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Song J-H, Takahashi N, McPeek RM. Target selection for visually
guided reaching in macaque. J Neurophysiol 99: 14-24, 2008. First
published November 7, 2007; doi:10.1152/jn.01106.2007. We exam-
ined target selection for visually guided reaching in monkeys using a
visual search task in which an odd-colored target was presented with
distractors. The colors of the target and distractors were randomly
switched in each trial between red and green, and the number of
distractors was varied. Previous studies of saccades and attention have
shown that target selection in this task is easier when a greater number
of homogenous distractors is present. We found that monkeys made
fewer reaches to distractors and that reaches to the target were
completed more quickly when a greater number of homogenous
distractors was present. When the target was presented in a sparse
array of distractors, reaches had longer movement durations and
greater trajectory curvature. Reaching errors were directed more often
to a distractor adjacent to the target, suggesting a spatially coarse-to-
fine progression during target selection. Reaches were also influenced
by the properties of trials in the recent past. When the colors of the
target and distractors remained the same from trial to trial rather than
switching, reaches were completed more quickly and accurately,
indicating that color priming across trials facilitates target selection.
Moreover, when difficult search trials were randomly intermixed with
easier trials without distractors, reach latencies were influenced by the
difficulty of previous trials, indicating that motor initiation strategies
are gradually adjusted based on accumulated experience. Overall,
these results are consistent with reaching results in humans, indicating
that the monkey provides a sound model for understanding the neural
underpinnings of reach target selection.

INTRODUCTION

Studies of reaching movements to single targets have pro-
vided a wealth of valuable information about the neural mech-
anisms controlling the planning, kinematics, and dynamics of
these movements (e.g., Caminiti et al. 1991, 1998; Cisek et al.
2003; Crammond and Kalaska 1996, 2000; Crutcher and Al-
exander 1990; Fu et al. 1993; Georgopoulos 1991, 1995;
Georgopoulos et al. 1982; Johnson et al. 1996; Kalaska et al.
1989; Moran and Schwartz 1999; Mountcastle et al. 1975;
Scott and Kalaska 1997; Scott et al. 2001). However, in the real
world, most visual scenes are complex and crowded. Instead of
a single isolated object, there are often several different objects
competing for attention and directed action. Thus a complete
understanding of the production of goal-directed actions must
also incorporate the higher-level processes involved in the
selection of a target stimulus from distractors.

Several groups have recently developed monkey models for
studying reach target selection (e.g., Cisek 2006; Cisek and
Kalaska 2002, 2005; Hoshi et al. 2000; Scherberger and
Andersen 2007). Scherberger et al. (2003) used a double-target

paradigm to show that choices of targets for reaching move-
ments and for saccades are similarly affected by the amount of
time between the presentation of one choice alternative and the
other and that saccades and reaches use a similar head-centered
reference frame for target selection. In humans, behavioral
studies examining reaching movements in the presence of
competing stimuli have shown that movement trajectory and
kinematics are affected by the presence of distractors and by
the spatial layout of the target and distractors (e.g., Chang and
Abrams 2004; Fischer and Adam 2001; Keulen et al. 2002,
2004; Song and Nakayama 2006, 2007a; Tipper et al. 1992,
1998, 2000; Welsh and Elliott 2004, 2005).

Our lab has developed a visual search task to investigate
target selection for visually-guided reaching movements. Vi-
sual search tasks have been used extensively to study saccade
target selection in both humans and monkeys, and there is now
a substantial base of knowledge concerning the neural mech-
anisms of saccade target selection in search (Basso and Wurtz
1998; Bichot and Schall 1999, 2002; McPeek 2006; McPeek
and Keller 2002, 2004; Schall and Hanes 1993; Thompson
et al. 1996). Using a similar task to study reach target selection
has the advantage of allowing direct comparisons to be made
between the neural mechanisms underlying target selection for
the two different movement modalities. However, there is
currently little information about the reaching performance of
monkeys during visual search. If the monkey is to serve as a
model for studying the neural mechanisms of reach target
selection, it is critical to understand the behavioral character-
istics of reaching movements in monkeys during search and to
determine the extent to which this behavior is similar to that of
humans.

Song and Nakayama (2006, 2007a) recently used a pop-out
search task to investigate human reaching performance in
visual search. Our task is based on theirs and is very similar to
those used to study saccade target selection and visual atten-
tion. In our task, an odd-colored target is presented either in an
array of homogenous distractors or alone, and monkeys are
rewarded for reaching to and touching the target (Fig. 1). In
this study, we examine two aspects of reaching movements in
search: first, the effect of varying the number of distractors
in the search array and second, the effect of previous trials on
performance in the current trial.

