; and F(1,4)=.2595, p>.63 for the second move-
ment. This is important for the interpretation of the results,
since it indicates that the pointing task was performed with-
out specific interference from the discrimination task. Of
course, there might be a general dual-task cost from per-
forming the two tasks and probably onset latencies of the
motor behaviour might be influenced by having to perform
the discrimination task in general. However, the presenta-
tion of the discrimination target at a certain position rela-
tive to the movement goal does not affect the movement
preparation. Obviously, the movement initialisation is not
delayed or shortened if the discrimination target is pre-
sented at one of the movement goals.

2.2.3. Perceptual performance

The accuracy with which participants identified the dis-
crimination target served as our measure of the spatial allo-
cation of attention before movement onset. The solid bars
shown in Fig. 4 represent the discrimination performance

B
100 - 8 8
B 1S

B

90 1 . 8
= B g8
151
g 80 1 mmmm Double pointing
8 C— "No pointing" control
o 701
X

60 - ﬁ ﬁ

50 i E,ﬁ . i,ﬁ

1st MT between 2nd MT
DT position

other

Fig. 4. Solid bars, discrimination performance as a function of the loca-
tion of the discrimination target; relative to the movement target posi-
tions. The inset of the figure presents an illustration of the required double
movement sequence. Open bars, discrimination performance in the “Dis-
crimination-only” experiment. In this control experiment, participants per-
formed only the discrimination task, without any pointing. The error bars
represent standard errors.

as a function of the position of the discrimination target
relative to the movement target positions. As can be seen,
perceptual discrimination was best at the location of the
first movement target (condition “Ist MT”). Performance
level in this case is at 86% correct, well above chance level
(50%). Discrimination performance at the goal of the sec-
ond movement (condition “2nd MT”) deteriorates to 75%,
however, is still well above chance. Thus, at both the first
and the second movement goal, the planning of the hand
movement causes clear and significant benefits for percep-
tual processing, as compared to the movement-irrelevant
locations. Of particular interest was the discrimination per-
formance at the position between both movement goals
(condition “between MTs”). The data clearly show that per-
formance drops to chance at this intermediate location,
yielding a discrimination performance of only 54% correct.
Finally, discrimination is also close to chance level at the
remaining movement-irrelevant locations (condition
“other”), with a performance level of 56% correct.

These findings were confirmed by further statistical anal-
ysis. A one-factor within-subject ANOVA revealed a sig-
nificant main effect of the relative position of the
discrimination target, F(3,15)=11.95, p<.001. Pairwise
post-hoc comparisons showed that the difference between
the discrimination performance at the first and the second
movement target 1is only marginally significant,
t(5)=-2.316, p<.0626. However, performance at the first
movement target is significantly better than at the move-
ment-irrelevant locations, 7(5)=—6.431, p <.001. Also, dis-
crimination performance at the second movement target
position differs significantly from performance at the move-
ment-irrelevant locations 7(5)=—4.116, p <.002. Further-
more, perceptual discrimination at the location between
both movement targets (condition “between MTs”) differs
significantly from both the performance at the first move-
ment target (1(5)=—6.847, p<.001) and at the second
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movement target (z(5)=—4.531, p<.001), but it does not
differ from the performance at the movement-irrelevant
positions, 7(5) = —0.415, p> .6823.

The open bars in Fig. 4 display the discrimination per-
formance in the “Discrimination-only” experiment. In this
control experiment, participants performed only the dis-
crimination task, without any pointing. Otherwise, the pre-
sentation of the stimuli was exactly the same as in the
experimental blocks of Experiment 1. As can be seen in the
graph, performance was independent of where the discrimi-
nation target was presented (F(3,12)=.594, p>.63), and
was not significantly different from chance level,
t(4)=2229, p>.09. This demonstrates that the presenta-
tion of the central movement cue by itself does not lead to
any selective effects, as long as it is not relevant for the plan-
ning of a goal-directed movement.

Another interesting aspect of the data concerned the
question of whether discrimination performance would be
different in sequences where both movement targets were in
different hemifields, as compared to sequences in which
both targets were in one hemifield. For this purpose, a two-
way analysis of variance was performed. First factor was
“Relative DT position” with the four levels “Ist MT,” “2nd
MT,” “between MTs,” and “other.” The second factor was
“change of hemifield” which had two levels (“hemifield
change” and “no hemifield change”). The data show that
there was a significant main effect of the factor “Relative
DT position,” F(3,15)=23.25, p <.001, but no main effect of
the factor “Change of hemifield,” F(1,5)=.823, p> .40.
Also, the interaction of both factors was not significant,
F(3,15)=.7971, p>.51. This result indicates that perceptual
performance at first and second movement goal is not
affected when the sequential movement targets appear in
different visual hemifields.

2.3. Discussion

The results of Experiment 1 show that in double point-
ing sequences, both movement goals are selected even
before onset of the initial movement, in a spatially distinct
way. The discrimination performance is highest at the first
movement target and slightly lower at the goal of the sec-
ond movement in the sequence. Quite clearly, objects that
are not relevant to the programming of the required hand
movement sequence are not selected. It can be concluded
that before movement onset, attentional selection is spa-
tially highly specific to the pointing goals. This is in line
with previous findings of Deubel et al. (1998), who demon-
strated a narrow, spatially specific attentional selection of
the goal of a single pointing movement.

Interestingly, discrimination performance is also close to
chance level at the item located intermediate to both move-
ment goals, i.e., at the item that is located on the movement
trajectory of the second partial movement. This striking
finding clearly demonstrates that the improved perfor-
mance at the first and second movement goal does not
result from a widening of the attentional focus. Rather, it is

consistent with the assumption that the attentional selec-
tion can involve spatially non-contiguous positions.

Due to the experimental design of the present experi-
ment, the discrimination target appeared in half of the trials
in a block at one of the two movement targets cued by the
central arrow. Consequently, the central cue had some
validity for predicting the likely location of DT presenta-
tion. Therefore, it might be argued that the attentional
effects are due to a strategic, endogenous deployment of
attention to the movement goals, rather than a consequence
of the need to prepare the movement sequence. The data
from the “discrimination-only” control experiment how-
ever demonstrate that the attentional selection of the move-
ment-relevant targets does not occur under conditions
where no motor task is required. Furthermore, the interme-
diate position in Experiment 1 is at chance even though it
had a probability of containing the DT that was equal to
that of the /st MT and 2nd MT. This is converging evidence
that subjects were not using the probability information
provided by the movement cue to allocate attention,
because if they were, all three 25% positions would benefit.
This indicates that the central arrow by itself has no cueing
effect on the peripheral items. We suppose that the validity
of the cue for the appearance of the discrimination target
(25%) was too small in order to be used effectively. We will
address this question further in Experiment 4 where DT
positions can no longer be predicted from the central cue.

