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How quickly can we shift the focus of visual attention? We compared the rates of two types of attentional shifts: attentional 
saccades (shifts between objects) and attentional pursuit (shifts along with a moving object). Instead of measuring the  
time required for a single shift, which confounds shift time with cue interpretation time, we measured the pace at which 
observers could make multiple successive shifts in a predictable order. We find that successive attentional saccades 
between objects are quite slow (300-500 ms). The object-based theory of attention predicts that attention should shift 
between locations more quickly when in pursuit of a moving object. Our results support this theory. Attentional pursuit is 
substantially faster - taking only 200-250 ms to cover the same distance. “Indexing” a moving object (keeping track of one 
object) can be done at even faster rates, supporting a distinction between attending to and indexing objects. 
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Introduction 
How quickly can we shift the focus of visual attention? 

This is a fundamental issue in the study of attention. Esti-
mates of the rate at which attention can shift are central to 
the debate over serial and parallel processing (Duncan, 
Ward, & Shapiro, 1994; Moore, Egeth, Berglan, & Luck, 
1996), the relationship between overt and covert attention 
(Mackeben & Nakayama, 1993), and have been used to 
argue for multiple attentional subsystems (Cheal & Lyon, 
1991; Nakayama & Mackeben, 1989). Here we find differ-
ent rates for two distinct types of attention shifts: attentional 
saccades, when attention is commanded to shift between 
objects, and attentional pursuit, when attention can shift 
along with a moving object. The use of the terms “saccade” 
and “pursuit” underlines the obvious similarity between 
these shifts of attention and analogous shifts of the eyes. It 
may be that the types of attentional shifts and the corre-
sponding eye movements share common mechanisms 
(Khurana & Kowler, 1987; Kowler, Anderson, Dosher, & 
Blaser, 1995). However, the distinction between these shifts 
of different rates stands even if attentional “saccades” and 

“pursuit” do not turn out to share mechanisms with the 
corresponding eye movements. 

Attentional saccades: How fast can attention 
shift from object to object? 

Previously, the attentional shifting rate has been esti-
mated from three types of experiments: orienting experi-
ments, attentional reaction time experiments, and visual 
search experiments. All three methods require observers to 
shift their attention from one object to another, “atten-
tional saccades” in our terminology. Use of the orienting 
method is probably most common (Posner, 1980). Observ-
ers respond to a target whose location is varied. A precue 
indicates the target location with varying reliability and the 
cue to target interval is varied. The function relating per-
formance to cue-target interval is used to estimate the time 
required to shift attention. Results from this literature have 
motivated a distinction between two kinds of attentional 
saccades, sometimes termed endogenous and exogenous, 
sometimes central and peripheral. Essentially, they are de-
fined by the type of cues that elicit them. Exogenous (or 
peripheral) cues are presented at the target location and are 
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said to automatically draw attention (Jonides, 1981). En-
dogenous (or central) cues are usually presented at fixation 
and symbolically indicate the cued location; for example, 
an arrow that points to the to-be-attended location. Exoge-
nous and endogenous conditions yield substantially differ-
ent estimates. Exogenous shifts can be completed in less 
than 100 ms, whereas endogenous shifts require more than 
300 ms (Cheal & Lyon, 1991; Nakayama & Mackeben, 
1989). Mackeben and Nakayama (1993) have also shown 
evidence for “express attentional shifts,” which they explic-
itly relate to express saccades, which require only 33 ms. 

A different logic underlies the attentional gating 
method (Reeves & Sperling, 1986). In this method, streams 
of rapidly changing stimuli are presented in two different 
locations. Observers monitor one stream for a trigger 
stimulus (such as a “2” in a stream of digits) and then shift 
their attention to a second stream, reporting the first stimu-
lus they detect in the second stream (e.g., the first letter). 
The time to shift attention can be inferred from the time 
between the presentations of the trigger and of the reported 
stimulus. Estimates of the attention shift time from this 
paradigm are typically in the 300-ms range (Klein & Dick, 
2002; Reeves & Sperling, 1986; Sperling & Weichselgart-
ner, 1995). If there is a single stream, and the trigger stimu-
lus is a bright frame around the stream, observers can often 
report the letter presented simultaneously with the trigger, 
indicating that the “attentional gate” can be opened almost 
instantly (Weichselgartner & Sperling, 1987). Therefore, 
the additional 300-ms delay when shifting from one stream 
to another is clearly a cost for shifting the locus of atten-
tion. Furthermore, Shih and Sperling (2002) argue that this 
cost is independent of the distance between the two 
streams; the 300-ms cost can be interpreted as the time 
necessary to shift the locus of attention, rather than the 
time for attention to cover a particular distance in some 
analog fashion. 

Both of the methods reviewed above are intended to 
measure a single attentional saccade. However, it is impor-
tant to realize that the time needed to detect the cue and to 
determine the next locus of attention is incorporated into 
the estimate of the shift time. Hence, it is unsurprising that 
using shift cues which take longer to interpret results in 
longer estimates of shift times (Reeves & Sperling, 1986). 
Cue interpretation time can be reduced by using exogenous 
cues, but it is uncertain whether it is eliminated. Another 
issue is that processing the cue may interfere with process-
ing the target, resulting in further inflation of the time 
needed to shift attention (Peterson & Juola, 2000). 

To eliminate the contribution of cue interpretation 
time to the estimate, one can measure the total time re-
quired for multiple attentional shifts that are elicited by a 
single cue. If the number of shifts is varied, the added time 
per shift should reflect the shift time alone. This logic has 
been used to estimate the shift time from the results of vis-
ual search experiments. 

In visual search experiments, observers are presented 
with an array of multiple items and asked to discriminate 

some aspect of the target item (e.g., its color, identity, pres-
ence, or absence). The number of items (the set size) is var-
ied, which typically results in a linear relationship between 
set size and reaction time (RT). To estimate the attentional 
shift time, researchers assume that items are processed seri-
ally, with a single attentional saccade after each item is 
processed. A further assumption is that other mental proc-
esses, including initial processing of the display, decision, 
and motor processes, do not interact with the number of 
items. The increase in RT with a one-item increase in set 
size (the slope) is then the rate of attentional deployment. 
Typical estimates are on the order of 50 ms/item (e.g., 
Wolfe, 1998).  

However, the assumption that the stimuli are processed 
serially may not be warranted. Results of visual search ex-
periments may be explained just as well with the assump-
tion that multiple items are processed in parallel (Eckstein, 
Thomas, Palmer, & Shimozaki, 2000; McElree & Carrasco, 
1999; Palmer, Verghese, & Pavel, 2000). It has even been 
suggested that individual items may be processed more 
than once during search (Horowitz & Wolfe, 1998; 
Horowitz & Wolfe, 2001, 2003), further complicating this 
estimate. 

Not only the number but also the nature of attentional 
saccades in search is undetermined. Recall that researchers 
estimated much slower shift times with endogenous cues 
than with exogenous cues. Which of these cueing situations 
is more like the situation during visual search? Because 
there are no external events to capture attention during 
visual search, all shifts might be considered endogenous. 
On the other hand, attention presumably shifts to the most 
salient items in the field and in this sense may be stimulus-
driven or exogenous (Briand, 1998; Briand & Klein, 1987; 
Klein, 1988). 

To investigate the rate of attentional saccades and their 
role in visual search, Horowitz, Wolfe, and Alvarez (2004; 
see also Wolfe, Alvarez, & Horowitz, 2000) sought to 
bridge the orienting and visual search paradigms. Their 
variant of the search task measured the rate of attentional 
saccades under a “commanded” condition and an “anar-
chic” condition. The stimulus was a series of eight frames, 
each consisting of a circular array of eight letters. The let-
ters changed on each frame. In commanded search, observ-
ers were required to step their attention around the circle 
with each frame, stepping to the next, Nth location each 
time a new frame appeared. The target was presented only 
once. It appeared in the Nth location on the Nth frame, 
with N varying from trial to trial. Thus, if the observer had 
been successfully shifting attention by one step on each 
frame, the target would appear at the attended location. If 
the observer had not been able to deploy attention as 
commanded, the target would be elsewhere and the post-
mask would prevent perception of it. A staircase procedure 
was used to determine the maximum frame rate that still 
allowed reasonable accuracy (66.7% in a condition where 
chance performance was 25%). The anarchic condition was 
similar, except that a target, varying in position across trials, 
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was present on each frame and observers were told to 
search for the target but not instructed to shift attention in 
any particular fashion. In this way, the anarchic condition 
was like a conventional visual search task. The anarchic 
procedure produced an estimate of 84 ms for each anarchic 
deployment and shift. The commanded search procedure 
produced an estimate of 274 ms for each attentional sac-
cade.  