In humans, Song and Nakayama (2006) found that reaches
to a color-oddity target are initiated and completed more
rapidly when a greater number of homogenous distractors is
present. These results parallel those seen for saccade target
selection in humans and monkeys (Arai et al. 2004; Findlay
1997; McPeek et al. 1999; McSorley and Findlay 2003) and for
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FIG. 1. Schematic diagrams of a single target trial (A), and color-oddity
search trials (B—E). In single target trials, a lone target is presented without
distractors, whereas in search trials, an odd-colored target is presented with 3,
5,7, or 11 distractors.

shifts of attention in humans (Bravo and Nakayama 1992;
Maljkovic and Nakayama 1994). An improvement in target
selection with more distractors seems surprising at first glance
but, in fact, is consistent with bottom-up models of target
selection (Julesz 1986; Koch and Ullman 1985) that predict
that it is easier to localize a pop-out target when it is embedded
in a dense array of homogenous distractors than in a sparse
array. In the first section of this study, we will investigate
whether this relationship between distractor number and target
selection holds for reaching movements in monkeys.
Perception and action are not simply dependent on the
characteristics of the current trial, but rather depend critically
on the history of trials, particularly when previous and current
trials share similar stimulus features or responses (de Lussanet
et al. 2002; Luce 1986; Maljkovic and Nakayama 1994;
Maloney et al. 2005). In human subjects, Song and Nakayama
(2006) used a color-oddity reaching task in which the color of
the target and distractors could either remain the same or
switch from trial to trial. They found that reaches to the target
are facilitated when the color of the target remains the same
and that as the number of consecutive same-color target repe-
titions increases, reaches toward the target are initiated and
completed increasingly quickly. In contrast, when the target

color switches from trial to trial, initial reaches are directed
toward a distractor more often.

Such history effects are also seen for other factors, such as
trial difficulty (Mozer et al. 2007; Taylor and Lupker 2001).
Song and Nakayama (2007a) demonstrated that when rela-
tively easy single target trials (Fig. 1A) and more difficult
search trials (Fig. 1B) are randomly mixed within a block, the
latency of movement initiation in a given trial depends on the
difficulty of the previous trials. During a sequence of easier
trials, initiation latencies become shorter. In contrast, during a
sequence of more difficult search trials, latencies increase. The
second section of the current study examines the history effects
of target color repetition and trial difficulty repetition for
reaching movements in monkeys.

METHODS

Two male rhesus monkeys (Macaca mulatta) weighing 6-11 kg
were used in this study. The Institutional Animal Care and Use
Committee at the Smith-Kettlewell Eye Research Institute approved
all experimental protocols. We complied with the guidelines of the
Public Health Service policy on Humane Care and Use of Laboratory
Animals.

Apparatus

Testing was performed in a dimly illuminated room. Data collection
and storage were controlled by Power Mac G4, which also generated
the visual displays using software constructed with the Video Toolbox
library (Pelli 1997). Visual stimuli were presented on a 17-in color
CRT touch-sensitive monitor (ELO touch systems), positioned 25.5
cm in front of the monkeys. The monitor had a spatial resolution of
800 X 600 pixels and a refresh rate of 75 Hz.

Stimuli and behavioral procedure

The two monkeys (H and J) were seated in a primate chair. Monkey
H’s head was restrained for the duration of the testing sessions,
whereas monkey J's head was unrestrained. Both monkeys were
trained to perform target-reaching tasks for liquid reward and were
allowed to work to satiation. The task started when the monkeys
touched a yellow square, which appeared at the center of the monitor
and subtended 1-2° with a luminance of 1.6 cd/m? against a black
homogeneous background of 0.2 cd/m”. The monkeys were required
to keep their hand on this yellow square during an interval of 450-550
ms. At the end of this randomly varying interval, the square was
extinguished and a single target (Fig. 1A, single target task) or an
odd-colored target along with multiple distractors (Fig. 1, B-E,
color-oddity search task) was presented. In search, the number of
distractors was varied across blocks, and was 3, 5, or 11 for monkey
Jand 3, 5, or 7 for monkey H. A larger share of blocks was run in the
three-distractor condition. Most blocks consisted of only single-target
trials or only search trials, and the order of blocks was randomly
varied. To examine the sequential effects of single-target versus
search trials, we ran additional blocks of trials in which the two trial
types were randomly intermixed in equal proportion. In these inter-
mixed blocks, the number of distractors was held constant at three.
Each block consisted of 60—80 trials.

The stimuli consisted of discs subtending 2.5° of visual angle (1.1
cm in diameter on the screen). The discs were colored either red or
green with measured luminance values of 0.9 and 1.2 c¢d /m?, respec-
tively. The color of the target was randomly selected in each trial to
be either red or green, and the distractors, when present, were all of
the opposite color. The stimuli were presented at an eccentricity of 12
or 15° for monkey J and 15° for monkey H (5.4 and 6.7 cm from the
center, respectively). The position of the target was randomly selected
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in each trial from 12 possible directions equally spaced around the
clock. In the search task, the target and distractor stimuli were
arranged uniformly around an imaginary circle, maintaining an equal
eccentricity from the center. The display remained onscreen until a
response was made. The monkeys were rewarded if the first point at
which the hand touched the screen (after lifting off from the center
point) was within 4-5° of the correct target location. Monkey J
typically used the tip of the right index finger (D2), and monkey H
used the tip of the right middle finger (D3) to touch the screen.