3. Experiment 2: Triple pointing

Experiment 1 demonstrated that for a sequential move-
ment aimed at two targets, attention spreads to the second
target even before the onset of the first movement part. The
question arises whether such a perceptual performance
advantage at the movement-relevant locations can be also
observed at further pointing goals in even longer sequences.
Therefore, we extended the movement sequence required in
the motor task by another movement, which resulted in a
triple pointing sequence along the mask items on the circu-
lar display. The focus of analysis was now on the question
of whether even three pointing goals would be attended
before the onset of the movement sequence, and to what
extent this task would improve the perceptual performance
at the third pointing goal.

3.1. Method

The five participants in this second experiment were the
same as in Experiment 1. The same stimuli were used. The
procedure was also similar to the previous experiment
except that the participants now were required, after having
moved the index finger to the first (cued) and then to the
second movement target, to add a third movement, directed
to the location two clock positions ahead, in a clockwise
direction (an illustration of this movement sequence is
given in the inset of Fig. 5). The factor “Relative DT posi-
tion” had the following four levels: (1) The discrimination
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Fig. 5. Solid bars, discrimination performance as a function of the relative
discrimination target locations in Experiment 2. Open bars, Discrimina-
tion performance in Experiment 3. The figure insets illustrate the required
movement sequences in both triple movement experiments.

target (DT) was presented at the first movement target
(condition “Ist MT”), (2) DT was shown at the second
movement target position (condition “2nd MT”), (3) DT
was shown at the third movement target position (condi-
tion “3rd MT”), and (4) DT appeared at any of the remain-
ing letter positions that were movement-irrelevant in that
they were not targets of the movement sequence (condition
“other”). Each of these four conditions occurred with a
probability of 0.25. This led to 48 different conditions (6
MT positions x 4 relative DT positions x 2 types of DT).
Each of these conditions was presented twice in an experi-
mental block. The conditions were selected at random in
each trial. To become familiar with the new requirements,
participants initially performed a training block that was
identical to the following experimental blocks. Then, partic-
ipants performed four experimental blocks with 96 trials
each.

3.2. Results

3.2.1. Discarded trials

9.0% of all trials in this experiment had to be discarded
because of too short or too long movement latencies.
Another 6.7% of trials were discarded because of insuffi-
cient eye fixation or the occurrence of a saccade. Finally,
9.4% of the trials were classified as pointing errors and were
also excluded from further analysis.

3.2.2. Movement performance

Although one would expect a loss of accuracy over such
long movement sequences, landing positions were still close
to the locations of the movement target. The mean spatial
distance between the final landing position of the sequence
and the centre of the instructed movement target was
1.31deg. Average latency of the initial movement of the
sequence was 316 ms (SE=17.7ms) with respect to move-

ment cue onset. The second movement followed with a
mean latency of 586 ms (SE=48.5ms), and the third and
final movement occurred with a mean latency of 788ms
(SE=42.5ms), measured from the point in time when the
cue was presented.

Movement latencies were again analysed as a function of
the position of the discrimination target relative to the
movement targets. The statistical analysis of the movement
data revealed that also in this experiment, the latencies of
the sequential pointing movements were independent of the
position of the discrimination target. Separate analyses of
variance showed no significant main effect of factor ‘Rela-
tive DT position’ on the latencies of the first, second and
third movement, F(1, 4)=0.011, p>.92, F(1, 4)=.0213,
p>.89, and F(1, 4)=0.0024, p> .96, respectively. It can be
concluded that the motor task is not specifically affected by
where the discrimination stimulus was presented.

3.2.3. Perceptual performance

The solid bars in Fig. 5 show discrimination perfor-
mance for the different relative DT locations. As in the pre-
vious experiment, it can be seen that perceptual
performance was best when the discrimination target was
presented at the first movement target. Remarkably, the
performance level of 85% in this experimental condition is
very similar to the corresponding condition in Experiment
1 (86%), indicating that the requirement to plan a third
movement did not hamper discrimination performance at
the initial movement location. Perceptual performance
dropped to 75% at the second movement position. Finally,
and most interestingly for the purpose of this experiment,
perceptual performance was still significantly above chance
even at the third movement location, yielding 74% correct.
In contrast, performance at the remaining, movement-irrel-
evant positions was close to chance level, similar to the cor-
responding value in Experiment 1.

Statistical analysis confirmed a significant effect of the
factor “Relative DT position” on the discrimination per-
formance, F(3,12) =18.71, p <.001. Pairwise ¢-tests showed
that the difference in performance at the first and the sec-
ond movement target was not significant, z(4) =—2.410,
p>.057. However, there was a significant difference
between the performance values at the first and the third
movement target, £(4) = —3.068, p <.029. Furthermore, the
performance values at the first, second and third move-
ment targets each differed significantly from the average
performance at the movement-irrelevant locations
(p<.0001, p<.015, and p <.0322, respectively). The second
and the third position do not differ significantly,
1(4)=.659, p>.52.

3.3. Discussion

The results of this experiment show that when pointing
sequences consisting of three partial movements are pre-
pared, all three goals are perceptually selected before the
initial movement starts. This finding implies that during the
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period of movement preparation, attention is deployed, in a
highly selective manner, to all three movement goals.

Interestingly, the data indicate that the discrimination
performance at the first and the second movement goals
does not decline in comparison with the results from Exper-
iment 1. This would mean that the requirement to consider
three instead of two sequential movement goals does not
entail that attentional resources are withdrawn from the
first and second target position. We will consider this
important aspect further in Experiment 4.

The finding that all three movement goals involved in
the sequential motor task are attended already before the
onset of the initial movement is quite amazing. However,
one possible reason for this effect may be that the
demanded movement sequence is too easy to perform.
Indeed, after the cue has indicated the first movement tar-
get, the following locations can be derived in a relatively
simple way (“plus two hours”). Participants could eventu-
ally solve this task by the formation of a mental template
by which the three movement targets can be effectively
selected. In the next experiment, we wanted to study
whether the amount of attentional selection of the second
and third movement target is affected by the complexity of
the motor task. For this purpose, we required the partici-
pant to perform triple movement sequences with a spatially
more complex arrangement.

