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Abstract This study investigated the usefulness of
explicit spatial coordinates from eye movements for the
precision of covert shifts of attention within dense arrays of
items. Observers shifted their attention covertly from one
item to the next in response to a series of beeps and
reported the color of the disc on which the series ended,
providing an estimate of the accuracy of the “attentional
walk”. We compared performance in this task when only
covert shifts of attention were done to performance when
observers Wrst executed an explicit eye movement to the
starting point of the attentional walk before beginning the
covert attentional walk. The hypothesis was that the eye
movement would activate explicit coordinates of the start-
ing point of the attentional walk within brain systems that
are involved in controlling both shifts of attention and eye
movements. This in turn would provide an anchor for the
attentional walk, thereby improving performance. The evi-
dence did not support this hypothesis. Performance was no
better with an explicit eye movement prior to the attentional
walk than without one. This suggests that covert orient-
ing—shifting attention—and overt orienting—shifting the
eyes—access the same coordinate system and therefore
activating new coordinates interferes with the old ones, no
matter what the system of orienting is.
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Introduction

Far more information is available to sensory systems at any
given moment than can be fully processed. As a conse-
quence, eVective information processing requires mecha-
nisms by which some information is selected and processed
diVerently than it would be otherwise. Moreover, that selec-
tion process must reXect current task demands. The term
selective attention is used to refer to the collection of mech-
anisms by which such selection occurs.

In recent years, a range of spatial and temporal limita-
tions of visual selective attention has been investigated
using a task referred to as the attentional walk task
(Intriligator and Cavanagh 2001; Moore et al. 2007,
2008, 2009). In this task, circular arrays of often-identi-
cal items (e.g., discs) are presented and observers move
attention from one item to another within the array in
response to a series of commands (see Fig. 1). At the end
of the series, the reliability with which attention was
shifted is probed by asking observers to report some-
thing (e.g., color) about the Wnal item that was indicated
by the series of commands. The density of the arrays is
varied from sparse, where reliable shifts of attention are
easily achieved, to dense, where reliable shifts of atten-
tion are diYcult or impossible. Using this task, Intriligator
and Cavanagh (2001) showed that there is a broad
range of display densities for which observers can easily
perceive that there are individual items, yet they cannot
conduct a reliable attentional walk. Thus, there is a nota-
ble dissociation between attentional resolution and spa-
tial acuity. This dissociation has been cited frequently
as reXecting something like a minimal window-size or
grain size of selection that is distinct from the limitations
of acuity that are determined by early vision mechanisms
(He et al. 1997).
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In a series of recent papers, we have presented evidence
that the attentional walk task reXects limitations in the pre-
cision with which attention can be localized rather than
attentional resolution per se (Moore et al. 2007, 2008,
2009). As an analogy for this distinction consider selective
attention as a “spotlight” that shines on a given spatial
region. Attentional resolution would be the diameter of the
spotlight, whereas the precision with which attention can be
localized would be the degree of tremor with which the
spotlight is moved from location to location. These are sep-
arable limitations, and the attentional walk task seems to
reXect precision more than resolution. We have developed
other methods for measuring resolution more directly
(Palmer and Moore 2008).

Here we asked whether the precision with which atten-
tion can be localized—as operationalized by performance
in the attentional walk task—could be improved by provid-
ing “coordinates” in physiological terms to systems that are
involved in the control of both attention and eye-move-
ments, including the frontal eye Welds (e.g., Moore and
Fallah 2001, 2004; Schall 2004; see Thompson et al. 2001
for a review) and the superior colliculus (e.g., Ignashchenkova
et al. 2003; McPeek and Keller 2002, 2004; Müller et al.
2005). By requiring explicit eye movements to the starting
locations of the attentional walks prior to executing the
walk, we reasoned, we would be adding to the representa-
tion of the intended focus of attention eVerent activity that
is elicited through achieving actual Wxation to that location
(e.g., Carello and Krauzlis 2004).

An important idea behind this question is that shifts of
selective attention involve subthreshold (i.e. covert) orient-
ing of the visual system, whereas eye movements reXect
overt orienting of the system to locations or objects in the
scene (e.g., HoVman 1975; Kustov and Robinson 1996;
Posner 1980; Moore and Fallah 2004; Müller et al. 2005).
Assuming that at least some of the diYculty in the atten-
tional walk task derives from noisy representations of the
intended locations of a given shift of attention, we hypothe-
sized that an explicit eye movement to the starting point of
the walk would provide a less noisy representation for at
least the starting location compared to when no eye move-
ment is made to it. This in turn could lead to improved
accuracy for later shifts of attention because the start loca-
tion is more accurately represented. Errors would still accu-
mulate as additional endogenous shifts of attention are
executed, but an advantage of having a better representation
of the start location would be expected. As an analogy, one
can imagine the explicit eye movement as providing a
pointer similar to using a Wnger on a road map to keep track
of one location while considering alternate routes from that
start point to a desired end point.