These slow shifts in the command condition are com-
parable to those in endogenous cueing studies. However, 
the commanded search task requires observers to identify a 
letter on each frame, and therefore the shift duration esti-
mate includes the time to identify letters, rather than just 
the time to shift attention. In the present experiments, we 
seek converging evidence for the rate of attentional sac-
cades using tasks that do not require that an act of identifi-
cation accompany each shift of attention. We compare at-
tentional saccade rate to the rate at which attention can 
track an object through space (attentional pursuit). 

Attentional pursuit: How fast can attention 
follow an object? 

A substantial body of data supports the theory that at-
tention can select objects (Chen, 2000; Davis, Welch, 
Holmes, & Shepherd, 2001; Tipper, Jordan, & Weaver, 
1999; Tipper, Weaver, Jerreat, & Burak, 1994; Wolfe & 
Bennett, 1997), in addition to locations (Egly, Driver, & 
Rafal, 1994; but see Tsal & Lamy, 2000). Here we point 
out a novel prediction of that theory. When a selected ob-
ject moves, the focus of attention should move with the 
object to the new location. It would not need to be selected 
again  in its new location, having never been unselected. It 
follows that the rate that limits attentional saccades might 
not limit attentional pursuit. Attention might, therefore, 
move with an object from point A to point B more quickly 
than it can be deployed from an object at A to and then to 
an object at B. One way to test this hypothesis is to use a 
task where the motion is ambiguous unless attention re-
mains attached to specific objects. 

Verstraten, Cavanagh, and Labianca (2000), developed 
such a method. Observers are presented with a counter-
phase motion display (Cavanagh, 1992; Wertheimer, 1912) 
that consists of two alternating frames of objects arranged 
in a circle (Figure 1). Objects (small disks in this case) are 
displaced from one frame to the other in such a way that 
apparent motion can be seen either clockwise or counter-
clockwise, according to the bias of the observer. Observers 
were instructed to perceive motion in one direction and to 
use attention to track a single disk as it moved. After the 
motion stopped, observers indicated which disk they had 
been tracking. The velocity of the disks was adjusted using 
both staircase and method of adjustment techniques to 
determine the maximum velocity at which observers could 
reliably track. Because observers were asked to fixate, and 
the disks were identical, observers could only distinguish 
the target disk from the others by successfully pursuing the 
target with covert attention.  

Verstraten et al. (2000) were primarily concerned with 
determining the conditions under which one could per-
ceive motion while attentively tracking. As a result, their 
data are expressed in terms of the flicker rate of the stimuli, 
rather than the attentional shifting rate. However, a flicker 
rate corresponds to a particular rate at which attention 
must shift to follow the motion. With a two-frame stimu-
lus, one cycle corresponds to two attentional fixations. In 
their Experiment 1, using the counterphase motion stimu-
lus, they found an upper limit of 7Hz for the flicker rate. 
This means that a two-frame cycle took 143 ms; and, there-
fore, attention was able to move every 71 ms, roughly three 
times faster than the rate of attentional saccadic shifts re-
ported by Wolfe et al. (2000). 

Even faster estimates can be obtained from the Ver-
straten et al. (2000) Experiment 2, which employed an un-
ambiguous apparent motion display with four disks pre-
sented in each of the frames. The independent variable is 
the number of intervening positions that a single disk 
would occupy in traveling one quarter of the way around 
the circle (90°). Because there are four disks, every 90° rota-
tion returns the display to its initial configuration, and 
constitutes one cycle. So the inverse of the flicker rate is the 
time taken to travel 90°. Figure 6 in Verstraten et al. (2000) 
indicates that when the number of intervening positions is 
eight, the maximum flicker rate at which observers could 
attentively track was 8Hz, corresponding to 125 ms per 90° 
cycle. Because there were eight intervening positions, if at-
tention was actually directed to each intervening position, 
the effective shifting rate is 125/8, or 15.6 ms/step. This is 
approximately an order of magnitude faster than the rates 
reported in Wolfe et al. (2000). 

-

 

 

Figure 1. An animated cartoon to illustrate the attentional sac
cade condition. 
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Verstraten et al. (2000) argue that breakdown of atten-
tional pursuit in their display was not caused by a shifting 
limit, but rather a limit to the temporal resolution of atten-
tion. Tracking failed when disks were repeatedly presented 
in the same location more than 5 or 6 times a second. It 
seems that in such circumstances, a disk groups with the 
next disk presented in the same location, preventing appar-
ent motion. 

Thus, the results of Verstraten et al. (2000) support the 
notion that attentional pursuit of a moving object, in this 
case a circle in apparent motion, is faster than attentional 
saccades between objects. However, there are three reasons 
to be cautious about this conclusion. First, as noted above, 
the attentional saccade method of Wolfe et al. (2000) may 
underestimate the maximum rate of attention shifts be-
tween objects because it requires identification of a letter 
with each shift. Second, Verstraten et al. (2000) appear to 
have tested only experienced psychophysicists, whereas the 
Wolfe et al. (2000) observers did not have extensive train-
ing. Differences in expertise may have contributed to the 
difference in estimates. Third, and most significantly, it is 
quite possible that the attentional pursuit task of Ver-
straten et al. (2000) did not require attention, in the classi-
cal sense, to each location along the object’s trajectory.  

Verstraten et al. (2000) observers were asked to report 
which disk they had been tracking. This tests object conti-
nuity: the ability to indicate which object at the end of the 
trial corresponds to which object at the beginning of the 
trial. There are two prevailing theories about how the visual 
system maintains object continuity. According to Pylyshyn 
and his colleagues (Pylyshyn, 1989; Schmidt, Fisher, & 
Pylyshyn, 1998; Scholl & Pylyshyn, 1999; Trick & Pyly-
shyn, 1993), object continuity is mediated by a “visual in-
dex” (or “FINST” – Finger of INSTantiation), which func-
tions much as a pointer does in computer science. The vis-
ual index is assigned to an object, and then attention can 
later be directed to the object by querying the index. The 
index itself carries no information about the object except 
its current location, which presumably is constantly up-
dated by low-level motion processes. 

Kahneman and Treisman (1984; Kahneman, Treisman, 
& Gibbs, 1992) suggested that when an object is attended, 
a representation called an “object file” is opened, which 
mediates between the visual representation and memory. 
When attention is redirected to that same object at a later 
time, object files previously associated with that item are 
retrieved, a process termed “impletion.” Object file theory 
is similar to visual index theory in that object continuity is 
mediated solely by the spatiotemporal history of the object. 
However, there are a number of differences in the treat-
ment of object continuity under visual index theory and 
object file theory. Critically, the object file contains a 
wealth of information about the featural and semantic 
qualities of the object, unlike the visual index. 

According to both accounts, then, determining object 
continuity does not actually require continuously attending 
to the object from start to finish. Instead, the task can be 

accomplished either by assigning a FINST or via impletion 
at the end of the motion sequence. Note that Pylyshyn 
(1989) explicitly distinguishes between “attending” to an 
object and “indexing” that object. Attention entails access 
to all of an object’s properties (Kahneman et al., 1992; 
Treisman & Gelade, 1980), including its identity. Indexing 
is a narrower operation, entailing only the ability to distin-
guish an object on the basis of its spatiotemporal history. 
Using multiple object tracking and enumeration para-
digms, Pylyshyn and his colleagues have argued that the 
visual system is capable of indexing four or five objects 
(Pylyshyn & Storm, 1988; Scholl, Pylyshyn, & Feldman, 
2001; Trick & Pylyshyn, 1994). Similarly, Kahneman et al. 
(1992) proposed that a limited number (3–4) of object files 
could be open at any one time. While Pylyshyn’s visual in-
dexes (or “FINSTs”) are often described as a form of atten-
tion, Pylyshyn has been careful to note that an indexed ob-
ject is not necessarily an attended object in the conven-
tional sense. In support of this distinction, Scholl, Pyly-
shyn, and Franconeri (2004) found that although observers 
report the motion and location of tracked objects accu-
rately, reports of other featural properties such as color or 
shape are inaccurate. Because Verstraten et al. (2000) re-
quired their observers to report which disk they had been 
tracking, rather than a featural property of the target disk, 
their results may reflect limits on object continuity rather 
than attention per se. 