4. Experiment 3: Complex triple pointing

The aim of the third experiment was to study whether
the high perceptual performance at the second and even the
third movement target would also occur in a movement
task that is more demanding. For this purpose, the third
pointing movement had now to be executed towards the
mask element opposite to the second target position. Due to
this modification, several aspects concerning the spatial
properties of the movement sequence were different from
the previous experiment: First, the amplitude of the third
movement differed from the second. Second, there was a
marked change in movement direction included in the
sequence that occurred with the third movement. And,
finally, in each trial there was involved a movement
directed across the stimulus display into the opposite visual
hemifield.

4.1. Method

Six students participated in the experiment. They had
also participated in Experiments 1 and 2. The experimental
setup and the stimuli were unchanged. The procedure was
similar to the previous experiment except that the third part
of the sequence now consisted in a movement across the
circular array, directed towards the item that was located
opposite to the second goal (see inset in Fig. 5 for an illus-
tration of the movement sequence). The discrimination tar-
get appeared with a probability of .25 at either the first,
second or third movement target position, and in the

remaining 25% of the trials at one of the movement-irrele-
vant locations. This led to 48 different conditions (6 MT
positions x 4 relative DT positions x 2 types of DT). Each
of these conditions was presented twice in an experimental
block, yielding 96 trials per block. The conditions were
selected at random in each trial. Again, participants were
first allowed to practice this more complex movement pat-
tern, together with the associated discrimination task, in an
initial training block that was identical to the following
experimental blocks.

4.2. Results

4.2.1. Discarded trials

7.9% of all trials had to be discarded because of too
short or too long movement latencies. Another 1.6% of tri-
als were discarded because of insufficient eye fixation or of
the occurrence of a saccade. Finally, in 11% of the trials the
third pointing goal was missed; these trials were classified
as pointing errors and were also excluded from further
analysis.

4.2.2. Movement performance

Participants reported that the task was now more diffi-
cult and, at least early in practice, required more effort to
perform. In spite of the considerably more complex move-
ment sequence, the pointing movements in Experiment 3
were again relatively accurate, without any significant dete-
rioration of spatial accuracy as compared to the previous
experiment. This is reflected in the small mean spatial error
of 1.30 deg between the landing positions of the final move-
ment and the centre of the target item.

The initial movement started with a mean latency of
329ms (SE=16.7ms) after cue presentation. The second
and third movements had mean latencies of 600ms
(SE =43.2ms) and 840 ms (SE = 36.8 ms), respectively, mea-
sured from cue onset. We again analysed whether the
movement latencies were dependent on the factor “Relative
DT position.” Three separate within-subject analyses of
variance yielded non-significant effects of this factor, F(1,
4)=.0113, p>.92; F(1, 4)=.8419, p>4l; and F(1,
4)=.3273, p>.59, for the first, second and third partial
movement. As in the previous experiment this indicates that
the movement task is performed without specific interfer-
ence from the discrimination task.

4.2.3. Perceptual performance

The open bars in Fig. 5 present discrimination perfor-
mance as a function of the relative DT position, averaged
across the five participants. ANOVA yielded a significant
main effect of relative DT position, F(3,15)=20.481,
p<.001. Again, discrimination was superior when the dis-
crimination target was presented at the first movement
position (88% correct). Performance decreased at the sec-
ond and the third sequential pointing goal to 79% and 70%
correct responses, respectively. Performance was signifi-
cantly lower at the remaining, movement-irrelevant
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positions (50% correct). While a post-hoc comparison
showed no significant difference between discrimination
performance at the first and the second movement target,
t(5)=-1.336, p>.27, there was a significant performance
difference between the first and the third movement target,
t(5)=-2.894, p<.027. However, perceptual performance
at the third movement goal located on the opposite side
of the array was still significantly better than performance
at the remaining, movement-irrelevant positions 7(5)=
—3.183, p<.019. Performance at the second and the third
target position did not differ significantly, #(5)=—1.56,
p>.269.

4.3. Discussion

The results of this experiment demonstrate that up to
three target positions are selected before movement onset,
even if they are not part of a simple and possibly automa-
tised movement sequence. In the present experiment, the
last movement target was derived by a more complex
sequence rule. Also, direction and amplitude of the partial
movements differed and had to be computed for each part
of the pointing sequence. Finally, the movement-relevant
targets now always appeared in both hemifields. Neverthe-
less, the performance data revealed evidence for an atten-
tional selection of even the final movement goal in the
sequence. The results suggest that the selection of several
movement goals before movement onset is not restricted to
simple and possibly automatised movement patterns but
indeed reflects the specification of target positions to pre-
pare the movement sequence.

5. Experiment 4: Capacity limitation

One interesting aspect of the findings of Experiments 1—
3 was that perceptual performance at the first and at the
second movement target did not decrease from Experiment
1, where only a two-step sequence has to be performed, to
Experiment 2 and 3, in which longer and more complex
three-step sequences had to be executed. This suggests that
adding further movements to the pointing sequence does
not interfere with the performance at the first position.
Such a finding would be important, since it would indicate
that the amount of attentional capacity dedicated to the
first movement target is not affected by the requirement to
perform longer movement sequences, which, as our results
demonstrate, entails attentional deployment also at these
additional goals. However, since each participant per-
formed the three experiments one after the other, we could
not exclude that training effects, or the acquisition of some
strategies may also have been involved. For this reason it is
at least arguable whether the experimental results from the
first three experiments can be compared directly.

Therefore, in Experiment 4, the number of sequences
that had to be performed in each trial was varied within
each experimental block. Participants had to execute either
a single, a double, or a triple movement sequence. A Roman

number presented at the beginning of each trial indicated to
the participant which kind of pointing sequence task they
were actually asked to perform.

Another important change concerned the design of the
experiment. In the previous experiments, the critical dis-
crimination targets appeared with a probability of .75 at
one of the three movement-relevant locations, and with a
probability of only .25 at one of the three movement-irrele-
vant locations. This means that the cue was, to some extent,
predictive of the likely presentation locations of the dis-
crimination target, and could have induced a strategic shift
of attention to the movement goals. In order to exclude any
predictability of DT location, the discrimination target
could now appear at any of the six possible target positions,
with equal probability.

5.1. Method

The same six participants as in Experiments 1 and 3 also
participated in Experiment 4. The experimental setup and
the stimulus sequence were the same as in the previous
experiments, except as follows: In this experiment, a
Roman number (I, IT or I11) was shown for 1700 ms at the
beginning of each single trial, at the central fixation posi-
tion. The long presentation time was selected to ensure that
participants were able to prepare the required type of
sequence. The Roman number was then replaced by the
fixation cross and the trial continued as in the previous
experiments. The participant was instructed to execute
either a single-step, a two-step or a three-step pointing
movement, depending on which Roman number had been
presented. The number “I” indicated that a single pointing
movement to the item cued by the central arrow had to be
performed. If the number “II” had been shown, the partici-
pant executed a double point movement, with the second
movement goal being the item “two clock positions further
in the clock-wise direction,” as in Experiment 1. If the num-
ber “III” had been presented, the participant performed a
triple movement sequence as in Experiment 2. At the end of
each trial, the participant was provided with visual feed-
back about the final finger position. Also, an acoustical sig-
nal provided feedback about the latency of the initial
movement. Again, the participants were given the opportu-
nity to practice the different trials in an initial training
block.