The current study examined whether having observers
Wxate the starting location of an attentional walk—thus pro-
viding an explicit physiological representation of that loca-
tion to the system—before returning to center and starting
the attentional walk, would have cascading beneWts for later
shifts of attention. It was hypothesized that these explicit
coordinates of the start location would serve as an anchor

Fig. 1 Illustration of the basic 
trial sequence. After the partici-
pant indicated that he was Wxat-
ing the center, a cue appeared to 
deWne the starting point of the 
attentional walk. During the 
walk participants shifted their 
attention from dot to dot accord-
ing to a series of beeps. At the 
end of the trial the participant 
indicated the color of the disc; 
the attentional walk ended on by 
clicking on the response Weld of 
the same color (for illustration 
purposes here indicated in diVer-
ent gray levels)
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for subsequent covert shifts of attention during the atten-
tional walk, and thereby improve overall performance. By
way of preview, it did not. The signiWcance of this failure
of a beneWt under these conditions is considered in the
“Discussion”.

Method

Participants

Six participants (mean age 24 years, 3 female/3 male) com-
pleted the experiment. Two were members of the laboratory
(one author) and the other four were naïve as to the purpose
of the experiment and were paid for their participation.
They all participated in several other studies using the
attentional walk task. All participants reported normal or
corrected-to-normal visual acuity and normal color vision.
Prior to beginning the actual experiment, each participant
was tested with the eye tracker for the ability to maintain
Wxation and was only continued in the experiment, if they
were able to do so.

Apparatus

The experiment was controlled by an IBM-compatible PC
driving an 18-inch color CRT monitor at a spatial resolu-
tion of 1,024 £ 768 with a refresh rate of 85 Hz. Stimulus
creation and presentation was done using MATLAB soft-
ware (version 6.5 release 13, Mathworks, MA) in combina-
tion with the Psychtoolbox extensions (version 2.54,
Brainard 1997; Pelli 1997). Eye movements were moni-
tored using a headrest mounted video-based monocular
eye-tracker (ViewPoint Eye Tracker® by Arrington
Research, Inc.) operated with Viewpoint software (Version
PC60). Viewing distance was Wxed at 51 cm using the
Arrington Quickclamp chin-and-head rest.

Stimuli

Displays consisted of circular arrays of white discs (0.67°
in diameter) presented on a dark background. The arrays
were built of 12, 24 or 36 discs that were distributed evenly
around a central white Wxation dot (0.45° in diameter) on an
imaginary circle with a radius of 6.84° (measured from
Wxation to the center of the discs). The cue indicating the
start disc was a succession of brief expansions (to 0.87°)
and contractions of one of the discs for 300 ms. During the
attentional walk part of the trial, discs were all presented in
one of 5 diVerent colors (red, green, light blue, purple and
dark blue). For the response display every disc changed to a
diVerent color. Colors were chosen pseudo-randomly from
among the same set of 5 colors with the constraints that the

two discs to either side of the target disc (on which the
attentional walk should have ended) each had a diVerent
color and no two adjacent discs in the array had the same
color. Additionally, an array of Wve rectangles (each
0.28 £ 0.39°), each colored in one of the Wve colors, was
presented at the bottom of the screen, 11.75° below the cen-
ter of Wxation, serving as a menu for indicating the color of
the target disc. Short beeps (computer’s default beep at
medium volume) were used to indicate each walk step. The
experiment was conducted with regular room lights on to
facilitate the use of the eye-tracker.

Procedure

During the Wrst session participants were familiarized with
the eye tracker and given time to practice Wxation during
the walk task. The window of tolerance was adapted to the
participant’s ability to Wxate, and set to either 1.5 or 2.5°
around the Wxation dot. Participants who lost Wxation in
more than half of the trials during the second half of this
initial training phase were not continued in the experiment.