After several weeks of training, monkey J performed 4,504 search
and 2,322 single target trials, and monkey H performed 3,155 search
trials and 1,463 single target trials. Among those, 946 single target and
936 search trials (3 distractors) from monkey J and 503 single target
trials and 515 search trials (3 distractors) in monkey H were presented
in intermixed blocks.

In a later set of sessions, a small reflective hemisphere was taped to
the right hand, ~1 cm from the tip of the index finger of monkey J and
the middle finger of monkey H to measure reach movement trajecto-
ries. The reflective hemisphere was illuminated by infrared light and
was optically tracked at a rate of 60 Hz using a Northern Digital
Polaris tracker. The left arm was loosely restrained, and the head was
restrained in both monkeys. In these experiments, the target was
randomly presented in each trial at one of four locations (45, 135, 225,
and 315° with respect to horizontal) at an eccentricity of 15°. When
distractors were present, they were spaced uniformly around an
imaginary circle at the same eccentricity as the target. In these
sessions, monkey J performed an additional 1,069 search trials with
three distractors and 322 single target trials, and monkey H performed
an additional 1,094 and 455 trials, respectively.

Data analysis

Off-line data analysis was conducted on temporal and spatial
aspects of the reaching movements: initiation latency, movement
duration, total time, reach endpoint, and target-selection error.
Movement onset was the time at which the finger lifted from its initial
position in the center of the touchscreen, and initiation latency was
defined as the interval between stimulus and movement onset. Move-
ment duration was defined as the interval between movement onset
and target acquisition as measured by the touchscreen. Total time was
the sum of initiation latency and movement duration.

Reach endpoint was measured as the first location contacted on the
touchscreen after movement onset. A trial was classified as a target-
selection error when the reach endpoint was >5° away from the
target. Only trials in which the correct target was selected were
included for analyses of initiation latency, movement duration, and
total time.

When reaching movements were tracked, movement velocity was
calculated from the three-dimensional (3D) position traces after fil-
tering with a low-pass filter (cutoff frequency of 25 Hz). The begin-
ning and end of reaching movements were detected using a velocity
criterion (8—10 cm/s). The algorithm’s identification of movements
was inspected to verify its accuracy. We calculated the radial direc-
tion of movements at each point during movement duration. We
defined radial direction as the direction of the vector from the initial
starting position to the current hand position in the plane of the
monitor.

The curvature of movement trajectories was quantified by calculat-
ing the maximum curvature of the movement in the 2D plane of the
video monitor. Maximum curvature was defined as the maximum
perpendicular distance from a straight-line path between the start and
endpoints of a movement trajectory divided by the length of the
straight-line path (Desmurget et al. 1997; Smit and Van Gisbergen
1990; Song and Nakayama 2006, 2007a,b).

RESULTS
Effect of the number of distractors on reach target selection

If target selection for reaching movements in monkeys is
similar to target selection for human reaching (Song and
Nakayama 2006), saccades (Arai et al. 2004; McPeek et al.
1999), and shifts of attention (Bravo and Nakayama 1992;
Maljkovic and Nakayama 1994), then we expect reaching
performance to improve as the number of homogenous distrac-
tors increases. To determine how distractors affect reaching,
we analyzed data from search trials according to the number of
distractors. The number of distractors was randomly varied
among 3, 5, or 11 for monkey J and 3, 5, or 7 for monkey H
between blocks of trials. Data from single target trials without
distractors were collected in separate blocks.

Figure 2, top, shows the proportion of target-selection errors
for each monkey as a function of the number of distractors. A
target-selection error was defined as a reach that ended >5°
from the target location (see METHODs). For comparison, the
proportion of reaches ending >5° from the target in the
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FIG. 2. Effect of the number of distractors on reaching performance.
Top: target selection error rate (proportion of reaches that end more than 5°
from the target location) for each monkey as a function of the number of
distractors in the search array. Middle: total time as a function of the number
of distractors for each monkey. Total time is defined as the time from stimulus
onset to finger contact with the target location. For comparison, the error rate
and total time for single-target trials without distractors are shown at the
extreme left of the plots. Bottom: total time was decomposed into initiation
latency (the time from target onset to finger lift-off) and movement duration
(time from lift-off to contact with the touchscreen). For comparison, latency
and duration for single-target trials without distractors are shown at the
extreme left. Error bars indicate SE in this and all subsequent figures.
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single-target condition is plotted at the extreme left of the
abscissa. Not surprisingly, the single-target condition showed
the fewest target-selection errors, and the proportion of errors
was significantly greater when three distractors were presented
with the target. As the number of distractors increased, the
proportion of target-selection errors decreased, and the signif-
icance of this decreasing trend was verified by logistic regres-
sions (P < 108 for J and P < 10~ ° for H). Thus when a target
is presented with distractors, a greater number of homogenous
distractors facilitates reach target selection in monkeys.