Experiment 1 
Our method of measuring the time required for differ-

ent attentional shifts was designed with two goals in mind: 

1. To use similar stimuli and similar methods to 
measure attentional saccades and attentional pur-
suit.  

2. To avoid the problematic assumptions of previous 
methods.  

The procedure directly compares the movement of at-
tention while pursuing a moving object with shifts of atten-
tion between objects. In the attentional saccade condition, 
observers view a display of 12 circular placeholders, arrayed 
in a circle around the fixation point (see Figure 1). The task 
is to step attention from placeholder to placeholder around 
the circle, in a specified direction and at a rate paced by a 
regular series of tones. Because the tones occur at regular 
intervals, observers could anticipate the cue and shift atten-
tion without taking the time to process each tone. In other 
words, once observers began moving their attention at the 
right pace, they could simply continue to do so, minimizing 
the role of cue processing time. At a randomly chosen time 
after the tone had sounded between 12 and 24 times, six 
probe letters were briefly presented, then masked. The ob-
server was asked to report which letter was presented in the 
attended placeholder. 
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In contrast to the attentional saccade condition, the at-
tentional pursuit condition was designed to reveal the tem-
poral limit for shifting attention with objects, rather than 
between them. In this condition, the 12 locations were split 
into two sets of six placeholders. These were presented in 
two alternating frames (see Figure 2). Such a display can be 
seen rotating either clockwise or counterclockwise. The 
direction can be governed by the intention of the observer 
(Shioiri, Yamamoto, Kageyama, & Yaguchi, 2002; Ver-
straten et al., 2000). Observers were asked to use their at-
tention to follow a particular object moving either clock-
wise or counterclockwise. Six probe letters were then briefly 
presented just as in the command condition, and the ob-
server reported which letter appeared in the attended 
placeholder. Success on this task indicated that observers 
did have access to the features in the critical location, as 
opposed to merely indexing the location as might have 
been possible in the Verstraten version of the task.  

It might be argued that attentional pursuit might better 
be measured using a continuous stimulus, such as a sinu-
soidal radial grating (Cavanagh, 1992). However, our con-
cern here was to match the attentional saccade and atten-
tional pursuit conditions as closely as possible. 

To determine the fastest rate at which observers could 
shift their attention, the tone rate in the attentional saccade 
condition and the frame alternation rate in the attentional 
pursuit condition were independently staircased to achieve 
66.7% accuracy. In both conditions, the measure of suc-
cessful shifting of attention at the intended rate was the 
identification of the target letter. Note that observers do 

not need to identify a stimulus with each shift of attention 
in either condition. The critical difference between condi-
tions is that, in the attentional saccade condition, observers 
had to shift attention from one object to the next, whereas 
in the attentional pursuit condition, the observer could 
track an object in apparent motion around the circle. 

The number and spatial extent of attention shifts are 
the same in the attentional saccade and pursuit conditions. 
However, the attentional saccade condition shows 12 ob-
jects on the screen at any one time, compared to 6 in the 
attentional pursuit condition. It is possible that crowding 
or load effects might impair attention shifting in the atten-
tional saccade condition. To address this we added a con-
trol condition, designated attentional saccade-6, which is 
identical to the attentional saccade condition except that 
only six places are occupied. To put it another way, the at-
tentional saccade-6 display is identical to one frame of the 
attentional pursuit condition. If faster shifts are observed in 
the attentional pursuit condition than in the attentional 
saccade condition because of the reduced number of stim-
uli in the attentional pursuit condition, then the same 
faster shifts should also be observed in the attentional sac-
cade-6 condition.  

The second difference between attentional saccade and 
attentional pursuit conditions is that observers are provided 
with an auditory cue in the attentional saccade condition 
but not in the attentional pursuit condition. It may be that 
tones are particularly effective in triggering attentional 
shifts. However, note that this would work against our pre-
diction that attentional saccade rates will be slower than 
pursuit rates. 

To summarize, four aspects of the method are critical. 
First, the task involved multiple shifts of attention on each 
trial, reducing the proportional contribution of cognitive 
setup time and initial cue processing time. Second, observ-
ers were not required to process an object or object prop-
erty on each shift. This reduced or eliminated the contribu-
tion of the time to identify an object. Third, after a succes-
sion of shifts, our probe task required form processing (let-
ter identification). This assures that observers deployed at-
tention to the object and did not merely index it as was 
possible in the Verstraten version of the pursuit task. Fi-
nally, our method experimentally specified the number of 
attentional shifts required of our observers, rather than 
requiring a post hoc inference of the number of shifts (as in 
visual search methods). 

 

Figure 2. An animated cartoon to illustrate the attentional pursuit
condition. 

Methods 
Observers 

Nineteen observers from the paid observer panel of the 
Visual Attention Laboratory at Brigham & Women’s Hos-
pital in Boston participated in this experiment. All observ-
ers had normal or corrected-to-normal vision (20/25 or 
better) and passed the Ishihara test for color blindness. Ob-
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servers gave informed consent and were compensated 
$10/hour for their time. 

Apparatus & stimuli 
Stimuli were presented on 21 in. color monitors with a 

refresh rate of 75 Hz controlled by Power Macintosh com-
puters running Matlab 5.1 (Mathworks) utilizing the Psy-
chophysics Toolbox (Brainard, 1997) routines. 

In the attentional saccade condition, the stimulus con-
sisted of an array of 12 white placeholders, circles of diame-
ter 2.12° visual angle, evenly spaced along an imaginary 
circle of radius 5.29° visual angle centered on fixation (see 
Figure 1). In the attentional pursuit condition, two frames 
were generated, each containing one set of six placeholders 
(see Figure 2). In the attentional saccade-6 condition, the 
stimulus consisted of one set of six placeholders, arranged 
as shown in the first frame of Figure 2. Probe stimuli were 
black 60-point Arial letters contained within 2.36° visual 
angle bounding boxes. The letters “I,” “O,” and “W” were 
omitted. Masks were constructed by superimposing the 
characters “+,” “X,” and “O” in 60-point Arial font. Masks 
were white. Cue disks were 1.41° visual angle in diameter 
and white. Stimuli were presented on a gray background. 

Procedures 
In the attentional saccade condition, observers were in-

structed to step their attention around the circle of place-
holders, beginning with the placeholder at the top of the 
display (the “12 o’clock” position). Observers initiated each 
trial with a key press. Each trial began with a presentation 
of the fixation cross (Arial 60-point “+” within a 2.36° 
bounding square) for 667 ms. Then the 12 placeholders 
appeared, with a cue disk in the 12 o’clock placeholder. 
The cue disk then moved either clockwise or counterclock-
wise for four steps, indicating both the direction and pace 
at which observers should move their attention. The direc-
tion was selected randomly on each trial. A 750-Hz, 50-ms 
tone was sounded with each successive presentation of the 
cue disk, and continued at the same pace after the cue disk 
disappeared. Observers were instructed to maintain fixation 
while shifting their attention at the indicated pace. After a 
random number of steps between 13 and 25 (that is, some-
time during the second circuit of the display), the place-
holder display was abruptly replaced with a probe frame, 
consisting of six randomly selected probe letters. One probe 
letter was presented at the location that the observer would 
have been attending to, had she been shifting her attention 
at the correct rate. The remaining probes were presented at 
alternating locations around the circle (see Figure 1). For 
example, if the observer should have been attending to the 
4 o’clock location, probes were presented at all even-
numbered locations. Probes were presented for 133.33 ms 
and then masked. The observer was then asked to report 
which letter was at the location she was attending to by 
pressing the appropriate key on the keyboard. The observer 

was then asked to confirm her response before going on to 
the next trial. 

In the attentional pursuit condition, observers were told 
that they would see two alternating frames of six circles, 
which they could see as moving either clockwise or coun-
terclockwise, as they chose. They were instructed that their 
task was to use their attention to follow the circle that 
started at the 12 o’clock position. As in the attentional sac-
cade condition, a cue disk was initially presented in this 
circle. It then moved four steps either clockwise or counter-
clockwise to indicate the direction of motion that the ob-
server should follow. Aside from the alternation of even 
clock positions with odd clock positions, the procedure in 
this condition was precisely the same as in the attentional 
saccade condition (see Figure 2). 