Following familiarization with the eye tracker, a set of
written instructions describing the task was presented on
the computer screen. After reading the instructions, observ-
ers completed at least 30 trials until they felt comfortable
with the task and were able to keep Wxation throughout
most trials. After this initial practice session, participants
did another four experimental sessions on diVerent, usually
consecutive, days. A single experimental session lasted
about 30 min, a little longer or shorter depending on how
many trials had to be repeated due to Wxation losses. Breaks
were provided between every 30 trials. Observers were
encouraged to rest as much as they needed during these
breaks. Whenever ready, the observer initiated the next
block of trials by pressing a button on the keyboard.

Trial events are illustrated in Fig. 1. Each trial began
with the presentation of the Wxation dot, surrounded by an
array of white discs. Participants always initiated a trial
by Wxating, and pressing the left mouse button to indicate
that they were Wxating. If the eye tracker detected Wxation
as being within the Wxation area the trial started. If the
tracker could not detect Wxation within the speciWed win-
dow, then a beep indicated failed Wxation and the partici-
pant was asked to re-Wxate and restart the trial. Once
Wxation was accepted, the discs changed from white to
one color and after an inter-stimulus interval (ISI) of a
randomly chosen value (between 500 and 1,500 ms), one
of the discs blinked for 300 ms to indicate the starting
point of the attentional walk. Depending on the task type,
participants then had to either continue to Wxate on the
central Wxation dot throughout the whole trial (Wxation
condition) or they had to make an eye movement toward
the cued disc (marking the starting point of the attentional
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walk) and return their gaze to the central Wxation dot
before starting the attentional walk (saccade condition).
After the blinking of the cue ended, or after the participant
re-Wxated on the central Wxation point in the saccade con-
dition, participants pressed the mouse button again. The
eye-tracker then veriWed if a saccade was done and reWx-
ation occurred, or in the Wxation condition if Wxation was
kept, and the trial was aborted if either of these steps were
not executed correctly. Next, for both task types after a
variable ISI of 725, 750 or 775 ms either the response dis-
play was presented (in the zero-step condition) or a series
of beeps (6, 7, 8 or 9 beeps, randomly chosen) indicated
the attentional walk in the multiple-step condition. Partic-
ipants had to shift attention clockwise/counter-clockwise
following each tone from one disc in the display to the
next. Between beeps there was an ISI randomly chosen
from among 725, 750 or 775 ms. One thousand ms after
the Wnal beep all discs changed to a diVerent color, and the
response menu was added at the bottom of the screen and
observers reported the color of the disc on which the
attentional walk ended—or the color of the cued disc in
the zero-step condition—by clicking on the appropriate
rectangle in the response menu. The response display
remained visible until a mouse key press was registered or
for 10 s if no response occurred. When the wrong
response was given or the mouse click was outside of the
menu area, participants got a written feedback stating
the error. Participants clicked the mouse to continue to the
next trial. Eye position was monitored throughout
the trial. If Wxation went outside of the Wxation window, the
trial was aborted at that point and the message “Lost Wxation”
was presented at the center of the display. After presenta-
tion of the blank screen for 1,000 ms the initial Wxation
display was shown and the next trial started whenever the
participant pressed the mouse key.

Design

A 2 (task type: Wxation, saccade) £ 3 (density: 12, 24, 48
discs) £ 2 (walk type: zero step, multiple step) within-sub-
jects design was used. Density and walk type were mixed
within blocks of trials, whereas the task type was blocked,
but the order in which the tasks were run was counterbal-
anced across sessions and subjects. Walk direction was
Wxed for a given subject as clockwise or counter-clockwise
and was counterbalanced across subjects. 20% of the trials
were zero-step trials and 80% were multiple-step trials.
Each observer participated in four experimental sessions
of 6 15-trial blocks each (3 blocks Wxation task and 3
blocks saccade task). Trials on which the eye-tracker
detected a loss of Wxation or the mouse click was outside
of the response menu were repeated. As a result each par-
ticipant completed a total of 12 zero-step observations and
48 multiple-step observations for each task and density
condition.

Results

Figure 2 shows mean percent correct as a function of task
type, density and walk type. As it is apparent visually, mak-
ing an eye movement to the start position of the attentional
walk before executing the walk did not inXuence perfor-
mance at all.