Effect of the number of distractors on reaching times

In the previous section, we showed that when more distrac-
tors are present in the search display, fewer target-selection
errors are made. Here, we analyze reach times and find that the
improvement in performance with more distractors is also
reflected in the timing of the movements. Our primary tempo-
ral measure was the total time needed to reach the target rather
than initiation latency or movement duration. Unlike saccadic
eye movements, the duration of reaching movements can be
voluntarily controlled, and previous studies have suggested
that initiation latency and movement duration can be traded off
depending on response strategy, instructions, practice, and
individual differences (Danev et al. 1971; Inomata 1980; Phil-
lips and Glencross 1985; Proctor and Wang 1997; Rubich et al.
2000; Song and Nakayama 2007b). Because total time is the
sum of initiation latency and movement duration, it reflects the
time needed to actually reach the correct target. Thus it should
accurately reflect target-selection difficulty regardless of the
trade-off between initiation latency and movement duration.

Figure 2, middle, shows total time as a function of the
number of distractors with data from the single-target condition
plotted at the left of the abscissa. Reaches to single targets are
executed more rapidly than reaches to the same targets pre-
sented with distractors. However, as the number of distractors
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increases, both monkeys show an improvement in performance
with significant decreases in total time (linear contrasts: P <
10~ for each monkey). Overall, our results show that reaching
movements toward a color oddball are facilitated, both in terms
of target-selection errors and total time, when a greater number
of homogenous distractors is present.

When we decomposed total time into initiation latency and
movement duration (see METHODS), we found that the initiation
latencies of monkey J exhibit a modest but significant decrease
as the number of distractors increases from three to five (Fig.
2, bottom; linear contrast: P < 1077). The magnitude of this
decrease is similar to what is seen for human reaching move-
ments (Song and Nakayama 2006). However, monkey H does
not show an apparent change in initiation latency as a function
of the number of distractors (P = 0.11). On the other hand,
both monkeys show a significant decrease in movement dura-
tion with more distractors, as verified with linear contrasts
(P < 107 for J and P < 10° for H).

Analysis of endpoint errors

To gain further insight into how targets are selected from
distractors for reaching movements, we analyzed the pattern of
reach endpoints in search trials. Reach endpoints in each
distractor condition for both monkeys are plotted in Fig. 3. We
normalized the endpoints by a simple rotation and amplitude
scaling such that reaches to the correct target location corre-
spond to an angle of 0° and an amplitude of 1. Thus for
example, in the three-distractor case, the distractors are located
at 90, 180, and 270°. For both monkeys, reach endpoints
tended to cluster around the locations of the stimuli, similar
to what has been seen for reaching in humans (Song and
Nakayama 2006). This pattern is similar to what is seen for
saccades except that misdirected saccades show a greater
tendency to be hypometric (ending before the distractor) and,

7 distractors
90

0.5 FIG. 3. Reach endpoints of search trials
; with 3, 5, and 7 distractors for monkey H (top)
and 3, 5, and 11 distractors for monkey J
1.5 (bottom). The endpoints are normalized by a
rotation, such that the correct target location
is always represented at an angle of 0° and
amplitude 1. For instance, in the 3-distractor
11 distractors case, the distractors are located at 90, 180,
90 and 270°. Errors were more likely to be di-
rected to one of the distractors near the target
than to the distractor furthest from the target
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less commonly, to end between two stimuli (averaging move-
ments) (e.g., Findlay 1997; McPeek and Keller 2001).
Interestingly, in the three-distractor condition, both monkeys
directed significantly fewer errors to the distractor furthest
from the target (180° direction) than to the distractors adjacent
to the target (90 and 270° in direction) as confirmed with
binomial tests (P < 1.7 X 10~ for Jand P < 2.5 X 10~ " for
H). Although very few errors were made in trials with more
than three distractors, when errors were made, they also tended
to be directed to distractors located near the target and were
seldom directed to distractors in the opposite hemi-field from
the target. The fact that more errors are directed to stimuli
closer to the target indicates that coarse-scale information
about the correct target location can influence incorrect
reaches. Such a pattern has also been seen for saccade target
selection in monkeys (Bichot and Schall 1999; McPeek and
Keller 2001) and humans (Findlay 1997; Gilchrist et al. 1999).

Color priming

In addition to the effects of distractors on reaching move-
ments, we also examined how trials in the past affect
reaching performance in the current trial. One potent effect,
noted in a variety of search tasks, is priming of the target
color by previous trials. Reaching studies in humans (Song
and Nakayama 2006), saccade target selection studies in
monkeys (Bichot and Schall 1999, 2002; Bichot et al. 1996,
2001; McPeek and Keller 2001) and humans (McPeek et al.
1999) and studies of attention in humans (Goolsby et al. 2005;
Maljkovic and Martini 2005; Maljkovic and Nakayama 1994)
have all shown a facilitation of target selection when the color
of the target repeats across trials as opposed to when it
switches.