The attentional saccade-6 condition was identical to 
the attentional saccade condition except that there were 
only six placeholders on the screen. 

In all three conditions, the pace was controlled by a 
staircase designed to converge on the pace that yielded 
66.7% correct. If the observer responded incorrectly, the 
duration of each interval increased by 26.67 ms. If the ob-
server made two consecutive correct responses, the dura-
tion decreased by 13.33 ms. A staircase run began with a 
block of 20 practice trials. The initial duration of this prac-
tice block was set to 667 ms (1.5 Hz). The initial duration 
for the run of experimental trials was determined by com-
puting the half-way point between the initial and final du-
rations of the practice block. The experimental staircase 
was terminated after the observer had completed at least 
100 trials and the staircase had undergone at least 12 rever-
sals. Asymptotes were computed as the average duration 
over the last 10 reversals. 

Each observer completed one run of each condition, 
and the order of conditions was counterbalanced. The ex-
periment took roughly half an hour.  

Results 
Three observers were eliminated because their stair-

cases in at least one condition increased rather than de-
creased during the experiment, indicating an inability to do 
the task at all. The staircase procedure causes the presenta-
tion rate to converge on the fastest rate at which observers 
can shift their attention and perform the task with 66.7% 
accuracy. Average asymptotes from the remaining 16 ob-
servers are shown in Figure 3. 

Planned comparisons indicate that the asymptotes in 
the attentional pursuit condition (mean of 199.1 ms/step) 
were significantly lower than in the attentional saccade 
(mean of 331.9 ms/step) (t(15) = 2.66, p < .05) or atten-
tional saccade-6 (mean of 358.1 ms/step) (t(15) = 3.34,  
p < .005) conditions. Asymptotes did not differ between 
the two attentional saccade conditions (t(15) = 1.07,  
p > .10). 
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Figure 3. Asymptote data from Experiment 1. Asymptotes were
computed as the average of the last 10 staircase reversals. Error
bars in this and all subsequent figures indicate the SEM. 

Discussion  

Figure 4. Staircase data from Experiment 1. Blue circles denote
the attentional saccade condition, green triangles the attentional
pursuit condition. Panel A shows the average staircase across all
16 observers in the attentional saccade and attentional pursuit.
Panel B plots the staircases for observer MS, who performed well
on the attentional pursuit task. Panel C plots the staircases for
observer RM, who apparently had trouble with the attentional
pursuit task. 

The result in the attentional saccade condition estab-
lishes that even when observers do not have to identify a 
letter with each step, saccadic deployments of attention are 
quite slow, 331.9 ms per shift in this experiment. This is 
even slower than the 217 ms/step reported by Wolfe, Alva-
rez, and Horowitz (2000). The sluggish Wolfe et al. estimate 
might have been attributed to the need to identify a stimu-
lus with each shift. However, the present result establishes 
that shifts are slow even without this requirement. Shifts of 
attention were substantially faster in the attentional pursuit 
condition. This advantage for pursuit was clearly not due to 
the smaller number of items on the screen, because asymp-
totes in the attentional saccade-6 condition were even 
slower than in the standard attentional saccade condition 
(though not sufficiently slow as to suggest a cost for dis-
tance). 

Although the asymptotes in the attentional pursuit 
condition were faster than those of the attentional saccade 
condition, they were much slower than the rates found by 
Verstraten et al. (2000). At first glance, this seems to indi-
cate a difference between the rate of indexing as measured 
by Verstraten et al. and the rate of selective attention shifts 
measured in the present experiments. However, Verstraten 
et al. also used experienced psychophysical observers, 
whereas our observers were comparatively psychophysically 
naïve, with no experience in tracking ambiguous motion 
stimuli. There is reason to believe that at least a few of our 
observers may have had difficulty in properly perceiving the 
counterphase stimuli. Figure 4 plots staircases from 
Experiment 1. Panel A shows the average staircase. Stair-
cases for a typical observer (RS) are shown in Panel B. Panel 
C, however, shows staircases from an observer (RM) who 

appeared to have difficulty with the pursuit task. The data 
of three other observers behaved similarly. This may reflect 
natural variation in ability to rapidly shift attention, or it 
may reflect inexperience with these displays. 

Another issue is that in our experiment, the probe task 
itself, identification of a brief, masked letter, may have been 
difficult for some observers. This would further reduce the 
rate estimates in comparison to those of Verstraten et al. 
Indeed, this may also explain why threshold rates in the 
attentional saccade condition were slower than those found 
in the comparable conditions of Wolfe et al. (2000). 
Experiment 2 was designed to address these problems.  

Experiment 2 
In Experiment 2, we replicated Experiment 1, but 

added additional training procedures. The practice and 
screening procedure had two parts. First, we attempted to 
teach each subject to attentionally track an ambiguous mo-
tion stimulus.  

Second, we practiced observers on the attentional sac-
cade and attentional pursuit tasks at a very slow rate, with 
the cue disk continually present, so we were confident that 
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they would have no trouble attending to the correct loca-
tion at the time of the probe. The probe duration was the 
same as in the experiment proper. This procedure had two 
advantages. First, observers had ample opportunity to famil-
iarize themselves with all aspects of the task without de-
mand of rapid attention shifts. Second, we were able to 
determine each observer’s ability to perform the probe task 
directly.  

Methods 
Observers 

Twenty observers from the Visual Attention Labora-
tory’s paid observer panel participated in this experiment. 

Apparatus & stimuli 
The apparatus was the same as in Experiment 1. The 

main experiment and the masked letter identification train-
ing procedure used the same stimuli as in Experiment 1, 
except that the size of the placeholder circles was increased 
to 2.36° visual angle. The ambiguous motion training 
stimuli were generated and presented using Macromedia 
Flash™ 5. These stimuli consisted of a set of sixteen 1.78° 
black disks arranged in a circle with a radius of 3.81°. Four 
equally spaced disks had a quadrant deleted and served as 
inducers for an illusory Kanisza square. The placement of 
the inducers from frame to frame varied according to 
whether ambiguous or unambiguous motion was being pre-
sented, and, in the case of unambiguous motion, the direc-
tion of motion. 

Procedure 

Ambiguous motion training. The purpose of this proce-
dure was to teach each observer to attentionally track an 
ambiguous motion stimulus. 

Observers were shown a fixed sequence of displays in-
tended to demonstrate apparent motion and ambiguous 
apparent motion, and to train the observers to disambigu-
ate the ambiguous motion displays at will. Observers who 
failed at least three steps in this procedure were considered 
to have “failed” this phase of the experiment. Initially, such 
observers were excluded from further participation at this 
point. Three observers were eliminated in this fashion. 
However, we then decided that it would be useful to test 
such observers in the main experiment, to determine 
whether or not the training procedure was useful and/or 
predictive of performance. 

1. Observers were shown an unambiguous clockwise 
motion display (Figure 5) at 2 Hz and asked to re-
port what they saw. All observers spontaneously 
reported a moving illusory square. If the observer 
reported a rocking motion percept rather than ro-
tation, the experimenter prompted the observer, 
asking, “Can you see this as a big white square ro-
tating clockwise?” All observers passed this step. 

2. Observers were shown an ambiguous motion dis-
play at 1.5 Hz. After making sure that the observer 
could see the illusory square moving, a blue chev-
ron was added to one of the inducers (Figure 6). 

Figure 6. Ambiguous motion training method. This movie was
used to demonstrate ambiguous motion, with a cue (blue chev-
ron) to help observers see clockwise motion. 

Figure 5. Ambiguous motion training method. This movie was
used to demonstrate unambiguous clockwise motion.  
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The chevron changed position in such a way as to 
specify clockwise motion for five consecutive 
frames, and then disappeared. The ambiguous mo-
tion sequence continued at this point. The experi-
menter instructed the observer to follow the chev-
ron with their mind to produce a percept of clock-
wise motion, and then to imagine that the clock-
wise motion continued after the chevron disap-
peared. This procedure was repeated. The observer 
reported when the clockwise motion percept 
stopped. The observer had to report seeing clock-
wise motion for at least five frames in order to pass 
this step. 