Mean arcsin transformed percent-correct values for indi-
vidual observers were submitted to a 2 (task type: Wxation,
saccade) £ 3 (density: 12, 24, 36 discs) £ 2 (walk type:
zero step, multiple step) analysis of variance (ANOVA).
Alpha was set at 0.05 and whenever appropriate p-values
were Greenhouse-Geisser corrected to adjust for violations
of the sphericity assumption. There were reliable main

Fig. 2 Mean accuracy shown as 
a function of density (number of 
items in the display) and task 
type (Wxation and saccade). The 
left graph shows the zero-step 
control condition and the right 
graph the multiple-step atten-
tional walk condition. The error 
bars represent the standard error
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eVects of density, F(2,10) = 95.77, p < 0.001 and walk
type, F(1,5) = 43.06, p = 0.001, but no reliable eVect of task
type, F(1,5) = 0.02, p = 0.882, ns. Additionally, there was a
signiWcant interaction between density and walk type,
F(2,10) = 5.46, p < 0.05, but no other signiWcant interac-
tions. In order to distinguish better between the two walk
task conditions and in order to ensure that there is no main
eVect of task type hidden in the data, we further did two 2
(task type: Wxation, saccade) £ 3 (density: 12, 24, 36 discs)
ANOVAs on the arcsin transformed accuracy data for each
of the two walk task conditions separately. As expected, we
found a main eVect of density in the zero-step condition,
F(2,10) = 51.53, p < 0.001 as well as in the multiple-step
condition, F(2,10) = 53.31, p < 0.001, but no signiWcant
main eVect of task type, neither in the zero-step condition,
F(1,5) = 0.0004, p = 0.985, ns, nor in the multiple-step con-
dition, F(1,5) = 0.325, p = 0.593, ns. We also found no
interaction between density and task type, F(2,10) = 0.51,
p = 0.556, ns, zero-step condition, and F(2,10) = 0.55,
p = 0.541, ns, multiple-step condition.

Discussion

This study investigated whether providing explicit occulo-
motor coordinates of the start location of an attentional
walk, via eVerent signals generated by executing an eye
movement to that location, would facilitate the subsequent
attentional walk by providing a more stable anchor for the
walk. Generally performance in the attentional walk task is
limited by the density of items. In particular, it decreases
with increasing density. Recent studies have shown that
this limitation reXects the precision with which attention
can be localized (Moore et al. 2007, 2008). Given the close
relationship between attention and eye movements (e.g.,
Corbetta 1998; de Haan et al. 2008; HoVman and Subr-
amaniam 1995; Kowler et al. 1995; Moore and Fallah
2001, 2004; Müller et al. 2005; Rizzolatti et al. 1987), we
hypothesized that explicit eye movements to the start loca-
tion of the attentional walk would improve performance.
The idea was that the overt shift of gaze would activate spe-
ciWc coordinates within the systems involved in both the
control of eye-movements and attention, including the fron-
tal eye Welds (Moore and Fallah 2004) and the superior col-
liculus (Müller et al. 2005), thereby providing a more
precise representation of this start location than can be
achieved through covert shifts of attention alone. We
hypothesized, in particular, that this more precise represen-
tation of the starting location of the attentional walk would
serve as an anchor and thus increase the precision with
which subsequent steps of attention could be performed in
the eye movement condition. Contrary to this hypothesis,
however, performance of the attentional walk was

unaVected by initial explicit shifts of gaze to the start loca-
tion of the attentional walk.

What are some potential reasons for the failure of
explicit eye movements to improve the control of covert
shifts of attention in the walk task? One possibility is that
explicitly activating the coordinates of the start location
did, in fact, help during the early steps of the attentional
walk, but that the accumulation of error during the atten-
tional walk overwhelmed that advantage thereby prevent-
ing the detection of it in the measure of overall
performance. It must be noted, however, that no advantage
for explicit eye-movements was found in the zero-step con-
dition, which measures performance at the very beginning
of the attentional walk. This makes it unlikely, that the
accumulation of error caused the lack of an eVect of the ini-
tial eye movement. Moreover, the lack of an eVect even in
the zero-step condition suggests that an explicit visual
marker (i.e., an exogenous cue for shifting attention) is as
good as an explicit occulomotor shift of the eyes, which is
striking.

Second, it is possible that the coordinates provided by the
eye movement system are not actually available for covert
orienting of attention. This seems like an unlikely explana-
tion. There is extensive behavioral evidence demonstrating
a close link between the attention and eye-movement sys-
tems (e.g., de Haan et al. 2008; HoVman and Subramaniam
1995; Kowler et al. 1995; Rizzolatti et al. 1987) and
microstimulations of the frontal eye Welds (Moore and
Fallah 2001, 2004) and the superior colliculus (Müller et al.
2005), generate shifts of attention without overt eye move-
ments. Therefore, the two systems depend on common brain
areas for control (see also Ignashchenkova et al. 2003;
McPeek and Keller 2002, 2004; Schall 2004).