5.1.1. Design

After an initial training block each participant per-
formed four experimental blocks consisting of 108 trials
each. As in the previous experiments, only the mask ele-
ments at the position 1, 3, 5, 7,9 or 11 o’clock were possible
movement goals. Again, the factor “Relative DT position”
had the following four levels: (1) The discrimination target
(DT) was presented at the first movement target (condition
“Ist MT”), (2) DT was shown at the second possible move-
ment target position (condition “2nd MT”), (3) DT was
shown at the third possible movement target position
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(condition “3rd MT”), and (4) DT appeared at any of the
remaining letter positions that were movement-irrelevant in
that they were not targets of the movement sequence (con-
dition “other”). The conditions where the discrimination
target appeared at one of the three movement-relevant
locations (i.e., condition /, 2, or 3) occurred in half of the
trials. In the other half of the trials, the discrimination tar-
get was presented at one of the three remaining locations
that were irrelevant to the actual movement sequence (con-
dition 4). Thus, the conditions were now balanced such that
the movement cue was no longer predictive of the position
where the discrimination target would appear. The discrim-
ination targets ‘E” and ‘3’ occurred with equal probability.
Also, there was the same number of single, double and tri-
ple pointing sequence trials in every block.

5.1.2. Discarded data

In the off-line data analysis, 7.9% of all trials were
excluded due to too long or too short latencies. The dis-
carding of these trials did not impact the mean latencies in
any subtask condition. Moreover, 1.6% of the trials were
discarded because the central cross was not appropriately
fixated, 11% because the final pointing target was missed.

5.2. Results

5.2.1. Movement performance

The movement data for single, double and triple move-
ment sequences were first analysed separately. Mean move-
ment onset latency for the initial movement to the cued
item was 335ms (SE=17.6ms) in the trials where only a
single movement was required, 342 ms (SE=16.1 ms) in tri-
als with double point movements, and 343ms
(SE=15.2ms) for the triple movement sequences. These
mean values were not affected by the exclusion procedure.
Statistical analysis revealed that these differences in laten-
cies were not significant. No single contrast reached signifi-
cance, neither single- versus double-pointing (¢(5) = —0.505,
p>.84), nor single- versus triple-pointing (z(5)= —0.548,
p>.84), nor double versus triple pointing, #(5)=—0.042,
p>.96, indicating that the preparation time for a sequence
of pointing movements was independent of its length. In
trials which required a second movement part (indicated by
“II” or “III”) the second movement started with a latency
of 647ms (SE = 51.3ms) with respect to the go-signal. If a
third movement was executed, it had a mean latency of
819ms (SE =40.5ms). As before, the movements were rea-
sonably accurate for all three sequence types. Mean spatial
error of the final finger position with respect to the intended
goal was 1.07, 1.18, and 1.27 deg for the single, double, and
triple movement sequences, respectively. Although the spa-
tial error increases numerically with sequence length, this
effect is statistically not significant, F(1,14)=.0894, p>.70.

5.2.2. Perceptual performance
Again, the accuracy of target discrimination was the
measure of the spatial allocation of attention before move-

ment onset. We first analysed the discrimination data by a
two-factor ANOVA. The first factor was the relative posi-
tion of the discrimination target; as in the previous analy-
ses, this factor had the levels “Ist MT,” “2nd MT,” “3rd
MT,” and “other.” The second factor was the type of
sequence that was required (single, double, or triple move-
ment). As we had expected from the results of the previous
experiments, ANOVA revealed significant main effects for
both the relative DT position (F[3,15]=43.925, p<.001)
and for the task type (F[2,10]=13.568, p<.0014). More-
over, the interaction between both factors was significant,
F[6,30]=3.49, p<.009.

Discrimination performance for all conditions is dis-
played in Fig. 6. The data from the single movement trials
are presented as black bars, as a function of the relative
position of the discrimination target. First, it can be seen
that discrimination performance in these trials was superior
when DT was shown at the movement goal, yielding 8§9%
correct. At the other DT positions, performance dropped
close to chance level. This means that participants were not
able to discriminate targets either at the position that
would have been the second movement target if a two-step
sequence had been required (condition “2nd MT,” 56% cor-
rect), or at the third potential movement target location
(condition ‘3rd MT”: 54% correct). At the remaining,
movement-irrelevant locations, performance was at 51%
correct. The performance values for the different conditions
were compared in post-hoc tests. These analyses revealed
that discrimination performance at the first movement tar-
get position was indeed significantly different from the
other potential pointing positions (¢(5)=—4.45, p<.001
and ¢(5)=—4.79, p <.001), while performance at the poten-
tial second and third movement goals were not different
from performance at the movement-irrelevant locations,
t(5)=-.731,p> 98 and ¢(5) = —.384, p > .98, respectively.

The data from the trials where a double movement
sequence was required are displayed by the hatched bars in
Fig. 6. As in the conditions described previously, perfor-
mance was superior at the location of the initial movement
target (condition “lst MT,” 96% correct). Now, however,
performance at the second movement location was also
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Fig. 6. Discrimination performance for the single, double and triple move-
ment sequences of Experiment 4. Data are shown as a function of the
location of the discrimination target.
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well above chance (condition “2nd MT,” 81% correct). Per-
formance at the third (potential) movement target (i.e., the
movement target that would have been the third pointing
target if a three-step sequence had been required) remained
close to chance level (57%). Finally, discrimination perfor-
mance for the remaining, movement-irrelevant locations
was at chance (50%).

Post-hoc analyses revealed that the difference in perfor-
mance between the conditions “/st MT” and “2nd MT”
was not significant, ¢ (5) = —1.34, p >.39. Performance at the
first and second movement goal however differed signifi-
cantly from the discrimination performance at the third
(potential) pointing position (¢(5)=—4.34, p<.0014 and
t(5)=-3.061, p <.018, respectively), and from performance
at the movement-irrelevant locations, #(5)=—5.45,
p<.0001 and ¢(5)=—4.11, p<.0022, respectively. Perfor-
mance at the third movement goal was not significantly
different from performance at the movement-irrelevant
locations, #(5) = —1.048, p >.392.