3. The procedure of the second step was repeated us-
ing a 2-Hz display and a counterclockwise motion 
cue. 

4. Observers were shown a 1.5-Hz ambiguous motion 
display (Figure 7), and told, “This figure is ambigu-
ous. Sometimes people see it as rotating clockwise, 
and sometimes they see it as rotating counter-
clockwise. Also, some people can use their mind 
and attention to control which way it appears to 
rotate for them. Which way are you seeing it now?” 
The experimenter then asked the observer to re-
verse the direction of motion. Observers who could 
not make the motion reverse failed the fourth step. 

5. Starting with the fifth step, observers were asked to 
fixate the central dot while looking at the displays. 
Here they were shown a 2-Hz ambiguous motion 
display with a disambiguating blue chevron indicat-
ing clockwise motion. Again, observers had to keep 
the clockwise motion going for at least five frames 
after the chevron disappeared in order to pass this 
step. 

6. The next display was a 1.5-Hz ambiguous motion 
display (Figure 7). Observers were again asked to 
control the direction of motion while maintaining 
fixation. If they could not control the direction, 
they failed this step. 

7. Step 6 was repeated with a 2-Hz display. 

8. Finally, we included a check for demand character-
istics. Observers were shown an unambiguous 2-Hz 
clockwise motion display, and asked to see it mov-
ing counterclockwise. Observers who reported see-
ing counterclockwise motion failed this step. 

Training with masked letter identification. The purpose 
of this procedure was to give subjects experience with main-
taining fixation, shifting attention, and reporting a masked 
item in the periphery. The procedure was similar to the 
main experiment, except that the pace was a constant 667 

ms/step. Also, observers were provided with an unambigu-
ous cue in the form of a white cue disk which stepped 
around the display at the proper rate. Observers needed 
only to follow the cue disk in order to be attending to the 
location of the critical, postmasked letter when it appeared. 
The order of conditions in training was counterbalanced. 
Main experiment. Experimental procedures were identical 
to those used in Experiment 1, except that only the atten-
tional saccade and attentional pursuit conditions were run. 
The experiment took less than 1 hr for each observer. 

Figure 7. Ambiguous motion training method. This movie was
used to demonstrate ambiguous motion. 

Results 
Three observers were eliminated after the ambiguous 

motion training phase of the experiment. One observer was 
eliminated for having a constantly increasing staircase in 
the attentional pursuit condition. Results from the remain-
ing 16 observers are shown in Figure 8. The mean atten-
tional pursuit asymptote, 250.2 ms, was significantly lower 
than the mean attentional saccade asymptote, 500.2 ms 
(t(15) = 4.15, p < .001). 

Performance in the training session was marginally 
negatively correlated with asymptote for the attentional 
saccade condition (r = –.47, t(14) = 2.01, p = .064), and 
unrelated to asymptote for the attentional pursuit condi-
tion (r = –.23, t(14) < 1). We split the observers into two 
groups, based on training performance in the attentional 
pursuit condition, and subjected the data to a 2 (atten-
tional saccade vs. attentional pursuit condition) × 2 (high 
vs. low attentional pursuit training performance) repeated 
measures ANOVA. The effect of condition was, of course, 
significant (F(1, 14) = 16.66, p < .005, MSE = 30017). The 
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observers who did well in the initial training on the atten-
tional pursuit task produced somewhat lower asymptotes 
overall in the main experiment (F(1, 14) = 4.59,  
p = .050, MSE = 30809). However, training performance 
did not predict the difference between the attentional sac-
cade and attentional pursuit conditions (F(1, 14) < 1,  
MSE = 30017). Even for the high performance group, the 
mean asymptote was similar to that obtained in Experiment 
1 (Table 1).  

Two observers who “failed” the ambiguous motion 
training procedure were included in the analysis. With a 
group size of 2, it is not possible to come to any statistically 
valid conclusions. However, their results in both conditions 
appear to be within the range set by the remaining 14 ob-
servers. Observer AK produced an asymptote of 800.0 ms 
in the attentional saccade condition and 172.0 ms in the 
attentional pursuit condition, whereas observer MK’s re-
sults were 809.3 and 502.7 ms, respectively. Removing 
these two observers would not change the basic results of 
this experiment. It appears that either the outcome of the 
ambiguous motion training procedure is not predictive of 
observers’ attentional pursuit performance or, conversely, 
that the ambiguous motion training procedure was success-
ful in bringing observers’ performances up to par. 

Asymptotes were longer overall in this experiment than 
in Experiment 1. We analyzed the effect of Experiment 2 
on asymptotes from the attentional saccade and attentional 
pursuit conditions from these two experiments using a 
mixed ANOVA, and obtained a significant main effect 
(F(1, 30) = 5.75, p < .05, MSE = 33461). However, the dif-
ference between the two conditions remained constant (in-
teraction F(1, 30) = 2.24, p > .10, MSE = 24491). 

Discussion 
This experiment closely replicated the results of 

Experiment 1. Shifts of attention between objects took 
about twice as long as shifts of attention pursuing object 
movement. However, the rate of attentional pursuit was 
still fairly slow, somewhat slower than in Experiment 1, and 
substantially slower than observed by Verstraten et al. 
(2000). This difference persisted from the previous experi-
ment despite the fact that we provided our observers with 
instruction and training on tracking ambiguous apparent 
motion stimuli. Of course, it is probable that had we used 
still more experienced psychophysical observers, perform-
ance in the attentional pursuit condition would have im-
proved. However, even our best observer could not follow 
the attentional pursuit display faster than 90 ms/step, and 
recall that this is the rate necessary to achieve only 66.7% 
performance (Verstraten et al. adjusted flicker rate until 
performance was “just possible”). 

 

Figure 8. Data from Experiment 2. Blue circles denote the atten-
tional saccade condition, green triangles the attentional pursuit
condition. A shows the average asymptote in the attentional sac-
cade and attentional pursuit conditions, whereas B plots the av-
erage staircases across all 16 subjects. 

Experiment 3  
Experiment 3 was designed to provide converging evi-

dence for the conclusions of Experiments 1 and 2 using the 
method of constant stimuli. There are three drawbacks to 
the adaptive staircase technique used in Experiments 1 and 
2. First, observers may have difficulty changing the pace of 
attention on a trial-by-trial basis; and, therefore, we may be 
underestimating the maximum rate that observers could 
achieve if allowed to maintain the same rate over many tri-
als. This factor might also interact with the attentional sac-
cade/pursuit manipulation.  

 Saccade Pursuit 
 Mean SEM Mean SEM 

Overall 500.16 50.75 250.18 40.36 
High 411.33 48.66 206.01 45.03 
Low 588.99 80.10 294.34 66.29 

Table 1. Asymptotes (ms per frame) from Experiment 2 accord-
ing to performance on counterphase training. 
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Second, the staircase method provides only a single 
point along the psychometric function, in this case the 
66.7% point. The full function may provide more informa-
tion about the relationship between the two conditions. 
Furthermore, interpretation of staircase data rests on cer-
tain assumptions, including the monotonicity of the under-
lying psychometric function (Leek, 2001). The functions 
here could conceivably be nonmonotonic, as certain rates 
might be more natural, and attempting to move attention 
at faster or slower rates might yield worse performance. Al-
though the average staircase functions are well behaved (see 
Figures 4A and 8B), this is not true for all individual func-
tions (e.g., Figure 4B and 4C), suggesting a possible viola-
tion of the assumptions underlying the staircase method. 

Third, because the average asymptote in the attentional 
saccade condition in Experiments 1 and 2 was approxi-
mately equivalent to the rate of ocular saccades when view-
ing natural scenes, we wished to measure performance un-
der conditions of enforced fixation (see Experiment 4). 
However, the adaptive method is not suited to the eye-
tracker. Trials on which the observer made eye movements 
would have to be eliminated online so as not to affect the 
staircase track, and we did not have the technology avail-
able to do this. 

For these reasons, in Experiment 3 we measured per-
formance at three fixed frame durations: 107, 307, and 507 
ms, corresponding to rates of 9.4, 3.3, and 2.0 Hz, respec-
tively. The primary dependent variable becomes accuracy, 
rather than the staircase asymptote. 

Methods  
Observers 

Fourteen participants from the Visual Attention Labo-
ratory’s paid observer panel participated in this experiment.  