Another possibility is that the failure of explicit eye
movements at the beginning of the walk to improve perfor-
mance in the walk task itself is due to diVerences between
voluntary and involuntary control of attention (e.g., Briand
1998; Briand and Klein 1987; Corbetta and Shulman 2002;
Klein 1994; Lu and Dosher 2000; Prinzmetal et al. 2005;
Riggio and Kirsner 1997) SpeciWcally, the Wrst covert atten-
tional shift in the Wxation condition is done in response to a
peripheral Xash that is likely to have triggered an involun-
tary shift of attention to the location of the Xash (e.g.,
Jonides and Yantis 1988; Müller and Findlay 1988; Müller
and Rabbitt 1989; Posner and Cohen 1984; Remington
et al. 1992). For the eye movement condition, in contrast,
the Wrst covert attentional shift is voluntary. This is because
in the Wxation condition covert attention is shifted directly
in response to the blinking of one of the discs, the initial
cue indicating the location the attentional walk should
begin. In the eye movement condition on the other hand,
observers respond with an overt eye movement to this cue
and need to shift their covert attention to the corresponding
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location later, when the blinking of the cue is already over.
It is possible that involuntary covert shifts of attention are
more closely related to the motor system and are, therefore,
more precise than voluntary shifts of attention. Such an
advantage in the Wxation condition could in principle have
countered any advantage that was provided by the activa-
tion of explicit coordinates in the eye movement condition.
This explanation seems unlikely, however, because it
depends on the two eVects—the advantage due to explicitly
activating coordinates with overt eye movements and the
disadvantage attributable to the walk beginning with a vol-
untary shift of attention—being exactly equal to each other,
and thus canceling out across the two conditions.

A Wnal possibility is that when observers shifted their
eyes back to the central Wxation point after making the eye-
movement to the start of the walk task, it required that new
coordinates be activated for that shift back to Wxation, and
these newly activated coordinates overwhelmed any activa-
tion that had occurred with the shift to the start location.
Given that at any given moment only one set of coordinates
can be activated and every shift of attention, be it overt or
covert, occurs within the same coordinate system, a new set
of coordinates will be activated following each shift of
attention replacing the old coordinates associated with the
preceding shift. This way in the eye movement condition
due to the overt shift of attention (the eye movement) back
to Wxation the coordinates associated with the start location
may have been replaced by the coordinates of the Wxation
point. As a result the eye movement condition would have
been indistinguishable from the Wxation condition, in which
the coordinates of the Wxation point were activated anyway.

Indeed, the shift back to Wxation may even have
involved some inhibition of the coordinates of the start
location given that the eyes were shifting away from it
(Abrams and Dobkin 1994; Posner and Cohen 1984; Rafal
et al. 1989, 2006; Ro et al. 2000). This inhibition could
have interfered with the subsequent orienting of attention to
the start location. This hypothesis suggests that theoreti-
cally we may have been able to observe a beneWt of the sac-
cade to the start location of the walk in the saccade
condition provided that no saccade back to Wxation would
have been required afterwards. However, leaving the eyes
centered at the start location disc would have confounded a
potential beneWt of the eye movement providing explicit
coordinates with a beneWt due to a change in eccentricity, as
the accuracy of the attentional walk is higher at smaller
eccentricities than at larger eccentricities (Intriligator and
Cavanagh 2001). The inhibition of a previously Wxated
location might also explain why Wxation walks (overt walks
that involve shifts of the eyes) are generally more accurate
than attentional walks beyond the eccentricity advantage
just mentioned. The Wxation walk could be more precise
because its variability is reduced as previously Wxated

locations are inhibited and it is therefore less likely that the
coordinates of these locations will accidentally be taken as
the coordinates of the current location. This is an advantage
that a covert attentional walk cannot beneWt from, because
voluntary orientation of attention does not show this “inhi-
bition of return” to previously attended locations (e.g.,
Klein 2000; but see Cheal et al. 1998).

In summary, this study investigated if explicit eye move-
ments to the starting point of a series of covert shifts of
attention can reduce limitations in the precision of the
attentional control as observed in the attentional walk task.
No beneWt of explicit eye movements toward the start loca-
tion was found, suggesting that the explicit coordinates
established due to the eye movement cannot be used for
subsequent covert orienting of attention, perhaps because
the same set of active coordinates are used for overt and
covert shifts of attention, thus replacing the coordinates
associated with the start location in the saccade condition
and therefore making them unavailable to be used in order
to improve the accuracy of the start location. This Wnding
underlines the close connection between overt and the
covert attentional orienting.
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