Finally, perceptual performance in the trials in which a
triple movement sequence was required are indicated by the
open bars in Fig. 6. It can be seen that now, all three (move-
ment-relevant) locations were well above chance, yielding
performance levels in these trials of 94%, 84%, and 82%
correct for the conditions “Ist MT,” “2nd MT,” and “3rd
MT,” respectively. Post-hoc comparisons showed that the
performance values at the (movement-relevant) first, sec-
ond and third movement target positions differ significantly
from the values at the movement-irrelevant locations,
1(5)=-10.67, p<.001, ¢(5)=—8.054, p<.001, #(5) =—6.35,
p<.001. The gradual decay of performance from the first to
the final movement goal is reflected by the fact that perfor-
mance at the initial movement target differed significantly
from performance at both the second and the third move-
ment goals, 7(5)=—-2.62, p<.03 and #(5)=—4.33, p<.001.
The drop of performance between the second and the third
movement goal turned out to be non-significant,
t(5)=-1.71, p>.10.

A major purpose for performing this experiment was to
study whether attentional processing at the goal of the ini-
tial movement would suffer from the requirement to per-
form longer movement sequences. Interestingly, our data
show that discrimination performance at the initial point-
ing location did not decrease when further pointing move-
ments were added to the first movement; instead,
performance values were very similar and numerically even
increased (89%, 96% and 94% for the single, double and tri-
ple movement task, respectively). Pairwise contrasts
between the different types of sequences showed that nei-
ther performance difference was significant (single versus
double movement: ¢(5)=-0.3956, p>0.71; single
versus triple movement: #(5)=—1.4356, p> .21, and double
versus triple movement: ¢(5)=—0.7956, p>.46). This indi-
cates that the same amount of attentional resources is
deployed to the initial target, irrespective of the required
length of the movement sequence. Likewise, when perfor-
mance at the second movement goal was compared

between double and triple movements, performance values
were again very similar (81% and 84% for double and triple
movements, respectively). A pairwise comparison revealed
that these values were mnot statistically different,
1(5)=0.9391, p>.390.

5.3. Discussion

In Experiment 4, sequences of different length were
required in randomised order in each single block. The
result show, firstly, that in each trial only those items are
selected for perception that are movement targets in the
actual movement task. This indicates that the attentional
mechanism always follows the requirements of the move-
ment sequence that is currently to be prepared, rather than
selecting, in a more stereotyped way, all three potentially
movement-relevant locations. The result emphasizes that
attentional selection is closely linked to the actual motor
task.

Second, the experiment addressed the question whether
the discrimination performance at a certain goal position
would depend on how many further positions have to be
selected in order to prepare the whole movement sequence.
Under the assumption of restricted attentional resources, it
would be plausible to expect that performance at the first
movement goal should be higher in trials where only this
goal has to be selected in comparison to conditions in
which participants would have to distribute their attention
among several movement goals. Similarly, performance at
the second movement goal may be expected to be better in
double than in triple movement trials. In other words, the
longer the sequence that is required in the current trial, the
worse discrimination performance at the first and the sec-
ond movement goal should be. The results of the present
experiment clearly contradict these assumptions. The data
show that when sequences of different length are
demanded, the discrimination performance at the first
movement target stays the same, demonstrating that the
processing capacity at the first movement location is not
hampered by having to prepare a second or even a third
movement. Similarly, the perceptual processing of the sec-
ond movement target does not deteriorate when a third
movement is required.

6. Experiment 5: Parallel selection

The previous experiments have demonstrated that, dur-
ing the preparation and before the onset of a sequence of
goal-directed movements, all relevant movement goals are
attended, resulting in a discrimination performance at each
of these positions that is superior to the performance at the
movement-irrelevant locations. The important question
arises whether the attentional deployment in this situation
occurs in parallel, or serially in time. In order to investigate
this question, we studied perceptual performance at two
spatially separate positions simultaneously in a same-differ-
ent matching task. In order to be solved, this task requires
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participants to attend to both stimulus locations simulta-
neously. In order to ensure that participants would not be
able to shift their attention between the discrimination tar-
gets while they were present on the screen, the presentation
time of the critical discrimination stimuli was reduced to
60ms (for a similar approach see Godijn & Theeuwes,
2003).

6.1. Method

6.1.1. Participants

Six participants (four female, aged between 24 and 28
years) were tested in this final experiment. Five of them had
already participated in Experiments 1-4.

6.1.2. Procedure

The stimulus array and the timing of the stimulus
sequence were modified as shown in Fig. 7. At the begin-
ning of each trial, a display consisting of a fixation cross
and four mask elements was shown. The mask elements
appeared on the diagonals at an eccentricity of 6.4 deg from
the central fixation. We decided to use fewer mask elements
than in the previous experiments in order to diminish the
effects of lateral masking and thus to facilitate the percep-
tual task (see Bouma, 1970, 1973; Intriligator & Cavanagh,
2001). This allowed us to considerably reduce the presenta-
tion time of the critical display that contained the discrimi-
nation target, as compared to the previous experiments.
After 1500ms, an arrow appeared at the central fixation
that pointed to one of the mask elements. Participants were
asked to perform, upon the onset of this movement cue, a
double pointing sequence, with the first movement being
directed to the indicated mask element and the second
movement to the element at the next position, in a clock-
wise direction. With a SOA of 50 ms after the presentation
of this movement cue, two of the mask elements changed
into the critical discrimination targets, which resembled a

4. Masking

3. Presentation of
discrimination targets
and distractors

2. Movement cue

1. Start of trial

digital ‘E’ or ‘3’, while distractor stimuli (‘2’or ‘5’) were
shown at the other two locations of the array. This display
was presented for 60ms, then discrimination targets and
distractors were replaced by the mask elements.

After performing the movement sequence, participants
indicated, by pressing one of two buttons, whether the two
discrimination targets that had appeared during the prepa-
ration period of the movement had been the same or differ-
ent. Feedback about the latency and the accuracy of the
movements was provided at the end of each trial, as in the
previous experiments.

6.1.3. Design

To become familiar with the task, participants initially per-
formed a training session. Then, each participant performed
four experimental blocks consisting of 96 trials each. The cen-
tral arrow cued one of the four target positions, selected at
random. Given the four target locations, there resulted six
different combinations of where the two discrimination tar-
gets could appear on the movement targets. The discrimina-
tion targets ‘E’ and ‘3’ appeared with equal probability. In
half of the trials the discrimination targets were the same, in
the other half of the trials they were different. Altogether, this
led to 96 different conditions (4 MT positions x 6 possible DT
arrangements x 2 types of DT x 2 types of DT equality), these
conditions were presented in randomised order. The central
movement cue had no predictive validity for the presentation
location of the discrimination targets.