Apparatus & stimuli 
Apparatus and stimuli were identical to those used in 

Experiment 2. 

Procedure 
The sequence of events on a given trial was identical to 

that in Experiments 1 and 2. However, the interval dura-
tion was fixed for a block of trials, instead of being con-
trolled by a staircase procedure. There were six blocks total, 
generated by crossing attentional saccade/pursuit condi-
tions with three interval durations (107 ms, 307 ms, and 
507 ms). Each block began with 20 practice trials, followed 
by 100 experimental trials. Observers ran all three blocks of 
one condition, followed by three blocks of the other condi-
tion. Order of conditions was counterbalanced across sub-
jects, and the order of the interval duration blocks was also 
counterbalanced. 

At the beginning of each condition, the experimenter 
stressed the importance of maintaining fixation on the fixa-
tion cross and illustrated how observers should move their 
attention, pointing with a pen to the appropriate place-

holder on the screen. The experimenter remained with the 
observer until satisfied that the observer was performing 
the task properly. The experiment took approximately 2 hr. 

Results 
Data from two observers were discarded due to diffi-

culty with the task and failure to return to complete the 
study. Performances of the remaining 12 observers are plot-
ted in Figure 9. Accuracy data were analyzed using a two-
way within-subjects ANOVA with condition (attentional 
saccade vs. pursuit) and duration (107 ms, 307 ms, and 507 
ms) as factors. Accuracy was higher in the attentional pur-
suit condition compared to attentional saccade  
(F(1, 11) = 14.3, p < .005), and increased with interval du-
ration (F(2, 22) = 24.4, p < .0001). The two factors inter-
acted (F(2, 22) = 5.1, p < .05) such that performance was 
identical at 507 ms, but the two conditions diverged as in-
terval duration decreased. 
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Figure 9. Data yielded by the method of constant stimuli
(Experiment 3). Blue circles denote the attentional saccade con-
dition, green triangles the attentional pursuit condition. 

Discussion 
Despite the changes to the experimental procedure, be-

tween-object attentional shifts were still slower than pursuit 
accompanied by motion. The attentional pursuit condition 
yields better performance at all but the longest interval du-
rations. At the shortest interval duration (107 ms), atten-
tional saccade performance is near chance (11.3%)1, 
whereas attentional pursuit performance is still quite re-
spectable (43.4%). These data reinforce the conclusions of 
Experiments 1 and 2, and show that the difference between 
the conditions obtains even without the rate variability in-
troduced by the staircase procedure. 
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Nor was the staircase procedure responsible for the 
slowness of the rate estimates observed in our previous ex-
periments. In fact, if we interpolate the 66.7% thresholds, 
we find values of 459.3 ms for the attentional saccade con-
dition and 346.4 ms for the attentional pursuit condition, 
both slower than those derived from the staircase proce-
dure. Both of the functions in Figure 6 are monotonic, 
validating the staircase procedure used in Experiments 1 
and 2. One caveat, however, is that the functions appear to 
reach a ceiling around 75%. The staircase method assumes 
that all errors can be attributed to failure to keep up with 
the desired pace on a given trial. If some errors are caused 
by the failure to recognize the letter even when attention is 
properly deployed, then the asymptotic durations will be 
artificially long.  

Finally, the converging evidence provided by the 
method of constant stimuli is quite useful, not only for the 
additional validation but also because this method is more 
tractable for certain experimental manipulations. In par-
ticular, Experiments 4 and 5 test two alternative explana-
tions for our results: eye movement artifact and a counting 
strategy. 

Experiment 4 
Although observers in this experiment were strongly 

encouraged and reminded to maintain fixation, it is of 
course possible that they failed to do so and employed eye 
movements differentially in the two tasks. Specifically, one 
hypothesis is that the attentional saccade condition induces 
observers to make eye movements from placeholder to 
placeholder, while observers can more easily maintain fixa-
tion in the attentional pursuit condition. On this view, the 
attentional saccade condition produces slower rate esti-
mates not because it requires between-object attentional 
shifts, but because it induces observers to employ eye 
movements. 

We believe that eye movements are actually more likely 
in the attentional pursuit condition. First, small eye move-
ments are more difficult than large eye movements (Bahcall 
& Kowler, 1999), and the distance between placeholders 
was necessarily smaller in the attentional saccade condition 
than in the attentional pursuit condition. Second, the at-
tentional pursuit condition has salient offsets and onsets 
which might be expected to aid the eyes to disengage from 
one placeholder and move to the next, when compared to 
the static stimuli in the attentional saccade condition. 

To definitively eliminate the possibility that differential 
eye movements affected the results in Experiment 4, we 
used an eyetracker.  

Methods 
Observers 

Fourteen observers were recruited from the campus of 
the University of California, San Diego. All observers re-

ported normal or corrected-to-normal vision, and earned 
extra credit in undergraduate psychology courses in return 
for their participation. 

Apparatus & stimuli 
Stimuli were presented on an 18 in. flat screen CRT 

monitor with a refresh rate of 75 Hz controlled by Power 
Macintosh computers running Matlab 5.1 (Mathworks) 
utilizing the Psychophysics Toolbox (Brainard, 1997) rou-
tines. Observers viewed the CRT from a chinrest 50 cm 
away. 

A Skalar Iris™ (http://www.skalar.nl/) infrared eye 
tracker monitored the horizontal movement of the observ-
ers’ right eye (Reulen et al., 1988). Eye tracker output was 
acquired first by an oscilloscope at a sample rate of 4 ms, 
with acquisition triggered by the beginning of the stimulus 
train. The oscilloscope buffered the signal until each trial 
was over, whereupon the contents of the oscilloscope buffer 
were downloaded to a Wintel machine. 

Stimuli were identical to those used in Experiment 3. 

Procedures 

Eye tracking. With observers’ chins on the chinrest, the eye 
tracker was calibrated by manual adjustment to create a 
high gain and approximately symmetric signal when fixat-
ing two targets on opposite sides of the screen. Observers 
then participated in an automated calibration session con-
sisting of repeated verbal commands from the computer to 
saccade among five dots. Two targets were spaced 1.7° from 
fixation on either side of the fixation dot, and two more 
were set 15° from fixation. After the experiment, the lab 
technician used this calibration data to estimate the average 
eye tracker position signal change caused by a 1.7° oculo-
motor saccade. All experimental trials in which the total 
change in eye tracker position signal was below this figure 
were allowed. The position signal plot of those trials that 
exceeded this criterion was visually scrutinized by the lab 
technician. Blinks are easily recognized and were ignored. 
Any saccadelike signal pattern which traversed a larger am-
plitude than that of the 1.7° calibration saccade was flagged 
and the trial was excluded.  

An oculomotor saccade of 1.7° is several times smaller 
than the distance from fixation to the stimulus circles, as 
well as smaller than the distance from the center of one 
circle to the next, hence rejecting eye movements of this 
size is a fairly conservative measure to prevent any unto-
ward contribution of eye movements. The lab technician 
also checked for sinusoidal patterns on a coarse timescale, 
which would be consistent with the eyes moving in a small 
circle, pacing the disks. Other patterns consistent with 
movement with each stimulus appearance, even if not ex-
ceeding the reference saccade criterion, were also grounds 
for discarding the trial. 

The experimenter visually monitored the oscilloscope 
intermittently during the experimental trials and, if large 
eye movements were detected, the observer was reminded 
to fixate. Eye-tracking data were not acquired in the 507-ms 
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ISI condition due to a limit on the size of the oscilloscope 
buffer. Nevertheless, to ensure that from the point of view 
of the observers the procedure would be the same, partici-
pants were not informed of this and the eye-tracking head-
set was placed on the participant’s head and calibrated in 
this condition just as in the others.  
Experiment. Before each block, observers participated in a 
variable number of practice trials, determined by how 
quickly they learned to perform the task. 

Procedures were substantially identical to those used in 
Experiment 3, except for the following details. Observers 
participated in either the attentional saccade condition or 
the attentional pursuit condition, and ran three blocks of 
60 trials, each with a different interstimulus interval: 147, 
307, and 507 ms. The order of blocks was pseudorandom-
ized across observers. The experiment took less than 1 hr. 