We examined whether color priming facilitates target selec-
tion for reaches in monkeys using data from blocks of search
trials with three distractors. In each trial, the color of the target
was equally likely to switch or remain the same, and we
analyzed performance as a function of the number of immedi-
ately preceding trials with the same target color as in the
current trial. As shown in Fig. 4 (fop), when the target color
differs from its color in the previous trial (denoted as 1 on the
abscissa), monkeys make the greatest proportion of target-
selection errors. As the number of color repetitions increases,
error rates decline in both monkeys and a significant decreasing
trend was verified using logistic regression (P < 0.0006 for J
and P < 0.002 for H).

We next examined the effects of color priming on total time.
As depicted in Fig. 4 (middle), total time decreases in both
monkeys as the number of consecutive same-color trials in-
creases. When the target color differs from its color in the
previous trial, total time is much longer than when the target
color remains the same. As the number of color repetitions
increases, total time decreases significantly (linear contrasts:
P < 0.005 for J and P < 0.025 for H), supporting the idea that
color priming facilitates target selection for reaches in mon-
keys.

As before, we divided total time into initiation latency and
movement duration (Fig. 4, bottom). Movement duration
shows a similar trend to what was seen for total time, decreas-
ing as the number of target color repetitions increases (linear
contrasts: P < 0.025 for J and P < 0.05 for H). However, a
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FIG. 4. Effect of color priming on reaching performance. Target selection
error rate (fop), total time (middle), and movement initiation latency and
duration (bottom) for each monkey are plotted as a function of the number of
consecutive same-color trials in the past. Reaching performance improves
when the color of the target remains the same from trial to trial. One on the
abscissa denotes trials in which the target color differed from its color in the
previous trial; 2 denotes trials in which the target color was the same as in the
previous trial, but differed from its color 2 trials previously, and so on.

reduction in initiation latency is evident only for monkey J
(P < 0.025) and not for monkey H (P = 0.25).

Movement duration and trajectory curvature

In humans, Song and Nakayama (2006) found that when
target selection was difficult, longer movement durations were
associated with greater curvature in the movement trajectory:
the early portion of the trajectory was frequently directed
toward a distractor location and was corrected in mid-flight so
that the movement ended near the target. We examined
whether increased movement durations in the current study are
also associated with curved movement trajectories by collect-
ing an additional dataset in each monkey in which the reaching
movement trajectories were recorded (see METHODS). We com-
pared the magnitude of trajectory curvature in the single-target
task, in which movement durations were shortest, with the
trajectory curvature in the three-distractor search task, in which
movement durations were longest.

Because these data were collected after several weeks of
additional training in the reaching task, both monkeys gener-
ally reached faster than in the previous sessions. Nonetheless,
they still consistently demonstrated shorter movement dura-
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FIG. 5. Effect of distractors on reach trajectories. A and B: examples of

reach trajectories in single target (leff) and 3-distractor search (right) for
monkey H. These trajectories are tracked in 3 dimensions, but, for clarity, only
the components in the plane of the touchscreen monitor are shown. Trajectories
associated with each target location are depicted by distinct colors: green (45°),
blue (135°), red (225°), and black (315°). The scale bar indicates 1 cm. C: plot
of radial direction vs. time during the movement for monkey J in the single-
target task. Radial direction has been normalized such that the target direction
corresponds to a direction of 0°. D and E: similar plots of radial direction vs.
time in 3-distractor search for movements with durations in the lower 3rd
(short-duration: D) and upper 3rd (long duration: E) of the distribution.

tions in single-target trials than in search trials (239.6 = 2.05
v8.267.2 = 1.49ms, P <5 X 10" '°in Jand 185.2 = 3.04 vs.
221.7 + 297 ms, P < 2 X 10~ ' in H). Figure 5, A and B,
shows spatial plots of reaching trajectories in monkey H,
color-coded by the location of the target. In single-target trials
(Fig. 5A), trajectories toward each of the four target locations
are relatively straight. In contrast, many curved trajectories are
observed in three-distractor search trials (Fig. 5B) with the
early portion of the curved trajectory often directed toward a
distractor and corrected in mid-flight.

Figure 5, C and D, shows plots of radial direction (see
METHODS) versus time during reaching movements made by
monkey J. Here radial direction has been normalized across
target positions such that a direction of 0° corresponds to the
target direction. Figure 5C shows a temporal plot of radial
direction for reaches to a single target without distractors.

Radial direction quickly stabilizes near the onset of the move-
ment, such that the reach is directed toward the target location
(0°). To examine the association between movement duration
and trajectory curvature in the three-distractor search task, we
separately plotted radial direction versus time for movements
in this task with durations in the lower third (range: 100-167
ms; mean: 149 ms) and the upper third (range: 217-434 ms;
mean: 259 ms). As shown in Fig. 5D, the radial directions of
most of the short-duration movements quickly coalesce around
the target direction similar to what is seen in the absence of
distractors. On the other hand, the long-duration movements
(Fig. 5E) tend to show much more extensive curvature, indi-
cated by changes in radial direction occurring later in the
movements.