In the data analysis, we distinguished three experimental
conditions, dependent on the position of the discrimination
targets relative to the movement targets. In the first condi-
tion (condition “both’), one discrimination target was pre-
sented at the first movement goal, the other discrimination
target at the second goal of the sequential movement. In the
second condition (condition “one”), only one of the loca-
tions where the discrimination targets were presented coin-

cided with a movement target, while the second
5. Feedback about
latency and accuracy
of the pointing
movement
800 ms

60 ms

50 ms (SOA)

1500 ms

Fig. 7. Stimulus sequence in Experiment 5.
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discrimination target was shown at one of the movement-
irrelevant locations. Finally, the third condition (condition
“none”) included all those trials where both critical discrim-
ination stimuli were presented at locations that were move-
ment-irrelevant.

6.1.4. Discarded data

6.4% of all trials were discarded because of too short or
too long latencies. Another 1.1% of data had to be dis-
carded because of insufficient eye fixation or the occurrence
of saccades. Finally, in 5.0% of the trials pointing errors
occurred, these trials were also excluded from further
analysis.

6.2. Results

6.2.1. Movement performance

The analysis of the pointing movements again revealed a
relatively high movement accuracy, with the second move-
ment terminating on average 1.28 deg away from the centre
of the target item. Average latency of the initial movement
was 309 ms (SE =12.3 ms), the latency of the second move-
ment was 607 ms (SE=40.7ms), both latencies measured
from movement cue onset. Again, the latencies of the initial
and the second movement were found to be independent of
the relative position of the discrimination targets, F(2,
10)=2.3604, p>.14, F(2, 10)=.289, p>.75, respectively.
This is evidence that the presentation of the discrimination
target at a certain position did not specifically affect the
pointing movement.

6.2.2. Discrimination performance

Fig. 8 shows discrimination performance with respect to
the positions of the discrimination stimuli relative to the
movement goals in the three different experimental condi-
tions. Obviously, the matching task could be solved only
when both discrimination targets appeared at the move-
ment-relevant locations (condition “both”). In this condi-
tion, the performance was 69% correct. When only one or
none of the discrimination targets were presented at move-
ment-relevant positions (conditions “one” and “none”), per-
formance levels were close to chance (58% and 57%,

80
B 70 1
£
o
o
R 60 -

50

Both One None
Condition

Fig. 8. Discrimination performance in Experiment 5.

respectively), indicating that the comparison could no
longer be made, and the participant had to guess.

A one-way ANOVA revealed a significant main effect of
the relative position of the discrimination targets on the
performance of the matching task, F(2, 10)=7.6062, p < .01.
Pair-wise comparisons showed a significant difference
between the perceptual performance when discrimination
targets and movement targets coincided and the cases when
one or none of the discrimination targets was presented at a
movement goal, 7(5)=3.7, p<.007, and ¢(5)= 2.67, p<.02,
respectively.

6.3. Discussion

The results of this experiment provide evidence that the
attentional selection of the movement goals which occurs
during the preparation of the sequential movement can be
better described as a parallel allocation to both movement
targets rather than as a serial shift of attention between the
targets.

The logic of this same-different matching task requires
that the presentation time for the critical discrimination
stimuli is sufficiently short to prevent the participants to
shift attention serially from one discrimination target to the
next. In the present approach, the two discrimination tar-
gets were present on the screen for 60 ms only. In line with
Kramer and Hahn (1995), Hahn and Kramer (1998), and
Godjin and Theeuwes (2003) we believe that this time inter-
val is far too short to allow for serial attention shifts. So,
there is considerable evidence that it takes about 150-
200 ms to identify a stimulus that was indicated by a precue
and to subsequently reallocate attention covertly to
another position (Eriksen & Yeh, 1985; Krose & Julesz,
1989; Madden, 1992). Ward, Duncan, and Shapiro (1996)
even estimated that up to 500ms may be needed to shift
attention endogenously. Evidence for considerably faster
attention shifts, so called “express” attentional shifts (see
e.g. Mackeben & Nakayama, 1993), are limited to periphe-
ral cueing and to specific experimental settings, such as
those involving a gap paradigm (see, e.g., Bekkering, Pratt,
& Abrams, 1996; Fischer & Weber, 1993).

The performance in the condition “both” of the match-
ing task can in principle be predicted from the probabilities
to correctly identify the discrimination performance at the
first and the second movement target. Let the probability to
correctly identify the discrimination target at the first goal
of the movement sequence be p;, and the probability to
identify the discrimination target at the second movement
target be p,. Consider further that a correct decision in the
matching task can result either from the correct identifica-
tion of both DTs, or from the incorrect identification of
both DTs. Hence, the probability for a correct decision is
p1*p,+(1—p))*(1—p,). Unfortunately, we did not deter-
mine perceptual performance in a single-target discrimina-
tion task for the stimulus arrangement and the presentation
times of Experiment 5. However, assuming that perceptual
performance at the first and second movement target were
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similar to those found in Experiment 1 (0.86 and 0.75, at the
first and second movement target, respectively), the pre-
dicted probability for a correct decision in a matching task
is 0.68 (=0.86%0.75+0.14%0.25). This is very close to the
value of 0.69 actually found in the matching task in Experi-
ment 5, for the condition where both discrimination targets
were presented at the movement-relevant locations.

7. General discussion

7.1. Preparation of sequential movements involves selective
processing of the movement-relevant targets

Former results from both saccade and reaching tasks
suggested an obligatory coupling between (dorsal) selec-
tion for action and (ventral) selection for perception (e.g.,
Deubel & Schneider, 1996; Deubel et al., 1998). The aim of
the present study was to extend these findings to a more
complex motor task, namely, the execution of a sequence
of pointing movements to two or three predetermined tar-
get locations. So, in contrast to the earlier investigations
where a single object served as movement target, the tasks
presented here involved a more complex computation of
motor parameters which included several movement-rele-
vant locations. As the central finding of this study, percep-
tual performance is found to be significantly better at the
locations of a/l movement-relevant targets, as compared to
the other, movement-irrelevant locations. This suggests
that the second and even the third target position is
selected before the onset of the initial movement and pro-
cessed with higher priority than the task-irrelevant loca-
tions. This finding rules out a simple, serial model in which,
first, the initial movement is being prepared and executed,
and only after its completion, the next part of the sequence
is prepared, and so on. Quite surprisingly, this selective
perceptual processing of the movement-relevant locations
is even present in a task which requires a quite complex
movement sequence (Experiment 3). The findings confirm
preliminary evidence reported by Deubel and Schneider
(2004), who studied attentional deployment in a double
pointing task.