Results 
One observer’s data were eliminated because his eye-

tracking data were too noisy to estimate the threshold for 
detecting an eye movement. This left seven participants in 
the attentional pursuit condition and six in the attentional 
saccade condition. 

First, the data were analyzed using the same procedure 
as in the previous experiment, except with condition as a 
between-subjects factor. Attentional pursuit observers were 
more accurate than attentional saccade observers (F(1, 11) 
= 29.0, p < .005), and accuracy increased with interval du-
ration (F(2, 22) = 13.9, p < .0005). The two factors inter-
acted (F(2, 22) = 4.0, p < .05), such that the difference be-
tween groups decreased with interval duration. These re-
sults are quite similar to Experiment 3, except that per-
formance was overall somewhat improved in this experi-
ment. These data are shown as green (pursuit) and blue 
(saccade) symbols in Figure 10. Linear interpolation yields 
66.7% thresholds at 619.2 ms for the attentional saccade 
condition and 159.0 ms for the attentional pursuit condi-
tion. 

Next, we excluded trials on which observers made eye 
movements. Using the rejection criterion described in the 
methods section, an average of 10.3 trials out of the 60-trial 
attentional saccade conditions (17.1%) and an average of 
9.5 trials out of the 60-trial attentional pursuit conditions 
(15.8%) were rejected due to eye movement. The number 
of trials excluded did not vary with group, interval dura-
tion, or their interaction (all F < 1). The means of the in-
cluded trials are plotted as red symbols  in Figure 10. It is 
clear from the figure that discarding the trials in which sub-
jects moved their eyes had no effect on the means, because 
the data with and without the rejected trials fall on top of 
each other. 

Discussion 
If the slower pace in the attentional saccade condition 

was due to a differential tendency to employ eye move-

ments in that condition, then enforcing fixation should 
have eliminated, or at least reduced the difference between 
conditions. If anything, however, it had the opposite effect. 
The difference between conditions is noticeably larger in 
Experiment 4. This is partially because the observers in the 
attentional pursuit condition of Experiment 4 outper-
formed their counterparts in Experiment 3 at all three in-
terval durations, reaching an apparent ceiling just under 
85%. In the attentional saccade condition, performance is 
similar for the two shorter interval durations, but at the 
long interval duration, the attentional saccade observers in 
this experiment did not reach the same level of perform-
ance as the attentional pursuit observers. Accuracy for this 
block was only 63.1%, compared to 74.8% in the previous 
experiment. Linear interpolation yields thresholds of 619.0 
ms for the attentional saccade condition and 159.0 ms for 
the attentional pursuit condition. We can confidently con-
clude that the difference between the conditions is not re-
lated to eye movements. 

Experiment 5  
We can be fairly sure that observers were fixating as 

asked in Experiments 1–3, because enforcing fixation in 
Experiment 4 did not substantially change the pattern of 
results. But can we be sure that observers were shifting cov-
ert attention at the appropriate pace? The brief exposure of 
the probe stimulus ensured that observers were required to 
attend to the probe location in order to respond correctly. 
However, an external cue (auditory or visual) was available 
in both conditions. Might an observer choose to simply 
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Figure 10. Data with fixation monitoring. Circles denote the atten-
tional saccade condition, triangles the attentional pursuit condi-
tion. Blue and green symbols indicate averages based on all tri-
als. Red symbols show the data after removing those trials on
which eye movements were made. 

 



Journal of Vision (2004) 4, 585-603 Horowitz, Holcombe, Wolfe, Arsenio & DiMase 598 

count the cues, then shift attention to the correct location 
when the probes appeared? This would not explain the dif-
ference between conditions, but if observers were not fol-
lowing directions, then it would be difficult to draw any 
conclusions about attention from these data. 

Such a strategy would require the observer to maintain 
a running count of cues in memory, and perform a 
modulus operation on the result (because the probe never 
appeared until at least one full cycle was complete), shift 
attention to the appropriate probe location, and identify a 
letter, all within 133 ms. This time constraint seems rather 
severe, given that the time to interpret a cue, shift atten-
tion, and identify a letter has been measured at 300–400 
ms (Shih & Sperling, 2002). Nevertheless, we wished to 
empirically rule out this possibility. In Experiment 5, ob-
servers performed the attentional saccade and pursuit tasks 
under a working memory load that should preclude any 
possibility of counting cues and performing mental arith-
metic. 

Methods 
Observers 

Ten observers from the Visual Attention Laboratory’s 
paid observer pool participated in this experiment. 

Apparatus & stimuli 
Stimuli in the attentional saccade and pursuit tasks 

were identical to those used in Experiment 3. Digits for the 
digit memory task were presented in 12-point Geneva font. 

Procedures 
In the no load condition, the procedure was identical to 

that of Experiment 3, except that interval duration was 
fixed at 307 ms. (One observer also ran in blocks of 107 
and 507 ms under load conditions; this observer’s data for 
307 ms did not differ noticeably from the other observers). 
In the load condition, a digit memory task was added. Prior 
to presentation of the placeholder display on each trial, a 
sequence of seven digits was presented on the screen. After 
memorizing the digits, the observer pressed a key to con-
tinue to the attention shifting task. After the observer re-
sponded to the probe letter, two seven-digit sequences were 
presented, and the observer had to choose which one of the 
sequences was presented at the start of the trial. One of the 
two sequences was always the correct one, while the other, 
foil sequence differed only by a single digit. Auditory feed-
back was provided for this task in the form of a low tone 
for a correct response or a high tone for an incorrect re-
sponse. Text feedback on the screen also indicated the ac-
curacy of both letter probe and digit responses.  

Each block of trials consisted of 20 practice trials fol-
lowed by 100 experimental trials. Observers either com-
pleted the two no load blocks before the two load blocks, 
or vice versa. The order of attentional saccade and pursuit 
blocks was the same for the load and no load conditions, 
but counterbalanced across observers. 

Results 
Two observers had undue difficulty with the load con-

dition, and their data were discarded. Data from the re-
maining eight observers are shown in Figure 11. Accuracy 
on the digit memory task (blue bars) was quite high, .84 for 
the attentional saccade condition and .94 for the atten-
tional pursuit condition. A one way within-subjects 
ANOVA indicated that this difference was significant  
(F(1, 7) = 20.0, p < .005). Accuracy on reporting the probe 
letter in the attention shifting task is shown as a function of 
condition (attentional saccade vs. pursuit) for single task 
(green bars) and dual task (red bars) blocks. For the load 
condition, only trials on which the digit memory task re-
sponse was correct are included. A two-way within-subjects 
ANOVA indicated that accuracy was substantially higher 
for the attentional pursuit condition when compared to the 
attentional saccade condition (F(1, 7) = 11.0, p < .05). 
However, there was no main effect of load, nor did load 
interact with condition (both F < 1).  
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Figure 11. Accuracy data from Experiment 4. Green bars show 
single task performance, red bars dual task performance, and 
blue bars indicate the digit task performance in dual task blocks. 

Discussion 
If it is unlikely that observers could maintain a running 

cue count, perform a modulus operation when the probe 
letter appeared, then shift attention to the appropriate loca-
tion within 133 ms, then it is highly unlikely that they 
could do so while holding a 7-digit number in working 
memory. Yet adding the digit memory task did not no-
ticeably affect performance on the attention shifting task. 
We conclude that observers were in fact shifting attention 
in accordance with experimenter instructions in this and 
previous experiments, rather than employing some alterna-
tive strategy based on counting cues. 
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It is interesting that the attention shifting tasks did 
have an effect on the digit memory task. Although accuracy 
was quite high overall, keeping the digits in memory was 
noticeably more difficult during the attentional saccade 
task, suggesting that between-object shifts may be more de-
manding on central resources. 

General discussion 
Three basic findings emerge from these experiments. 

First, attentional saccades between objects are quite slow, 
on the order of 300-500 ms. Second, attention can shift 
substantially faster when an observer is attending to an ob-
ject which moves. We believe this is because when the ob-
ject moves, it carries the focus of attention with it. Third, 
these attentional pursuit movements are still substantially 
slower than the previously observed rates for tracking ob-
jects in apparent motion (Verstraten et al., 2000). We dis-
cuss the implications of each of these findings in turn. 