We quantified the global curvature of the movement trajec-
tories by computing maximum curvature (see METHODS) and
found that mean maximum curvature is greater in three-dis-
tractor search trials than single target trials (0.15 = 0.0030 vs.
0.12 *+ 0.0026; Mann-Whitney U test, P < 5 X 10~ *in J and
0.16 = 0.0051 vs. 0.12 = 0.0029; P < 10~ in H). To further
establish the relationship between movement duration and
trajectory curvature, we calculated the Pearson correlation
coefficient between movement duration and curvature in the
three-distractor search trials. In both monkeys, as movement
duration increases, maximum curvature also generally in-
creases (Fig. 6; Pearson r = 0.56, P <7 X 10% inJand r =
064, P < 5 X 107 '% jn H). Thus the longer movement
durations seen in the more difficult target-selection condition
are associated with greater trajectory curvature. The presence
of endpoint errors and longer movement durations when target
selection is more difficult suggests that in some trials, move-
ments are initiated before competition between the target and
distractors has been fully resolved, similar to what has been
concluded for saccadic eye movements (McPeek 2006;
McPeek and Keller 2001, 2003).

Adjustment of initiation latency according to the difficulty
of previous trials

In the previous sections, we found that the number of
distractors and the history of target color repetitions have
significant effects on reach target selection. Interestingly, these
effects manifest themselves strongly in reach endpoints and in
the duration of reaching movements and to a lesser extent in
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FIG. 6. Correlation between movement duration and maximum curvature in
search. Maximum curvature is plotted against movement duration for 3-dis-
tractor search trials in each monkey.
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initiation latency. The smaller effect of target selection diffi-
culty on initiation latency suggests that the monkeys are not
following a strict strategy of initiating a movement at the
moment that target selection is completed. Instead as suggested
in the previous section, it seems that in some trials, movements
are initiated before competition between the target and distrac-
tors has been fully resolved, leading to target-selection errors,
increased movement durations, and curved trajectories.

If initiation latency is not determined solely by the difficulty
of target selection in the current trial, then what other factors
influence latency? One possibility is that initiation latencies are
adjusted based on the properties of previous trials. Specifically,
initiation latency might be lengthened after a difficult trial and
shortened after an easy trial. To examine this possibility, we
intermixed two types of trials: single-target trials, the easiest of
our conditions; and search trials with three distractors, the most
difficult of our target selection conditions (as shown in Fig. 2).
To examine how the difficulty of preceding trials influences
movement initiation time, we categorized each trial according
to the consecutive number of trials of the same type. Then we
analyzed initiation latencies for each trial type (single target vs.
search) as a function of the number of consecutive preceding
trials of the same type. For instance, in Fig. 7, one on the
abscissa indicates a trial that differed in type from the previous
trial, whereas two indicates a trial that was the second trial in
a row of the same type.

As Fig. 7 shows, single-target trials are initiated more
rapidly when they are preceded by a greater number of single-
target trials (P < 0.025 for each monkey). Conversely, search
trials are initiated more slowly as the number of preceding
search trials increases (P < 0.01 for J and P < 0.001 for H).
As a result, the difference in initiation latencies between the
two trial types gradually grows with more repetitions. This
pattern demonstrates a cumulative adjustment of movement
initiation latency according to the previous history of trial
difficulty.

DISCUSSION

This study used visual search tasks to investigate reach
target selection in monkeys. Search paradigms have been used
extensively to study target selection for saccades and shifts of
attention, but to the best of our knowledge, this study is the first
to investigate the behavioral characteristics of reaching move-

Initiation latency
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FIG. 7. Movement initiation latencies of randomly intermixed search and
single-target trials as a function of the number of consecutive same-type trials.
One on the abscissa indicates trials that differed in type from the previous trial.
Initiation latencies gradually become shorter with more consecutive single-
target trials and longer with more consecutive search trials.

ments in monkeys during a reaction-time visual search task.
The goals of the study are twofold: first, to systematically
characterize the reaching performance of monkeys in visual
search tasks and to compare reach target selection in monkeys
with published reports of performance in humans. This is
important for establishing the monkey as a model system for
understanding the neural mechanisms of reach target selection.

The second goal is to compare the behavioral characteristics
of reach target selection in visual search with established
results on saccade target selection. A close congruence be-
tween these two modalities would suggest that they share
common selection mechanisms.

Effect of distractors on reach target selection

We found, first, that monkeys complete reaching movements
more rapidly and make fewer target-selection errors when a
greater number of homogenous distractors is present. More
erroneous reaches to a distractor are made, and the total time is
longer when the number of distractors is smaller. This finding
agrees well with models of target selection, which predict that
localization of an odd target will be facilitated when a greater
density of homogenous distractors is present (Julesz 1986;
Koch and Ullman 1985).

In analyzing the endpoints of the errant reaching move-
ments, we found that target-selection errors were made more
often to the distractors adjacent to the target. This indicates that
spatially coarse information about the correct target location
can influence incorrect reaches and suggests that target selec-
tion develops over time in a spatially coarse-to-fine progres-
sion. Interestingly, this pattern of results has also been reported
for saccade target selection in both humans (Findlay 1997;
Gilchrist et al. 1999) and monkeys (Bichot and Schall 1999;
McPeek and Keller 2001).