The results are evidence that some information about
subsequent movement targets is integrated in the initial
movement plan. This is in line with a study by Ricker
et al. (1999), who measured the latency of the first reach-
ing movement in a rapid sequence of two movements
directed to two targets. They found that the latency of the
initial movement was longer when a second movement
was required. More importantly, blanking of the second
movement target during the first movement resulted in
longer latencies of the second movement segment. The
authors suggested that the preparation of the second
movement is completed before the first movement is ter-
minated, and that visual processing prior to movement
onset can be used to formulate a movement plan to both
targets in the sequence. Our result are also in accordance
with several studies on motor control dealing with com-

plex movement sequences (e.g. Christina et al., 1982; Fis-
chman, 1984; Fishman & Lim, 1991; Smiley-Oyen &
Worringham, 1996). The main finding of these studies is
that the kinematics of the first part of the action sequence
are affected by the complexity of the second part. For
example, some authors found increased latencies or dura-
tions of the first movement part in a double-step reaching
task and interpreted this as suggesting that both targets
are processed in advance and both sequence parts are
programmed before the sequence is initialized (Gentil-
ucci et al,, 1997; Lajoie & Franks, 1997; Rand et al., 1997;
Rand & Stelmach, 2000).

Our findings are similar to those of Godijn and Theeu-
wes (2003) for saccadic eye movements. Godijn and Theeu-
wes demonstrated that prior to the execution of a sequence
of two saccadic eye movements, attention is allocated to
both saccade locations. As in the present study, they also
found that most attentional resources are allocated to the
target at the initial movement, yielding best perceptual per-
formance, while less processing capacity is dedicated to the
second movement goal. In contrast, Gersch et al. (2004)
found no evidence for an attentional allocation beyond the
next saccade target while participants performed self-paced
sequences of saccades on a circular array of items. Gersch
et al. suggested that in sequential saccades attentional
resources are dedicated primarily to the goal of the next
saccade, leaving little attention for processing objects at
other locations. The reasons for the discrepancies between
these findings are still unclear. One important factor may be
whether the participants are speeded or not in the motor
task. In the present study participants had to execute the
movement sequence as fast and as accurately as possible. In
contrast, Gersch at al. did not require fast saccadic response
but rather instructed their participants to scan the target
boxes maintaining a steady pace. In the paradigm that
Gersch et al. used it is impossible to ensure that the partici-
pants really prepared a movement sequence. Instead they
might have prepared just the movement to the impending
goal. In such an experimental context the participants could
choose whether or not to prepare one movement versus a
sequence of movements

In more natural tasks it has been shown previously
that attentional selection is often restricted to action-rel-
evant objects. For example, Triesch and colleagues (Tri-
esch, Ballard, Hayhoe, & Sullivan, 2003) showed in a
change detection paradigm that the detection of feature
changes of manipulated objects strongly depends on the
momentary task demands. Johansson, Westling, Back-
strom, and Flanagan (2001) studied overt attentional
selection during the manipulation of objects. They found
that participants exclusively fixated certain landmarks
that are critical for the manipulation (e.g., object parts
that are contacted with the fingertips, or movement-rele-
vant obstacles). The authors claim that the saccades
towards such landmarks supports the planning of the
hand movement by marking key positions that are cru-
cial for the manipulation.
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7.2. Evidence for a division of attention among non-
contiguous locations

The analysis of the perceptual performance at the item
located in between the first and the second movement tar-
get in Experiment 1 showed that discrimination perfor-
mance is at chance level if the discrimination target
appeared between both movement goals. This indicates
that no attention was directed to this intermediate position,
while the movement targets located closely to the left and
to the right were selected with high efficiency. Together with
the experimental evidence discussed below that attentional
allocation is parallel rather than serial in time, this result
demonstrates that attention is divided among the spatially
non-contiguous movement targets. The spatial selectivity of
the attentional focussing is amazingly high, given the target
items were only 3.6 deg apart, and appeared at 7.2 deg in the
visual periphery.

The finding clearly rules out the alternative explanation
of an attentional zoom lens which assumes a widening of
the attentional focus to include both movement target loca-
tions (e.g., Eriksen & James, 1986). Rather, the results sup-
port a model in which attention can be deployed to
multiple non-unitary regions of visual space, so that several
objects can be selected individually. The finding that under
certain conditions attention can be divided among non-
contiguous locations is in line with results of Hahn and
Kramer (1998; Kramer and Hahn, 1995). They demon-
strated that subjects can concurrently attend to non-contig-
uous locations as long as new distractor objects did not
appear between the target locations. They also showed that
hemifield boundaries did not constrain the participant’s
ability to divide their attention. This is in line with the
results of our Experiment 3, demonstrating that even three
attentional foci can be distributed in both hemifields.

7.3. Total attentional capacity is not constant across tasks

In Experiment 4 we asked whether the discrimination
performance at a certain goal position depends on how
many further positions have to be selected in order to pre-
pare the required sequence. Under the assumption that a
fixed amount of attentional resources is distributed over the
visual field (e.g, Bundesen, 1998, 2002, 1990), the perfor-
mance at the first movement goal should be better in trials
where only this goal has to be selected as a movement tar-
get, in contrast to conditions in which participants would
have to distribute their attention among several movement
goals, as in the double and triple movement trials. Similarly,
performance at the second movement target position
should deteriorate when an additional, third movement is
required. The data of Experiment 4 clearly demonstrate
that this is not the case, however. Discrimination perfor-
mance remains constant at the initial and the second move-
ment position irrespective of the sequence length—
additional movements do not entail costs at the initial (and
second) movements location. This implies that the total

processing capacity that is effective is not constant across
the different movement tasks, but increases with increasing
sequence length.

The finding that the quality of processing at a given
movement location does not deteriorate when longer
sequences are required is mirrored in the accuracy of the
sequential movements. As shown in Experiment 4, there is
no indication that the precision of pointing movements
deteriorates if further goals are added—spatial movement
errors with respect to the final movement goal do not differ
significantly as a function of the length of the required
sequence.

These data argue for a mechanism which grants suffi-
cient attentional resources to the current targets so that the
required pointing task can be accomplished with sufficient
accuracy. For the case of single pointing trials, this means
that resources that are not needed for the movement are
not further utilized in the visual field. When a double move-
ment sequence is demanded, however, further attentional
resources are mobilized and assigned to the second move-
ment, to the extent that this movement will also be suffi-
ciently accurate.