Shifts of attention between objects are slow 
Shifting time and object recognition 

The attentional saccade condition was intended to 
measure a pure shifting cost and, even if it does not reach 
this goal, it should come closer than did previous work. In 
our attentional saccade condition, the time needed to de-
tect, process, and interpret cues has been minimized. 
Moreover, in contrast to estimates of the shift time from 
visual search paradigms, our estimates are not dependent 
on assumptions about the parallel or serial nature of atten-
tion or the number of attentional shifts required to com-
plete the task, because these properties are specified by the 
experimental method itself. 

During the successive shifts of attention in this experi-
ment, observers did not have to process a cue, recognize a 
letter, or perform any other taskthey simply had to shift 
attention at the appropriate pace. Nevertheless, the rates 
found here are not far from those found by Wolfe et al. 
(2000) in an experiment in which letter identification was 
required with each step. If the rate of object identification 
was the limiting factor, then we would expect that the esti-
mate of attentional dwell time would depend on the com-
plexity of the task required of the observer. Instead, com-
paring present results with those of Wolfe et al. (2000), we 
see that dwell times are similar whether or not observers 
simultaneously perform a difficult letter recognition task. 
This is consistent with the suggestion (Moore & Wolfe, 
2001) that attention does not recognize objects per se, but 
rather serves to transfer information to later processing 
stages, which then perform object recognition autono-
mously. 

Of course, the act of shifting attention may not be a 
unitary process. For instance, in Posner’s influential ac-
count (Posner & Cohen, 1984), shifting attention requires 

the observer to disengage attention from one locus, move 
attention, and then engage at the new locus. On this view, 
even though we may have removed cue processing time 
from the shift cost, we have not isolated the time to move 
attention per se from the disengage and engage times. 
Some other design may be required to further parse the act 
of shifting attention, 

Attention, eye movements, and free will 
It has been known for a long time that covert attention 

can be shifted while the eyes remain fixed (Jonides, 1981). 
Similarly, attentional pursuit can be carried out in the ab-
sence of eye movements (Verstraten, Hooge, Culham, & 
Van Wezel, 2001). Nevertheless, a growing body of evi-
dence suggests a substantial overlap between the neural 
substrates of covert and overt attention (Moore, Armstrong, 
& Fallah, 2003; Sheliga, Craighero, Riggio, & Rizzolatti, 
1997). Rizzolatti’s premotor theory (Rizzolatti, Riggio, Das-
cola, & Umilta, 1987) argues that shifts of covert attention 
are in fact a consequence of oculomotor programming. In 
support of this view, a number of studies have demon-
strated that attention precedes the shift of gaze to a location 
or object (Deubel & Schneider, 2003; Godijn & Theeuwes, 
2003). Indeed, ocular pursuit and attentional pursuit seem 
to be tightly yoked (Godijn & Pratt, 2002; Khurana & 
Kowler, 1987; Van Donkelaar & Drew, 2002). Our results 
would seem to present a puzzle for this account of the cou-
pling between attention and eye movements. How can an 
attentional saccade taking 300–500 ms precede an ocular 
saccade with a typical latency of 200–300 ms? 

The resolution to this discrepancy may lie in the way 
that attentional shifts are controlled in these experiments. 
Here the visual system is presented with a set of physically 
identical objects. The only difference between the target of 
the attentional saccade and the other placeholders is that 
the observer (following the experimenter’s instructions) has 
selected that object. Another way to put it is that only the 
will of the observer distinguishes between targets and non-
targets. The results of Wolfe, Alvarez, and Horowitz (2000) 
suggest that such attentional shifts are substantially slower 
than “anarchic,” or stimulus-driven shifts, when the atten-
tional target is defined by physical differences from distrac-
tors, and the order of attentional saccades is unconstrained. 
These stimulus-driven shifts seem to take on the order of 
100 ms, rapid enough to precede an ocular saccade.  

Conversely, data from Kowler et al. (1995) indicate that 
when the target of an eye movement in a complex array is 
the salient item, latencies are much faster than when the 
target is non-salient, defined only by the will of the ob-
server. In the latter case, saccade latencies are 300–500 ms. 

Attention, motion, and object representa-
tions 

A fundamental issue in the study of attention is 
whether attention selects objects or locations, or a combi-
nation of the two. These possibilities have been evaluated 
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with increasing refinement because of Duncan’s landmark 
study of object-based attention 20 years ago (Blaser, Pyly-
shyn, & Holcombe, 2000; Davis et al., 2001; Duncan, 
1984). In the present experiments, we have directly com-
pared the maximum rate for attentional pursuit of one ob-
ject to the rate for attentional saccade between objects. The 
faster rate of attentional pursuit documented here provides 
novel support for object-based theories of attention. Atten-
tion might be shown to pursue a moving target at still faster 
rates in a paradigm not limited by the additional demands 
of attentive tracking. 

Alternatively, returning to the Posnerian scheme, the 
attentional pursuit condition might have allowed observers 
to shift attention without disengaging, because the object of 
attention was removed from the screen. On this account, 
the difference between attentional saccade and attentional 
pursuit conditions measures the disengage process. How-
ever, we think this explanation is unlikely. Mackeben and 
Nakayama (1993) measured the time required for a single 
shift of attention from a fixation stimulus to a peripheral 
cue. When the fixation stimulus remained visible (thus re-
quiring a disengage operation), the shift took 100-200 ms. 
However, if the fixation stimulus was turned off 200 ms 
before the cue appeared, they observed what they called 
“express attentional shifts” of 33 ms. If observers truly did 
not have to disengage attention in the attentional pursuit 
condition, then the rates should have approached the rate 
of these express attentional shifts. 

Temporal architecture of the visual system 
The strong form of the object-based attention hypothe-

sis predicts that there should be absolutely no cost to shift-
ing attention among locations linked by a moving object. 
This would imply that the rate limit on attentional shifts 
should be the same as the rate of the fastest moving object 
one can perceive. Empirically, however, this is clearly not 
the case. A more conservative prediction is that the atten-
tional rate limit should be determined by the limit on ob-
ject continuity processes (i.e., impletion or indexing). This 
is essentially the assumption made by Verstraten et al. 
(2000) when they deduced a limit on the temporal resolu-
tion of attention from performance on a tracking task. 

But as we noted in the “Introduction,” tracking tasks 
measure the observer’s ability to maintain object continu-
ity, which may not be the same as attentional selection. The 
visual system may be able to determine that an object pre-
sented at time t1 is the same as an object presented at t0 
even if that object has not been continually attended from 
t0 to t1. However, our attentional saccade and attentional 
pursuit tasks specifically required attention to be directed 
to the selected object at all times during the trial, because 
probe letter identification might be required at any time. 
Using this method, we found that the rate limit on atten-
tion measured in the counterphase task was much lower 

than that inferred by Verstraten et al (2000). We argue that 
the 7-Hz rate measured in the Verstraten et al. study was 
actually the temporal resolution of object continuity proc-
esses, whereas shifts of attentional selection are limited in a 
different way. Based on the results reported here, we sug-
gest that object continuity cannot be maintained at the 
highest rates that the motion system can resolve, nor can 
attention follow an object at the highest rates that object 
continuity can resolve.  

This view leads us to the following prediction for ob-
servers tracking moving objects: If the task requires only 
individuating objects, maximum tracking rates will be 
much greater than if the task requires focal attention to the 
object 

Our current results are consistent with a processing hi-
erarchy. Early motion processing with high temporal reso-
lution provides input to object continuity processes. These 
mid-level processes have coarser temporal resolution than 
the motion system, but can follow faster shifts than selec-
tive attention can. Because top-down attentional input ap-
pears necessary to construct the motion percept in coun-
terphase motion (see also  Battelli et al., 2001; Cavanagh, 
1992; Horowitz & Treisman, 1994), the flow of informa-
tion in the hierarchy must be bi-directional or “re-entrant” 
(Di Lollo, Enns, & Rensink, 2000; Hochstein & Ahissar, 
2002). 
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Footnotes 
1Chance can be defined as 16.7%, 7.7%, or 3.9%, de-

pending on whether the computation is based on the 
number of probes presented (6), the number of possible 
probe letters (13), or the total number of letters in the Eng-
lish alphabet (26); observers were not explicitly given the set 
of possible probe letters. Because Command performance 
in the 107-ms condition was significantly below 16.7% 
(t(12) = 2.4, p < .05), we suspect that the correct definition 
must be 7.7% or 3.9%.  
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