Effect of color priming on reach target selection

We also found that reaches to the target are facilitated when
the color of the target remains the same from trial to trial rather
than switching. Fewer target-selection errors are made and
total time decreases with more repetitions of the target color,
indicating that color priming affects target selection for reach-
ing movements in monkeys. The magnitude of this priming
effect is similar to what is seen for human reaching movements
in a search task (Song and Nakayama 2006).

Movement trajectory

The presence of endpoint errors and longer movement du-
rations when target selection is more difficult suggests that in
some trials, movements are initiated before competition be-
tween the target and distractors has been fully resolved. When
we analyzed movement trajectories in our task, we found that
trajectories in the more difficult three-distractor search task
showed significantly greater mean curvature than trajectories in
the single-target task without distractors, similar to what has
been observed in humans (Song and Nakayama 2006). Fur-
thermore, a correlation analysis revealed a significant trial-by-
trial correlation between movement duration and trajectory
curvature in the three-distractor task. These findings support
the idea that when competing stimuli are present, goal-directed
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hand movements can be initiated before the correct target is
selected.

Indeed trajectory curvature has been related to ongoing com-
petition between target and distractor stimuli for both reaches
(Song and Nakayama 2006, 2007a; Tipper et al. 1992, 1998,
2000; Welsh and Elliott 2005) and saccades (Arai et al. 2004;
Doyle and Walker 2001; McPeek 2006; McPeek et al. 2003;
McSorley et al. 2004; Port and Wurtz 2003; Sheliga et al. 1994,
1995). For instance, Tipper and colleagues (1992, 1998, 2000)
showed that when subjects reach for a prespecified target, their
reaching trajectories swerve away from distractors. Welsh and
Elliott (2005) demonstrated that when a distractor is presented
at a precued location while the target is presented at an uncued
location, reaching reaction times and trajectory deviations
toward the location of the distractor increase. Similarly, when
multiple stimuli are presented, saccades show increased cur-
vature in their trajectories (Arai et al. 2004; McPeek and Keller
2001; McPeek et al. 2003; McSorley and Findlay 2003;
McSorley et al. 2004; Sheliga et al. 1995; Walker et al. 2006).

Similar effects on target selection for reaching, saccades,
and attention

A clear result arising from this study in conjunction with
previous studies on saccades and attention in visual search is
that varying the number of homogenous distractors has a
similar effect on the difficulty of target selection for reaching,
saccades, and shifts of attention in search. As the number of
distractors increases, target selection is facilitated for saccades
in visual search for both human (McPeek et al. 1999; McSorley
and Findlay 2003) and monkey subjects (Arai et al. 2004;
McPeek and Keller 2001; McPeek et al. 1999) and for reaching
movements (Song and Nakayama 2006) and shifts of attention
in humans (Bravo and Nakayama 1992; Maljkovic and
Nakayama 1994). Furthermore, the effects of color priming on
reaching in visual search that we observe here are similar to
what has been seen for saccades in both humans (McPeek et al.
1999) and monkeys (Bichot and Schall 1999, 2002; McPeek
and Keller 2002) and for shifts of attention in humans (Goolsby
et al. 2005; Maljkovic and Martini 2005; Maljkovic and
Nakayama 1994).

To quantify the difficulty of target selection for reaching
movements, we have focused on two measures: the proportion
of target-selection errors and the total time required to touch
the target. Studies of saccades typically analyze target-selec-
tion errors but report saccade initiation latency, rather than
total time, as their primary temporal measure. The reason for
this difference is that saccadic movements have brief, stereo-
typed durations that largely depend on movement amplitude
and are not under conscious or strategic control. Thus for
saccades, initiation latency and the total time to reach the target
are highly correlated. In contrast, reaching movements are
more flexible and can be influenced by factors including
response strategy, instructions, practice, and individual differ-
ences. Indeed, subjects can trade-off initiation latency and move-
ment duration (Danev et al. 1971; Inomata 1980; Phillips and
Glencross 1985; Proctor and Wang 1997; Rubich et al. 2000;
Song and Nakayama 2007b). Thus they could adopt a strategy
of initiating a movement as soon as the stimuli appear and
correcting an initially incorrect movement in-flight. This would
result in a shorter initiation latency and longer movement

duration. Alternatively, subjects could wait until the correct
motor program is completed and make a movement directly to
the target, resulting in a longer initiation latency and a shorter
movement duration. Because total time is the sum of initiation
latency and movement duration, we believe that it best captures
the difficulty of target selection, regardless of the subjects’
strategy.

In both humans and monkeys, close linkages between gaze
position and reaching movements have been shown in numer-
ous studies (e.g., Ballard et al. 1997; Frens and Erkelens 1991;
Horstmann and Hoffmann 2005; Johansson et al. 2001; Land
and Hayhoe 2001; Land and McLeod 2000; Neggers and
Bekkering 2000, 2002; Scherberger et al. 2003; Soechting et al.
2001). Many studies have also shown a linkage between
saccades and attention (e.g., Cavanaugh and Wurtz 2004;
Corbetta et al. 1998; Deubel and Schnieder 1996; Kowler et al.
1995; McPeek et al. 1999; Moore and Fallah 2001; Miiller
et al. 2004; Posner 1980; Rizzolatti et al. 1987; Thompson
et al. 2005).