7.4. No evidence for a complexity effect on movement
latencies

Somewhat surprisingly, we found no evidence for longer
latencies of the initial movement in longer movement
sequences (Experiment 4). In line with the assumption of a
parallel deployment of attention to the movement goals,
this indicates that the required specification of further
movement parameters in longer sequences which occurs
before the onset of the initial movement does not require
additional time. In contrast, several studies have found
effects of motor sequence length on reaction times. Henry
and Rogers (1960) were among the first to report a com-
plexity effect for increasingly complicated movements.
According to their findings, reaction time increases as a
function of the number of distinct movement elements (see
also Christina et al., 1982; Inhoff, Rosenbaum, Gordon, &
Campbell, 1984; Lajoie & Franks, 1997; Rand et al., 1997;
Rand & Stelmach, 2000; Stuphorn & Schall, 2002). Inhoff
(1986) made similar observations when sequences of sacc-
adic eye movements had to be prepared. The experiments of
Zingale and Kowler (1987) also showed that for the execu-
tion of longer saccade sequences longer preparation times
are needed. These authors estimated an additional prepara-
tion time of about 20 ms per additional movement goal. In
contrast, however, more recent results from a study on
sequences of saccadic eye movements (Pratt, Shen, &
Adam, 2004) contradicted these findings. The reasons for
these conspicuous differences in the findings is yet unclear.
Possibly the response-complexity-effects are less robust
than previously assumed. Alternatively, the effects of
response complexity may be diminished in very well-trained
sequence patterns. The training of sequences like those
performed in the present study may allow to automise
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movements even though the sequence type changed from
trial to trial (like in Experiment 4).

7.5. Parallel allocation of attention to the movement-relevant
targets

Our experiments show that while a sequence of pointing
movements is prepared, attention shifts to all movement-
relevant targets. The important question arises whether this
attentional deployment occurs in parallel, or serially in
time. In Experiment 1-4 of the present study, the critical
discrimination target was presented for 180-220ms,
depending on the participants. Due to this rather long pre-
sentation time it cannot be ruled out that attention may
shift serially from one discrimination target to the next,
while these are present on the screen. Our last experiment
(Experiment 5) was designed to provide a direct answer to
this question. In a same-different matching task target let-
ters (digital ‘E’ or ‘3’) had to be compared which were pre-
sented simultaneously at spatial various positions. Since the
discrimination targets were shown for only a very short
period of time (60 ms), this task could only be solved when
attention was deployed to both targets simultaneously.
Indeed, the data showed that the comparison was only pos-
sible if both target letters were presented at the goal posi-
tions of the double pointing movement. This is direct
evidence that multiple movement target positions are
selected in parallel when they become relevant for goal-
directed actions. Similar results have been reported by
Godijn and Theeuwes (2003) for saccadic eye movements.

The results confirm preliminary findings of Deubel and
Schneider (2004). In their study, participants performed
double pointing movements on a circular letter array as
that used in the present investigation. The delay between
the presentation of the movement cue and the onset of the
critical discrimination stimulus was systematically varied in
a range between 80 and 320 ms. While the results suggest
that both movement targets are attended before movement
onset, there was no effect of the delay on the discrimination
performance. This finding is compatible with the present
results, suggesting that both movement targets were
selected in parallel.

7.6. Neural mechanisms

The posterior parietal cortex (PPC) is an essential neural
area for selection in visually guided movements. First, it is
crucial for general spatial attention tasks (Corbetta,
Miezin, Shulman, & Peterson, 1993; Goldberg, Colby, &
Duhamel, 1990). Second, it is essential for preparing goal-
directed actions. Spatial information is coded in parallel in
various substructures of the PPC for different effector sys-
tems (Graziano & Gross, 1994; Konen, Kleiser, Wittsack,
Bremmer, & Seitz, 2004; Rizzolatti et al., 1994; Snyder,
Batista, & Andersen, 1997). The retinotopically organized
lateral intrapariatal area (LIP) is known to be involved
both in the programming of saccades as in attentional

selection per se (Chelazzi & Corbetta, 2000; Colby, 1998;
Colby & Goldberg, 1999; Rizzolatti et al., 1994). Interest-
ingly, LIP is not only connected to the frontal eye fields and
the superior colliculus (both important for computing
motor commands for saccades) but also to the extrastriate
visual area V4, and it seems to be an important interface
between sensory processing and action preparation (Corb-
etta, Miezin, Shulman, & Peterson, 1991). Hahn and
Kramer (1998) assumed that LIP is also crucial for the pro-
gramming of sequences of saccades (see also, LaBerge &
Brown, 1989).

Other regions of the PPC are rather related to the con-
trol of hand movements (see Kawashima et al., 1996;
Kertzman, Schwarz, Zeffiro, & Hallett, 1997). Snyder and
colleagues (Snyder et al.,, 1997) showed that neurons in
the parietal reach region (PRR) are active during the
delay period of a memory guided reach tasking, but that
they are not active during a memory guided saccade task.
In a study by Batista and Andersen (2001) monkeys had
to perform delayed hand reaches to two remembered tar-
gets. The activity of neurons in PRR was found to be
related to the reach the monkey was about to perform
next. It only rarely represented the remembered target for
the second reach (Batista & Andersen, 2001; Batista,
Buneo, Snyder, & Andersen, 1998). The authors argued
that the observed activity reflects movement intentions,
specifying the target for the impending reach, but does
not represent a spatial memory of the subsequent reach
targets (see also Calton, Dickinson, & Snyder, 2002). MIP
and V6A, the likely substrata of PRR are involved in
selecting targets for a reach as well as in transforming
eye-centred coordinates into limb-centred representa-
tions. These structures have connections to (limb-centred)
premotor areas in the frontal lobe (Johnson, Ferraina,
Bianchi, & Caminiti, 1996; Matelli, Govoni, Galetti,
Kutz, & Luppino, 1998). As Batista and Andersen sug-
gest, frontal and parietal regions work in conjunction in
order to plan sequences of reaches and converting from
eye-centered to limb-centered reference frames. So, Cizek
and Kalaska (1999) found physiological evidence that
both potential reach targets of a target-selection task are
encoded in premotor cortex.

8. Conclusion

We studied the relation of attention and movement
preparation in a task where sequential pointing move-
ments had to be directed to multiple targets. Our findings
demonstrate that all movement-relevant locations are
selected in parallel, involving spatially distinct, non-contig-
uous foci of visual attention. We showed that during
movement preparation, at least three spatially separate
targets can be attended, even if they are presented in differ-
ent hemifields. Discrimination performance is always best
at the initial movement position and decreases at further
movement goals. When further pointing goals are added to
the movement sequence, additional attentional resources
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are used. Overall, the results are consistent with the view
that movement preparation and selective attention are
closely related.
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