Considering these relationships, similar effects of distractor
number and color priming on reaching, saccades, and attention
could be mediated via a connection between attention and
saccades and between gaze position and reaching. In other
words, we conjecture that if reaches and saccades were cou-
pled, then the spatiotemporal characteristics of reach move-
ments in this task would be influenced by the same factors
influencing saccades, including the allocation of attention. The
current results could also be explained if both saccades and
reaching were independently guided by attention. In a recent
study, Bock and Eversheim (2000) examined the effects of
precues on reaching times to a single target, finding that the
crucial parameter for obtaining precueing effects was the
extent of the area occupied by the precues. Based on this
finding, they suggested that the precues influence reaching
movements through their effects on spatial attention. Indeed,
other studies in humans have argued for an obligatory link
between attention and reaching (Chang and Abrams 2004;
Deubel et al. 1998; Song and Nakayama 2006; Tipper et al.
1992). Taken together, results from these studies show a close
congruence among reaches, saccades, and attention, suggesting
the possibility that target selection for all three modalities
might be based on a common stage of neural processing.

Effect of the difficulty of previous trials

Finally, we found that the difficulty (single-target vs. search)
of trials in the past affects the initiation latency of reaching
movement in the current trial. Specifically, initiation latencies
for easy single-target trials become faster and those for difficult
search trials become slower as the number of same-type trial
repetitions increases. Similar behavior has been reported in
humans (Song and Nakayama 2007a). This finding indicates
that distinctive motor initiation strategies for single-target trials
and search trials emerge gradually based on the history of prior
trials. Because the two trial types were randomly intermixed,
the monkeys did not have explicit knowledge of upcoming trial
types. These results suggest that recent experience can lead to
an adjustment of motor initiation strategies even in the absence
of explicit future knowledge.
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Neural substrates of reach target selection

The neural substrates of target selection for reaching
movements likely involve higher-order movement-related
areas in the frontal lobe, including the dorsal premotor area
(PMd), and in posterior parietal cortex, including the pari-
etal reach region (PRR).

Single-unit recording studies have shown that the pattern of
PMd activity changes according to the direction and amplitude
of limb movements (Boussaoud and Wise 1993; Crammond
and Kalaska 1994), and temporary inactivation of PMd results
in reaching movements with directional errors (Kurata and
Hoffman 1994). Compared with the primary motor area (MI),
the PMd appears to represent more abstract task-related fac-
tors, such as stimulus-response mappings, movement prepara-
tion, and selection (Caminiti et al. 1998; Crammond and
Kalaska 2000; Johnson et al. 1996; Shen and Alexander 1997;
Wise et al. 1996, 1997). The role of the PMd when a target
must be selected from competing stimuli is not yet fully
understood. However, recent studies have demonstrated that
when two potential targets are presented for selective reaching,
the PMd can simultaneously encode the two competing move-
ment goals during a delay period before the cue to move (Cisek
2006; Cisek and Kalaska 2002, 2005), suggesting a role in
target selection.

The parietal reach region (PRR) may also be involved in
reach target selection. Previous studies have shown that pari-
etal cortex is involved in the transformation of sensory signals
for actions and that many parietal neurons are active in the
planning period of a reach task (Andersen et al. 1985; Buneo
et al. 2002; Mountcastle et al. 1975; Snyder et al. 1997, 1998).
Scherberger and Andersen (2007) recently used a paradigm in
which two potential targets were sequentially presented in
opposite directions, and monkeys were allowed to freely
choose either target. They found that neural activity in the PRR
was strongly linked to target choice and that target selection
could be predicted from activity in the majority of cells.
However, it could be argued that this activity represents a
motor plan for each stimulus rather than target selection per se
(Jackson et al. 2007).

Finally, it is worth noting that activity in the primate frontal
eye field and superior colliculus is correlated with covert shifts
of attention (e.g., Ignashchenkova et al. 2004; Thompson et al.
2005), and both areas have been shown to be causally involved
in the allocation of covert visual attention (e.g., Cavanaugh and
Wurtz 2004; Moore and Fallah 2001; Miiller et al. 2005;
Wardak et al. 2006). Thus to the extent that covert attention is
involved in target selection for reaching movements, these
areas may also be involved in reach target selection.

Conclusion

In general, our results for monkeys are consistent with what
has been observed in humans (Song and Nakayama 2006,
2007a), confirming the validity of the monkey as a model
system for understanding the neural mechanisms of reach
target selection. The results also show clear similarities with
findings on target selection for saccades and attention. Overall
the results indicate that visual search tasks are well-suited for
investigating the neural mechanisms of target selection for
reaching movements. They allow the difficulty of target selec-

tion to be systematically manipulated and make it possible to
directly compare reaching results with the body of knowledge
available about the neural mechanisms of target selection for
saccades and attention in visual search.
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